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DEVELOPMENT OF THE TECHNOLOGY OF LASER WELDING OF A THIN-WALLED GIRTH
JOINT FOR THE MANUFACTURE OF THE HOUSING STRUCTURE OF THE SENSOR

Thin-walled products with girth welded joints are widely used in modern machine building and instrumentation, where
the quality of welded joints is subject to particularly high requirements. Welding of such products is accompanied by a
number of technological challenges, especially when laser welding is used. The main problems are the instability of
the metal remelting process due to the small diameters of the focused laser radiation, the risk of burns, lack of
penetration, pore formation, and localized weakening of the joint due to overheating. In this work, laser welding of
girth welded joints of sensor housings made of AISI 304 stainless steel was studied using a fiber laser YLR-400-WC.
Welding was performed in a pulsed mode with a frequency of 1000 Hz using high-purity argon as a shielding gas. To
ensure high quality of welded joints, special technological solutions were used: smooth increase and decrease of laser
power at the beginning and end of the welded joint to avoid cratering, use of a precision rotator with high positioning
accuracy, and modernization of the design of the welded edges. During the experiments, it was found that the original
scheme with flanging only on the cover of the sensor part led to depressurization due to overheating in the area where
the sensor contacts are attached. To eliminate this problem, a new design scheme was developed with remote flanges
on the sensor cover and flange, and a heat dissipation system with an aluminum spacer and thermal paste applied to it
was introduced. Additionally, a metal ball was used to stabilize the rotation, which reduced friction. The results of the
study confirmed the effectiveness of the proposed solutions: stable formation of a tight welded joint without defects
and local overheating was achieved. The data obtained demonstrate the prospects of using laser welding for girth
joints of thin-walled products, provided that the design of the welded elements is optimized and the thermal regime is
controlled.

Keywords: laser welding, thin-walled products, development of welded joint design, flanging, parts with a
rotation axis, stainless steels, AISI 304.

INTRODUCTION

Thin-walled products with girth welded joints play an important role in modern mechanical
engineering and instrumentation. They are used in a variety of industries, including aviation and space
technology, power engineering, food processing, chemical production, medical equipment, etc. [1-3]. These
industries have increased requirements for the quality of welded joints, as even minor defects can lead to a
decrease in tightness, loss of strength, or failure of the assembly during use. One of the most common
materials for the manufacture of thin-walled welded structures is stainless steel, in particular AISI 304 [4].
This material combines high corrosion resistance in a wide range of aggressive environments, good
mechanical properties, structural stability at low and high temperatures, and weldability without a tendency
to hot crack formation. Due to these properties, AISI 304 is a universal material for structures operating
under dynamic loads, temperature changes, and aggressive environments [4]. The Ukrainian industry
traditionally uses such welding methods as plasma, electron beam, and argon arc (T1G) welding to join thin-
walled parts with girth welds [5]. These methods can achieve a sufficient level of quality, but have a number
of limitations. Electron beam welding requires the use of vacuum chambers that limit the dimensions of the
parts to be welded; complex electron beam control systems, which significantly increases the cost and
complexity of the equipment. Although TIG welding is more flexible in application, it forms a larger heat
affected zone, which causes higher levels of residual stresses and deformations compared to other welding
methods [6-7]. In this regard, laser welding, a technology that allows for the formation of high-quality
welded joints with a minimum heat affected zone, is becoming increasingly widespread. One of the key
advantages of laser welding is the ability to weld without the use of vacuum chambers and complex
positioning systems, which significantly reduces time and resources spent on preparing the welding process.
In addition, laser welding ensures the stability of the product geometry due to minimal residual deformations
and stresses [8].

LITERATURE ANALYSIS AND PROBLEM STATEMENT

In the process of implementing both laser and electron beam welding for girth welded joints of thin-
walled products, there are problems associated with the design of the joint, since these welding methods have
small diameters of focus spots. In particular, with small wall thicknesses and concentric surfaces of the
welded parts, there is a problem of insufficient volume of melted metal in the welded joint zone [9]. This
reduces the stability of the penetration process and can lead to the formation of defects such as burn-
throughs, lack of fusion, pores, and cause a decrease in joint strength due to its local weakening [10].
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The article on electron beam welding of Mo-Ti-Zr alloy gas valve elements discusses measures to
improve the structure and tightness of welded joints [9]. It is noted that traditional methods, such as
preheating, careful edge preparation, and remelting, although reducing the risk of pore formation, were not
effective enough to ensure high ductility and reliability of welded joints. They did not solve the problem
completely, but were retained in the technological process due to their possible positive impact on structural
transformations during crystallization.

The research focused on constructive improvement of the shape of the welded edges. It was found that
one of the most effective ways to reduce the possibility of pores and crystallization cracks is to change the
geometry of the joint. The use of flanging of the welded edges made it possible to implement a more
favorable melt solidification scheme, where the primary crystallites in the process of melt solidification do
not contact the vertices but the side faces, which significantly increases the crack resistance of the weld. As a
result of the gradual improvement of the component design and assembly scheme, the manufacturability of
the welding process was improved (Fig. 1).
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Fig. 1. Three stages of modernization of the design of welded joints of the assembly: (a) welding of the
nipple with the housing “in the lock” was replaced by a scheme with a ‘collar’ fused to the nipple wall, the
housing with plugs - “in the lock™, (b) the nipple was modified for welding with an inclined electron beam,

(c) modernization of the joints of fittings in the form of flanging the edges of the joint [9].

As part of the modernization of the welded joint design, the study considered several configuration
options that affect the quality of weld formation during electron beam welding of gas valve elements.

In one of these variants (Fig. 1, b), the deflection angle and focus position of the electron beam were
adjusted, which made it possible to weld three joints in one vacuum of the welding chamber. This
significantly increased the productivity of the process. However, during the welding process, it turned out
that the existing gaps in the joints of the parts - the housing, fittings and plugs - made it impossible to
achieve the required tightness of the joints, which was confirmed during hydraulic tests. In order to eliminate
this problem, it was proposed to use the H7/p6 type fit, which provides guaranteed tension in the joint,
eliminating the gap in the joint. To implement this solution, high-precision grinding of the contact surfaces
of the parts before welding was performed. This technological addition made it possible to achieve high
assembly accuracy and ensure the tightness of the entire assembly.
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Further improvement led to the development of a variant with flanging of the joint edges (Fig. 1, c),
which was adopted as the basic one. This version changed the geometry of the joint, which simplified the
positioning of the elements before welding. There is no longer a need to use a tilted beam, as was envisaged
in the previous versions. This design not only improves the manufacturability of the process, but also reduces
the likelihood of defects associated with inaccurate beam guidance. All welds made according to the updated
scheme with a “tight” connection (without a gap in the joint) demonstrated stable formation of the outer bead
(Fig. 2), which indicates the effectiveness of the design changes.

Fig. 2. Formation of girth seams with edge flanging imitating nipple- housing (a) and plug- housing (b)
connections [9].

Given that in modern work on welding thin-walled products with an axis of rotation, little attention is
paid to modernizing the design of welded joints, this area of research is relevant. The scientific development
of new approaches in this area will not only reduce the likelihood of defects, but also increase the efficiency
of the welding process, ensure reproducibility of results and expand the scope of laser technologies in
precision welding of thin-walled structures.

AIM AND OBJECTIVES OF THE RESEARCH

The aim of the work is to develop the technology of laser welding of girth welded joints made of
AISI 304 stainless steel, which is used in the manufacture of the sensor housing.

To achieve this goal, it was necessary to solve the following tasks:

1. Develop an optimal design of the welded joint.

2. To develop a laser welding process that would not cause thermal effects on the sensor part contacts
and ensure the tightness of the structure.

RESULTS OF RESEARCH

A 400 W fiber laser YLR-400-WC manufactured by IPG (Germany) was used for laser welding of the
girth welded joints of the sensor housing.

The laser radiation was focused using an optical head for laser welding with a focal length of 200 mm

(Fig. 3).

Fig. 3. 3D model of the optical head for laser welding
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For laser welding of girth welded joints of thin-walled products, an auxiliary precision process tooling was
used, which is a precision rotator (Fig. 4).

=l

Fig.4. Precision rotator, where 1 — servo motor, 2 — chuck for clamping the parts of rc;tation, 3- fnt headstock, 4 —
rear headstock, 5 — rear headstock pinnacle for supporting the parts of rotation, 6 — bed

Due to the presence of a bed, the precision rotator allows welding parts up to 450 mm long, and parts
with a diameter of 6...80 mm can be fixed in the chuck for clamping the parts of the rotation. The servo
motor is synchronized with the laser welding machine, which ensures a positioning accuracy of 0.1 mm and
repeatability of at least = 0.08 mm.

The precision rotator allows performing laser welding according to the scheme shown in Fig. 5.

Fig. 5. Schematic of laser welding on a precision rotator, where 1 — lens, 2 — laser beam, 3 — workpiece to be
welded

Laser welding was performed in pulse mode with a pulse frequency of 1000 Hz. As a shielding gas
for the welding zone from the ambient atmosphere, we used extra-pure argon at a flow rate of 12 I/min. To
prevent the formation of craters at the beginning and end of the welded joint, a technique of gradual ramp-up
and ramp-down of laser power at the start and end of the welding process, respectively, was employed. The
entire welding process was performed continuously, without stopping between program commands. The
housing of the sensor part is made of AISI 304 stainless steel, the chemical composition of which is shown in
Table 1. The parameters of the laser welding mode are shown in Table 2.

Table 1. Chemical composition of AlSI 304 stainless steel, % wit.

C Si Mn Ni S P Cr Cu Ti Fe
<0,08 <0,8 <2,00 (‘if (())(; <0,02 <0,035 1175080_ <0,3 <0,5 Balance
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Table 2. Laser welding parameters

Welding speed, Rotation relative to the

Welding stages v m/min Welding power, Payerage W workpiece axis, °

0,3 20 3
Increasing power 0,3 40 3
0,3 70 3
0,3 100 3

Main seam 0,3 200 365
Decreasing power 0,3 100 3
0,3 70 3

The first scheme of the welded joint design was the “cover with flanging” scheme (Fig. 6). In this
scheme, the flanging was made on the cover of the sensor detail.
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Fig. 6. Welding scheme “cover with flanging”: (a) general view, (b) welding location, where 1 — cover, 2 —

flange

In Fig. 7 the process of laser welding and mounting of the sensor detail in the rotator is shown.

Fig. 7. The process of laser welding according to the “cover with flanging” scheme, and fixing the welded
part in the rotator, where 1 — clamping chuck, 2 — sensor part housing, 3 — welded joint, 4 — tailstock, 5 —
laser welding head
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Fig. 8 shows a welded sensor part using the “cover with flanging” scheme.

Fig. 8. Welded sensor part using the “cover with flanging” scheme

After welding the part, it was discovered that the sensor contact mounting point in the flange was
depressurized, as the melting of a relatively large volume of metal caused the welding area and the
surrounding metal to overheat. Therefore, it was decided to modernize the geometry of the welded edges and
to additionally cool the housing on the side of the sensor contacts.

In the following welding scheme, it was proposed to make a flanging not only on the cover but also on
the flange (Fig. 9). To reduce the thermal effect on the sensors mounted in the flange, the welded edges were
made in the form of remote flanges measuring 0.5%0.5 mm, and an aluminum spacer with applied thermal
paste was used, which is pressed from the side of the sensor mounting point. To reduce the friction during
rotation, a metal ball was used, which fits into a special recess in the aluminum spacer and the rotator
headstock.
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Fig. 9. Welding scheme “cover and flange with flanging”: (a) general view, (b) welding location, where 1 —
cover, 2 —flange

Fig. 10 shows the process of laser welding and mounting the part in the rotator.
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Fig. 10. The process of laser welding accordig to the scheme “cover and flange with flanging”, where 1—
clamping chuck, 2 — sensor part housing, 3 — welded joint, 4 — aluminum spacer, 5 — tailstock, 7 — metal
ball, 6 — laser welding head

As a result of laser welding, a high-quality sealed welded joint was obtained without overheating of
the surrounding metal and the sensor mounting point in the flange. Therefore, it can be concluded that the
technological decisions made were reasonable.

DISCUSSION OF THE RESEARCH RESULTS

The obtained results of laser welding of sensor parts using a pulsed mode with a frequency of 1000 Hz
and the use of high-purity argon as a shielding gas indicate the effectiveness of the proposed technological
solutions in ensuring the tightness of the welded joint without overheating of critical parts of the structure.
The implementation of gradual ramp-up and ramp-down of laser power at the beginning and end of the
welding process made it possible to avoid defects such as crater formation, which could reduce the tightness
and strength of the welded joint.

Compared with the results of a study on electron beam welding of gas valve elements made of Mo-Ti-
Zr alloy [9], we can note the commonality in approaches to improving the geometry of the welded joint as
one of the main factors in ensuring a high-quality welded joint. In contrast to electron beam welding, where
the improvement of the joint configuration made it possible to avoid crystallization cracks, the main
challenge in this study was to localize the thermal impact in order to prevent overheating of the sensors
installed in the flange. The use of remote flanges (0.5%x0.5 mm) in combination with a heat-removing
aluminum spacer with thermal paste allowed us to effectively implement the concept of a controlled thermal
regime. Such solutions were not available in the mentioned article on electron beam welding, where the
problem of heat dissipation or impact on neighboring components was not critical. Additionally, the
proposed design — a ball that reduces friction during rotation — provided increased positioning stability,
which is important for the laser welding process when the workpiece rotates. Another difference is the
approach to ensuring tightness. In the aforementioned study, achieving tightness required the use of H7/p6
type fit and high-precision surface grinding, while in the presented work it is ensured primarily due to local
control of the thermal regime, the geometry of the welded joint, and a well-thought-out choice of cooling
elements. The proposed approaches have demonstrated high efficiency, especially in conditions where even a
local temperature excess in sensitive areas of the structure is unacceptable.
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CONCLUSIONS

In the course of the research, it was found that laser welding of the sensor component details in the
pulsed mode with a frequency of 1000 Hz and the use of high-purity argon as a shielding gas ensures the
formation of a high-quality tight welded joint, provided that a number of technological measures are
followed. One of the important problems in welding thin-walled products with a axis of rotation was the
formation of craters at the beginning and end of the weld. To eliminate them, a technique of gradual ramp-
up and ramp-down of laser power at the beginning and end of the welding process, respectively, was
applied, which ensured uniform formation of the weld pool and prevented defects in the edge zones of the
joint. In addition, structural modernization of the welded edges, including the use of flanging on the cover
and the flange, as well as the use of a heat-removing aluminum spacer with thermal paste, prevented
localized overheating of the metal in the area of sensor mounting. An additional solution, such as the use
of a metal ball in the rotation system, helped reduce friction and stabilize the welding process. Thus, the
results of the research confirm the validity of the selected technological solutions. Improvements in the
geometry of the welded edges and a well-thought-out organization of heat removal made it possible to
eliminate the primary problems, in particular overheating and depressurization, and to achieve stable
formation of a high-quality welded joint.
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bepuayskuii A. B., Ciopa O. B., KOpuenxo I0. B., Jlykawenxo B. A., TIapoep /. A.
BinnpanioBanHs TeXHOJIOTii J1a3epHOro 3BAPIOBAHHS TOHKOCTIHHOr0 KiUJIbLEBOr0 3'€IHAHHS IJs
BUI'OTOBJICHHSI KOPILYCHOI KOHCTPYKIUII JaTYUKa

ToHKOCTIHHI BUPOOH 3 KIJBIICBUMH 3BaPHHMH 3'€THAHHSIMH IIUPOKO 3aCTOCOBYIOTBHCS B CydaCHOMY
MalrHOOYAyBaHHI Ta MpUIaA00yyBaHHI, ie 10 SKOCTI 3BapHUX 3’€HAHb BHCYBAIOTHCS OCOOJMBO BHCOKI
BUMOTH. 3BapIOBaHHS TaKUX BHPOOIB CYNPOBOIKYETHCS HU3KOIO TEXHOJIOTIYHHX BHKJIHKIB, OCOOJIMBO TPH
BUKOPHUCTAHHI Jla3epHOro 3BaptoBaHHs. OCHOBHUMH MpobieMaMy € HecTaOlIBHICTh MPoIiecy MeperuiaBieHHs
MeTajy 4epe3 Majli jJiaMeTpu c(hoKyCOBaHOTO JIa3epHOTO BUIPOMIHIOBAHHS, PH3HK MPOXKOTiB, HEMPOBAPIB,
MOPOYTBOPEHHS, a TaKOX JIOKAIbHE OCIa0JeHHs 3’€HaHHA depe3 meperpiB. Y poOOTi MpoBeIeHO
JIOCIHI/PKEHHSI JIa3epHOTO 3BapIOBAHHS KUTBIICBUX 3BapHUX 3’€JHAHb KOPIIYCIiB JATYMKIB 13 HEpkKaBirouoi
crami AISI 304 3a pmomomororo BosiokoHHOTO Jjasepa YLR-400-WC. 3paproBanHs 3miMCHIOBAJIOCS B
iMIynscHOMY pexuMi 3 yactororo 1000 ' i3 3acTocyBaHHSM BHCOKOYMCTOTO aproHy SIK 3aXHCHOTO rasy.
Jis 3a0e3meueHHst BUCOKOI SKOCTI 3BapHUX 3’ €IHaHb OYJIM BUKOPUCTAHI CIIeliaibHI TEXHOJIOTIUHI PillIeHHS:
TUTaBHE HAPOCTAHHS Ta 3MEHIIEHHS TIOTYKHOCTI JJa3epHOTO BUIIPOMIHIOBAHHS Ha MOYATKY 1 B KiHIII 3BaPHOTO
3’€IHAHHSA JJIsl YHUKHEHHS YTBOPECHHS KpaTepiB, 3aCTOCYBaHHS IMpelu3idHOro obepradya 3 BHCOKOIO
TOYHICTIO TTO3UITIIOBAaHHS, a TAKOK MOJIEpPHi3allisi KOHCTPYKIIil 3BapioBaHuX Kpaiiok. [1ig dac ekcriepuMeHTiB
BUSIBJICHO, IO MEPBICHA CXeMa 3 BiJIOOPTOBKOIO TUILKM HAa KpPHUIII AeTajJi JaT4YMKA TPU3BOIMIA JIO
po3repMeTH3allii yepe3 meperpiB y 30Hi KpiluIeHHS KOHTAaKTIB AaTyuka. [yt ycyHeHHs wi€i mpodiaemu Oyiio
PO3p0O0JIEHO HOBY KOHCTPYKTHBHY CXEMYy 3 BHHOCHMMH BiJOOPTOBKaMHM Ha KpHINLI AeTaji AaT4MKa Ta
¢maHLi, a TaKOXK BIPOBAHKEHO CUCTEMY TEIIOBIIBEICHHS 3 AJIFOMiHIEBOIO IIPOCTaBKOIO 1 HAHECEHOIO Ha Hel
TepMornacToro. JloaatkoBo st cradimizamii 00epTaHHS BHKOPHUCTAHO METaleBy KYJbKY, II0 3MEHIIyBaja
TepTs. 3a pe3yiabTaTaMH JOCIHIIKEHHS MiATBEPAXKEHO €(PEKTHBHICTh 3alPONOHOBAHUX PILICHB: JOCITHYTO
crabuibHe (HOpMYBaHHS TE€PMETHYHOIO 3BapHOro 3’€AHaHHS Oe3 AedekTiB 1 JIOKaNnbHOro Neperpiy.
OTpuMaHi JaHi JEMOHCTPYIOTh IEPCIEKTHBHICTh 3aCTOCYBaHHS JIa3€PHOTO 3BapIOBAHHS JUIS KIJIBLIEBUX
3'€JIHaHb TOHKOCTIHHUX BHPOOIB 32 YMOBHM ONTHMI3allii KOHCTPYKIIil 3BApIOBAaHUX EJIEMEHTIB i KOHTPOIIO
TEIUIOBOT'O PEXUMY.
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METHOD FOR DETERMINING DYNAMIC CHARACTERISTICS OF FUEL
INJECTORS WITH ELECTROMAGNETIC VALVE ACTUATORS

Modern fuel injectors with electromagnetic actuators are critical components of internal combustion engine
(ICE) fuel systems, as they determine the accuracy of fuel dosing, combustion efficiency, and the engine’s
environmental performance. The dynamic characteristics of injectors, such as response speed, stability of cyclic fuel
supply, and compliance with control signals, directly influence engine operation quality. However, over time, these
parameters degrade due to wear, contamination, or material degradation, leading to increased emissions of harmful
substances, higher fuel consumption, and reduced engine power. The article proposes a diagnostic method for
assessing the dynamic characteristics of injectors, which can be used without disassembly or with disassembly. This
approach enables early detection of deviations, optimization of maintenance processes, reduction of maintenance labor
intensity, and serves as a valuable tool for training specialists in the field of automotive transport (specialty 274
“Automotive Transport™).

Injector testing without removal is performed through a comparative analysis of parameters across all engine
injectors. Key diagnostic parameters include: Cyclic fuel supply correction — deviations in the actual volume of fuel
injected per cycle compared to the value set by the electronic control unit (ECU). Control signal characteristics —
analysis of the shape, amplitude, and duration of pulses sent to the electromagnetic actuator. Injector coil resistance —
indicates the condition of electrical components (e.g., open circuits, short circuits). Nozzle opening delay time — the
interval between the control signal and the start of nozzle movement during actuator activation, critical for injection
synchronization. To evaluate an injector’s condition, all diagnostic parameters must be measured. A deviation in at
least one parameter from its nominal value indicates a malfunction or contamination of the tested injector. The article
presents a method for determining the dynamic characteristics of fuel injectors with electromagnetic valve actuators.

Key words: microprocessor control systems, electromechanical converter, injector valves, valve solenoid,
method of registering valve or armature movement.

INTRODUCTION

The operation of an internal combustion engine (ICE) is based on the conversion of the chemical
energy of fuel into mechanical work. The efficiency of this conversion directly affects the engine's
performance characteristics, such as fuel economy and exhaust gas emissions. The widespread
implementation of microprocessor-based control systems (MPCS) in automotive applications has
significantly enhanced ICE performance by optimizing fuel delivery processes, taking into account a wide
range of influencing factors.

In modern engines, the delivery of liquid or gaseous fuel into the cylinders is performed mechanically
under the control of MPCS, primarily by spraying through valve-type injectors. These injectors are
connected to a fuel accumulator where pressure is maintained at a constant level. Preliminary compression of
the fuel provides the jet with sufficient mechanical energy to ensure proper spray direction and droplet
dispersion—essential for effective mixture formation. At this stage, energy and material exchange occurs in
the fuel delivery system through the transfer of a fuel mass that carries chemical energy. The mechanical
energy imparted to the fuel jet improves the quality of mixture formation and combustion. Fuel pressure in
the accumulator can be adjusted according to engine operating conditions. Additionally, electronic control of
injector valves enables precise regulation of injection timing and duration.

MPCS serves as a technical means of establishing informational links for managing energy flows
within the fuel system. It collects and processes data from various sensors and utilizes information obtained
through mathematical and physical modeling during engine testing and calibration. The controller processes
this data—stored in the form of extensive lookup tables—and converts it into control signals directed to the
injectors. The information carrier within the system is an electrical signal, and power is supplied from the
vehicle's onboard electrical network. The low-power signal generated by the MPCS is amplified in the output
driver stage and then sent to the actuator, which includes an electromechanical converter located within the
injector. This converter transforms a portion of the electrical energy from the onboard network into
mechanical action on the controlled energy flow.

The adoption of MPCS has greatly expanded the potential for implementing complex control
algorithms, allowing for the consideration of numerous parameters and more efficient management of energy
processes. The amount of electrical energy consumed by the actuator depends on the resistance of the
operating medium, as well as the inertia and velocity of the actuator’s moving elements. In many
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applications, there is a need to achieve both high mechanical force and rapid response time from the
electromechanical converter.

Injectors equipped with electromechanical converters that directly actuate the valve (needle) are
referred to as electromechanical injectors. In most known designs, valve closure is achieved using a spring,
with the needle rigidly connected to the moving part of the actuator. The cyclic fuel delivery in such injectors
is determined by the duration of the actuator’s activation and the fuel pressure at the injector inlet.

The electromechanical converter functions as the interface between the electrical control system and
the mechanical valve of the injector. Its operation is based on the principle of converting electrical energy
into mechanical energy. According to their operating principles, electromechanical converters are
categorized as electromagnetic, electrodynamic, magnetostrictive, and piezoelectric. Electromagnetic and
electrodynamic converters rely on the interaction of externally generated magnetic fields, while
magnetostrictive

and piezoelectric types utilize the intrinsic physical properties of materials and their crystalline
structures, which respond to magnetic or electric fields.

LITERATURE REVIEW AND PROBLEM STATEMENT

Modern research highlights the significant impact of microprocessor-based control systems on
improving the efficiency of internal combustion engines (ICE). As shown in [1], the use of predictive control
enables real-time adaptation of fuel supply parameters, enhancing fuel economy and reducing harmful
emissions. Other studies [2, 3] examine the structure of ignition and fuel injection control systems, focusing
on the precision of fuel volume and injection timing regulation. Special attention is given to injectors with
electromechanical drives, where the pulse duration and fuel pressure directly determine the injection cycle.
The authors of [4, 5] emphasize that the performance of an injector largely depends on the design of the
electromechanical transducer, particularly its inertial characteristics and energy consumption, which are
critical under high-speed operation.

One of the most well-known electromechanical transducers — due to its efficiency, simplicity, and long
history — is the electromagnetic transducer, which utilizes the electromagnetic interaction forces of magnetic
fields generated by the electromagnet coil within the ferromagnetic cores of the stationary magnetic circuit
and the moving armature.

The high efficiency of electromagnetic devices is due to the presence of ferromagnetic materials in the
magnetic system with a significantly higher relative magnetic permeability than that of air. The influence of
ferromagnetic masses reduces the magnetic resistance of the environment surrounding the energized coil,
thereby increasing the magnetic flux. A characteristic feature of electromagnetic interaction forces is their
independence from the direction of the magnetic flux and thus the current direction in the control coil.
Consequently, electromagnetic energy transducers have a unidirectional characteristic, meaning they operate
only in one direction.

This type of injector, featuring an electromagnetic drive, has become widespread in spark-ignition
engines. Below are the designs of injectors used for delivering gasoline, compressed natural gas (CNG), and
liquefied petroleum gas (LPG).

Figure 1a shows the design of a Bosch injector, which is widely used in distributed gasoline injection
systems in intake manifolds.

Injectors used by the Volkswagen Group for gasoline injection into the combustion chamber (Fig. 1c)
differ from the previous ones by their elongated nozzle tip, adapted for harsher temperature conditions, as
well as by the shape of the magnetic circuit and the number of turns in the electromagnet coil. This is
because direct gasoline injection is time-constrained, requiring a faster-acting electromechanical transducer.

Injectors for delivering LPG or CNG (Fig. 1b) significantly differ from the previous two designs in
terms of the shape of the electromagnet components, valve construction, and the direct placement of the
injectors on the fuel rail.

However, a common feature of all the above injector types is the presence of electromechanical
transducer elements: a ferromagnetic magnetic circuit encompassing the coil and a movable armature. That
is, they are all direct-action electromechanical devices with an electromagnetic drive.

, 2025, Nel (24)



© Gorbik Yu. V. 2025

NS

DAY

a) b)

1 — inner magnetic circuit; 2 — outer magnetic circuit; 3 — electromagnet coil; 4 — spring;

5 — electromagnet armature; 6 — injector valve (needle); 7 — valve seat (sealing surface)
Fig. 1. Designs of injectors for gasoline and gas delivery

The main advantage of electromagnetic fuel injectors (EMFIs) lies in their structural simplicity, while
a significant drawback is the delay in the needle valve opening due to the operation of the electromechanical
transducer.

OBJECTIVE AND PROBLEM STATEMENT

The objective of this study is to reduce the labor intensity and increase the informativeness of
diagnostics for electromagnetic injectors in distributed injection systems of gasoline and gas-powered
passenger vehicles under operating conditions, by using a developed method for measuring the injector
valve’s open state duration Tipj. (method for recording the movement of the valve or armature).

RESEARCH RESULTS

In almost all systems, the basis of the injector control algorithm is the model for determining the cyclic
supply:

Gcf = 8= Ta (1)

where g..— static nozzle performance, t,— duration of the control pulse supplied to the injector. Under static
nozzle performance g.. understand its ability to pass the amount of fuel G, with a constantly open valve for a
certain period of time 7.

From Fig. 2 it is seen that the valve motion diagram has a shape close to a trapezoid. According to
formula (1), the cyclic flow is defined as the area of a rectangle with height g.. and width 7

Error in determining the cyclic feed:

Gy _ 48 ﬂj, (2)
Gey A=t Td
Abgfn A Arg . . . .
where —"r", 29t ra =2 _ relative errors of cyclic delivery, static nozzle performance and control pulse
st Td
duration.

The following is obvious: firstly, g.. differs in different injectors due to technological inaccuracies
and changes in operation due to contamination; secondly, as can be seen from Fig. 2, the duration of the open
state of the injector valve t;,; differs from the duration of the electric control pulse 7 supplied to the

injector electromagnet winding by the amount of valve flight delay during lift-off and landing:
Ti?!_:l' =Tg — {Tl + GJSTE} + (Ta + Tq_}. (3)

In the formula (3) T; — time spent overcoming spring resistance and fuel pressure; T, — time spent
overcoming the resistance force of the spring, the friction force, the inertia of the valve and the armature of
the electromagnet during direct flight; T3 — the time during which the accumulated force of the electromagnet
will decrease so much that the force of the spring and fuel pressure will exceed it and the return movement of
the armature will begin; T, — time spent overcoming friction, valve inertia and solenoid armature during
landing.
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1 — control signal; 2 — current strength in the electromagnet coil; 3 — motion diagram
of the electromagnet armature (injector valve)
Fig. 2. Oscillogram of processes in the electromagnetic actuator of the injector valve

Formula (3) can also be presented in another form:
Tinj = Ta — ATz (4)
where At ;. takes into account the discrepancy between the control pulse 7 and the real injection time 7;,,;
and is determined from the formula:
Atgie = (14 + 0,57;) — (73 + 74). (5)
Sometimes it is more convenient to use the correction factor k.,, which takes into account the delay in
the operation of the injectors. It can be determined from the formula:

k, =1 -2 (5)
ad

The condition for the start of movement of the electromagnet armature is the excess of the
electromagnet force over the resistance forces acting in the opposite direction:
where F, — electromagnet force, F; — spring force, F;,. — friction force, F;,, — force from fuel pressure.

The magnitude of the force of the electromagnetic drive is determined by the formula:

U “L.92 .2 1
=l (=P w? g5 5. (8)

where U7 — coil voltage; RB_ — coil resistance; w — number of turns in the coil; py; — absolute magnetic
permeability of vacuum; 5 — cross-sectional area of the magnetic core; & — magnetic gap in a magnetic

circuit; T — current time; T — the time constant of the electromagnet coil, which is determined from the
formula:

L
T= = 9)

where L — coil inductance.

As shown by formulas (2), (3), (4), (5) and (6), the time components that cause the displacement of
Tin; relative to 74 in this process involve certain factors that partially depend on the manufacturing
technology and can also change over time and depending on operating conditions. The gaps between the pre-
tension pairs become dirty, the surfaces in the contact points of the spring and the injector valve wear out, the
gap between them and, accordingly, the spring force changes; due to the aging of the materials, shrinkage
occurs and the spring stiffness, supply voltage, resistance and inductance of the electromagnet coil change.

When equipping the engine with injectors, it is necessary to ensure that the kit contains injectors in
which the time intervals 74...74 differ by no more than 5%. This is especially true when converting a
gasoline engine to operate on gas fuel, because the characteristics of gas injectors are significantly different

from gasoline ones.
, 2025, Nel (24)
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To establish the difference between injectors by the characteristic z;,,;, several methods can be used:

— the method of spilling in dynamic mode;

— the method of registering the movement of the valve or armature;

— the method of registering the movement of the fuel jet.

Each of the above methods has its own disadvantages and advantages.

For example, the spill method is universal for nozzles of any design used for liquid fuel injection. It is
difficult to measure the amount of gas supplied separately by each nozzle. In addition, the specified method
allows you to detect only the difference in the amount of fuel supplied between nozzles and is not able to
find out the difference in all delay time intervals from 74 to 7.

The method of registering the movement of the valve or armature allows you to obtain in detail all the
delay time intervals 74, T4, T3, T4. But it can be applied only to those nozzles whose design allows the
registration of the movement of the valve or armature.

The method of registering the movement of the fuel jet can be applied only to liquid fuel injection
nozzles.

The paper proposes a method of registering the movement of the valve or armature, which can be
applied to the nozzles shown in Fig. Laand 1 b.

The experiments were carried out on a laboratory model containing a serial gasoline injection nozzle
as an object for determining dynamic characteristics, a control pulse generator and a set of converters and
amplifiers that allow recording in the acquisition system the processes that occur in the electromagnetic
actuator of the valve injector. The model consists of a power source and a monoblock containing an injector
equipped with a current sensor and an optoelectronic valve displacement sensor, amplifiers for these sensors,
a pulse generator with pulse frequency and duration regulators, a detachable connector for connecting the
data acquisition system. This makes it possible to obtain an oscillogram of the processes (Fig. 2) that occur
in the electromagnetic actuator, which cannot be implemented directly on the engine. The duration of all
phases of the injector valve movement is determined from the oscillogram.

The following algorithm for conducting tests is proposed in the work:

1 Prepare the data acquisition system for operation: check the presence of grounding, turn on the
power to the computer system unit, start the Power Graf program, select the number of channels for
registration — 4, set the sampling frequency to 50 kHz in the "Frequency" window.

Assign names to the channels: 1 — control pulse, V; 2 — current strength, A; 3 — coil voltage, V; 4 —
armature displacement, mm.

2 Turn on the power to the laboratory layout unit. Using the pulse frequency and duration regulators
located on the layout, set the frequency and duration of the control pulses t..

3 Record the processes in the nozzle by clicking the "Start" button in the Power Graf program menu.
After 1 s, click the same button again.

4 Save a fragment of the test process to an individual file. The file name includes the student's last
name, as well as information about the frequency and duration of the control pulse Tz on the injector.

5 Perform data processing by determining the duration of the phases of movement of the
electromagnet armature together with the injector needle: 74, 74, T3, T4, s shown in Fig. 2.

6 According to formula (3), determine the duration of the open state of the injector sprayer 7;,;, the

discrepancy of the control pulse T4 to the real injection time Atg;. according to formula (5), and the delay
coefficient k. according to formula (6).

CONCLUSIONS

Phased injection provides equal conditions for mixture formation in all cylinders. But due to the
technological spread of the injector characteristics, there is uneven fuel supply. If the set of injectors for the
engine is selected with small deviations uf (for example 3%), and the delay time is approximately the same,
then the unevenness of the supply of gasoline to the cylinders of the new engine is ensured within
approximately the same limits.

Changing the static and dynamic characteristics of the injectors during operation significantly affects
the unevenness of the fuel supply. Changing the cross-section of the spray holes affects the overall
performance of the injectors. The difference in the delay of the injector valves by 0.1 ms leads to an increase
in unevenness in low-flow modes by 2 ... 2.5 times.

The described method for determining the energy performance of a vehicle can be used for work on
determining fuel consumption on vehicles equipped with distributed fuel injection systems, as well as for
determining or clarifying the basic norms of consumption for transport work, taking into account the
operating conditions. elements of the fuel injection system.
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T'opoik FO.B. Mertoa BH3HAYeHHSI AUHAMIYHHUX XapPaKTepPUCTHK NAJMBHMX (OpCyHOK 3
€JIEKTPOMArHiTHUMH NPHBOAAMH KJIANAHIB

CyuacHi najquBHI (POPCYHKH 3 €JICKTPOMArHITHUMH ITPUBOJAMH € KPUTUYHUMH KOMIIOHEHTaMH CUCTEM
KUBJICHHS JBHUTYHIB BHYTpilIHBOTO 3ropsHHs ([IB3), Bim SKMX 3aleXHWTh TOYHICTH J03yBaHHS MANMBA,
e(eKTUBHICTh 3TOPSHHS CYMIIIi Ta €KOJOTIYHI IOKa3HWKH BUTYHA. J[MHAMIYHI XapaKTepUCTHKH (POPCYHOK,
TaKi SIK MIBUJAKICTH CIIPaIlbOBYBaHHS, CTA0UIBHICTh ITUKJIOBOT MOJIa4i Ta BiAMOBIIHICTh KEPYIOUNUM CUTHAJIAM,
Oe3mocepeIHbO BIUIMBAIOTh Ha SKICTh poOOTH ABUTYHA. IIpoTe 3 YacoMm iXHI mapamMeTpH MOTipIIYIOThCS
4epes 3HOC, 3a0pyAHEHHs a00 Jerpaaallito MaTepialiB, M0 MPU3BOIUTH J0 301TbIICHHS BUKHUIIB IITKIITHBHX
PCUYOBHMH, 3pOCTaHHS BUTpPATH IalyBa Ta 3HWKEHHSA IIOTYXKHOCTi. Y CTaTTi 3alpoIlOHOBAHO METO[
JIarHOCTHKHM JUHAMIYHUX XapaKTEPUCTHK (OPCYHOK SIKUM MOXKIMBO BHKOPHCTOBYBAaTH 0e3 iX JEMOHTaXY,
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ENERGY-ECONOMIC RESULTS OF USING THE METHOD OF REDUCING ENERGY LOSSES OF
MOBILE DIESEL COMPRESSOR STATIONS BY ADDITIONAL COOLING OF COMPRESSED
GASES

The article conducts experimental studies of the use of additional freon cooling systems instead of water
systems, which allows reducing the specific consumption of the coolant per kilogram of cooled gas by 2-3 times. For
example, for the compressor unit KPU-16/250 the specific consumption of the heat carrier per kilogram of cooled gas
when pumping nitrogen for the operating cooling system will be 1.71 kg/kg, and for the designed freon system - 0.69
kg/kg; the specific consumption of the heat carrier per kilogram of cooled gas when pumping air for the operating
cooling system will be 1.76 kg/kg, and for the designed freon system — 0.72 kg/kg;

When using additional freon systems of high-efficiency cooling for cooling compressed air with a decrease in
the temperature of the working medium in gas coolers to -10 0C, the specific energy consumed by the compressor is
reduced for diesel compressor units of the oil and gas industry, on average, by 14-17%. Thus, for the SD-9/101M
compressor unit, when nitrogen is injected, the specific energy consumed by the compressor decreases from 315.21
kJ/kg to 263.34 kl/kg or by 16.5%; when air is injected, the specific energy consumed by the compressor decreases
from 320.74 kJ/kg to 275.46 ki/kg or by 14.2%.

Keywords: energy efficiency, compressor, cooling system, energy, power.

INTRODUCTION

Currently, manufacturers and researchers are developing promising energy saving directions in
compressor units, for example, by reducing leaks, optimizing output pressure, choosing the right control and
management systems, etc. But it is obvious that the greatest reserve of energy saving of mobile diesel
compressor stations will be the effective recovery of thermal energy, which is carried out with exhaust gases
and thermal energy of compressed gases, which is released into the environment. Thermal energy, which is
transferred through the cooling system to the environment, is of low potential, the efficiency of its use is
relatively low, but further use of thermal energy, which is transferred through the cooling system to the
environment, is also advisable.

LITERATURE REVIEW AND PROBLEM STATEMENT

The main directions for reducing the energy consumption of mobile diesel compressor stations are [1]:

- efficient use of heat from the working process;

- improvement of the design of the compressor and its compressed gas preparation and release
systems, primarily its compressed gas cooling system;

- reduction of fuel costs for the compressor (switching to cheaper alternative fuels: pyrolysis, biogas,
methane, etc.);

- improvement of the compressor drive engine (switching to improved electronic fuel injection
systems, multi-valve cylinder heads, increasing turbine pressure, etc.)

Let's take a closer look at the first direction.

In modern diesel engines, approximately 35-40% of the total amount of thermal energy introduced
into the engine with fuel goes to perform useful work, approximately 25-30% of the energy is removed with
exhaust gases and 30-35% is transferred through the cooling system to the environment [2].

As for the use of thermal energy carried away with exhaust gases and thermal energy of compressed
gases released into the environment, the most effective device for heat utilization for mobile technological
installations will be a thermoelectric generator [3]. Modern thermoelectric generators are reliable
semiconductor devices, and the efficiency of modern thermoelectric generators with a temperature difference
of more than 100 OC already reaches 20%. Even when using only 10% of thermal energy, about 3% will be
saved on the heat carried away with exhaust gases, and about 2% on the thermal energy of compressed gases
from the total amount of thermal energy introduced into the engine with fuel.

In other words, in the overall heat balance, where in modern diesel engines approximately 35-40% of
the total amount of thermal energy introduced into the engine with fuel goes to perform useful work, about
5% of the energy of the overall heat balance of the engine can be converted into electrical energy.
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A well-known method of reducing energy consumption, in terms of improving the design of the
compressor, is to reduce energy losses due to friction in the elements of the compressor station, as well as to
reduce total pressure losses during gas movement in the inlet and outlet pipes.

Regulating the gas compression pressure is a fairly effective method of saving energy. It has been
found that reducing the output pressure by every 10 kPa reduces the compressor's energy consumption by 1-
2% [4].

For the efficient operation of the compressor station, it is also rational to increase the compressor load
and organize the operation of the equipment in energy-efficient modes. Such optimization of the compressor
operating mode allows reducing energy consumption by 2-3% [4].

Thus, from the point of view of maximum energy saving of mobile diesel compressor stations, the
most effective direction will be the use of thermal energy of compressed gases and heat, which is carried out
with exhaust gases, with the conversion of this thermal energy into electrical energy.

It has been analyzed that for mobile diesel compressor stations, about 5% of the total heat balance
energy can be converted into electrical energy, while in modern diesel engines, about 35-40% of the total
amount of thermal energy introduced into the engine with fuel is used to perform useful work. In other
words, through the effective use of excess heat, an additional amount of electricity can be obtained within
12-14% of the nominal effective engine power.

But at the same time, another problem arises - the effective use of the received electricity. The
capacity of the own systems of electric energy consumption and energy supply for existing engines and
technological installations as a whole is much smaller. For example, the capacity of electric generators of
existing internal combustion engines is about 1% of the nominal effective power of the engine. Therefore, it
will not be rational to use the received electricity only to meet the own electric energy needs of the engine
[5]. Therefore, the problem of using excess electricity within 12-14% of the nominal effective power of the
engine requires a different solution.

As has already been established, the energy efficiency and cost-effectiveness of compressor stations
are significantly related to the removal of heat from gas compression. In addition, the process of gas
compression in compressor plants is accompanied by a significant increase in temperature, which, when the
pressure increases, can reach more than 200 °C and worsen the operation of compressor units, including the
risk of explosion in compressors due to ignition of oil vapors [6].

Therefore, it follows from the above that for energy-efficient operation of the compressor, it is
necessary to additionally artificially cool the compressed gas during its operation without increasing the area
of the cooling heat exchangers.

The most economical cooling is achieved by increasing the water temperature in the heat exchanger by
15-20 °C. Tt is not recommended to heat the water above 40 °C, since at higher temperatures salts are
released on the heat exchange surfaces [7].

Thus, for energy-efficient operation of the compressor, it is necessary to artificially cool the
compressed gas during its operation. The efficiency of cooling the compressed gas in the intermediate and
final coolers directly affects the specific compression costs, and therefore the lower the temperature of the
compressed gas in the intermediate coolers, the higher the energy efficiency of the compressor unit.

Given the low efficiency of air and water cooling and water injection cooling, the most effective is to
cool compressed gases in closed intercooling systems with a coolant other than water.

PURPOSE AND OBJECTIVES OF THE STUDY

The aim of the work is to conduct experimental studies of the energy and economic results of the
method of reducing energy losses of mobile diesel compressor stations through additional highly efficient
cooling of compressed gases.

The scientific and technical tasks are as follows:

- study of potential directions of energy efficiency of mobile diesel compressor stations;

- analysis of directions of energy saving of mobile diesel compressor stations by improving the
compressed gas cooling system and by using the heat of compressed gases;

- assessment of energy efficiency of the proposed methods of increasing energy saving.

RESEARCH RESULTS

As it was established, to achieve minimum energy consumption of mobile diesel compressor stations,
it is necessary to ensure the deepest possible cooling of compressed gas in the heat exchangers of the
intercooling system.

This is explained by the fact that the decrease in gas temperature before each stage of the compressor
increases the gas density. At the same time, in direct proportion to the increase in gas density in the
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cylinders, the compressor performance increases. Calculations show that a decrease in gas temperature by 1
K leads to an increase in performance by approximately 0.3% [8]. Thus, with a decrease in the temperature
of the sucked gas, the specific energy consumption for the compressor drive decreases proportionally, and
the most efficient from an energy point of view is the process of isothermal gas compression in the
compressor. But the implementation of isothermal gas compression is possible only due to the maximum
increase in the areas of cooling heat exchangers. This, in turn, will lead to an increase in pressure and energy
losses. At the same time, in existing compressors, on average, from 5 to 10% of the gas compression power
is spent on overcoming losses in gas coolers.

Research into a promising system for highly efficient cooling of compressed gas in compressor
stations was carried out on a specially designed and manufactured experimental stand with an evaporator,
two compressed air circuits, and air cooling and heating units (Fig. 1). Two identical CO-7B compressors
were used to pump gas (Fig. 2). The air in the gas cooler circuit was cooled using an Electrolux mobile air
conditioner.

1 —air heating unit; 2 — stand frame; 3 — control panel; 4 — gas cooler damper control compressor;
5 — gas cooler-evaporator;
Figure 1 — Installation with a system of highly efficient compressed gas cooling of compressor
stations

=

Figure 2 — Compreor SO-7B

To determine the energy consumption for gas pumping, gas flow and pressure data were used.
Pressure measurements were performed using a manometric manifold (Fig. 3), and the flow rate of pumped
gases was measured using a gas meter (Fig. 4).

When conducting experimental studies of the proposed scheme for energy saving of compressors due
to highly efficient additional cooling of compressed gas, the energy losses of the compressor were
determined. For this purpose, two identical compressors CO-7b were used, which created two air injection
circuits. The first compressor pumps air into the gas cooler, the second pumps cooled air. The maximum
compression ratio € of the compressors can be 6 units. When conducting experimental studies, the
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compression ratio € of the compressors was limited to 3 units. The air in the gas cooler circuit is cooled using
a mobile Electrolux air conditioner. The air conditioner operates in two modes: in the first, it supplies
ordinary uncooled air from the environment (simulation of the operation of existing compressor stations in
the oil and gas industry), in the second, it supplies cooled air (simulation of the operation of a promising
scheme for highly efficient additional cooling of compressed air).

S —
e

R

Fig. 4. Flowmeter for measuring volumetric flow of compressed gas

The energy consumption per unit time of each circuit was determined by the corresponding
transformation of the formula 1.
k-1
k Py k
L, :k——l' 1V - (P;J —1|, MJh. (1)

1

where P — pressure at the inlet of the i-th circuit, Pa;
Pi2 — pressure at the outlet of the i-th circuit, Pa;

V1 — compressor capacity at the inlet of the i-th circuit, m®.
The outlet pressure of each stage p, was determined from formula 2 through the inlet pressure and gas
temperatures at the inlet T and outlet of each circuith.

-
P, =P1-2(;—2j . 2)
1

Initially, experimental studies were conducted and the specific work of compression was determined
for existing compressor units for different seasons without cooling and with artificial cooling from ambient
air. This is necessary to assess the efficiency of standard compressed air-cooling systems. The results of
experiments and calculations are shown in the figure 5.

From the results of the performed experimental studies, the following conclusions can be drawn:

- the lower the ambient temperature, the lower the specific work of compression of the compressor.
For example, the specific work of compression of the second circuit at an ambient temperature of -5 0C is
97.1 kJ/kg, +5 0C — 104.2 kJ/kg, +35 0C — 111.6 kJ/kg;
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- the higher the ambient temperature, the worse the cooling of the compressor and the higher the
specific work of compression of the compressor. For example, the specific work of compression of the
second circuit at an ambient temperature of -5 0C and forced cooling is 67.9 kJ/kg (69.9%), and at +35 0C —
87.5 kJ/kg (78.4%);

- with increasing ambient temperature, the useful power consumption of the compressor also
increases, for example, from 82.9% at an ambient temperature of -5 0C to 86.7% at an ambient temperature
of +35 0C;

- cooling of compressed air, which is used at existing compressor stations, is an effective way to
reduce the specific work of compression of the compressor. In this case, the range of reduction in the specific
work of compression of the compressor varies within 69-78%.
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M Specific work of compression of the second circuit, 12, ki/kg

H Relative specific compression work of the second circuit, %

Fig. 5. Results of experimental studies of cooling schemes of existing compressor units

Further, experimental studies of the proposed scheme for energy saving of compressors due to highly
efficient additional cooling of compressed gas were carried out and compared with the existing cooling
scheme. During the experiments, the power consumed by the freon compressor was limited to a value that
was 5% of the power of the main compressor.

The results of experimental studies of hourly energy consumption, specific compression work and
total useful power of compressors depending on the temperatures at the inlet to the gas cooler circuits are
shown in Fig. 6.

From the results of the experimental studies of the proposed scheme for energy saving of compressors
due to highly efficient additional cooling of compressed gas, the following conclusions can be drawn:

- compressed air cooling due to highly efficient additional cooling of compressed gas of the proposed
compressor energy saving scheme is an effective way to reduce the specific work of compression of the
compressor. In this case, the maximum value of the reduction in the specific work of compression of the
compressor reaches 72.7%;

- the lower the temperature of the gas cooler, the lower the specific work of compression of the
compressor. For example, the specific work of compression of the second circuit at a gas cooler temperature
of -10 0C is 56.2 kl/kg, +1 0C — 60.4 kJ/kg, +21 0C — 68.9 kJ/Kkg;

- compressed air cooling due to highly efficient additional cooling of compressed gas of the proposed
compressor energy saving scheme allows to reduce the total useful power of the compressor to 14.5%.
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Le - hourly energy consumption for the second circuit, MJ/h;;

I, - specific work of compression of the second circuit, kJ/kg;
Ny - total useful power of the compressor, kW

Fig. 6. Dependence of hourly energy consumption L , specific work of compression I, and total useful
power of compressors Ny, on temperatures t at the inlet to the gas cooler circuits

DISCUSSION OF RESEARCH RESULTS

The results of theoretical and experimental studies have shown that the greatest energy saving reserve
for mobile diesel compressor units in the oil and gas industry is realized with the deepest possible cooling of
compressed gas in the heat exchangers of the intercooling system due to the recovery of excess heat.

This is explained by the fact that a decrease in gas temperature before each compressor stage increases
gas density. At the same time, in direct proportion to the decrease in gas temperature in the cylinders,
compressor performance increases and energy consumption decreases. Calculations show that a decrease in
gas temperature by 1 K leads to an increase in performance and a decrease in energy consumption by
approximately 0.3%.

To assess the energy efficiency of the proposed methods for increasing energy saving based on the
results of theoretical and experimental studies, energy efficiency calculations were performed for the most
common typical mobile diesel compressor stations in the oil and gas industry for the existing and proposed
gas cooling systems when using different types of gases. The design season is autumn-spring, the ambient
temperature is 15 °C, the working fluids are air and nitrogen.

The results of calculations of the main energy efficiency indicators of mobile diesel compressor
stations in the oil and gas industry during air injection are shown in Fig. 7,8.

M Ek, k]/kg azote AE, kJ/kg azote nex azote

Ek, k] /kg air B AE, kf[kg air M nex air
500
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350
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" [ I [
. 1 i i
C P C P C P
PKSD-1.4/25 SD-9/101M KPU-16/250

Fig. 7. Energy efficiency calculations for common mobile diesel compressor stations in the oil and gas
industry for air injection

In Figure 7, the following notations are used:
C — the current existing cooling system of compressed gases;
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P — proposed additional compressed gas cooling system:;
Ex — specific energy consumed by the compressor, ki/kg;

AE

cm.2 - change in exergy of compressed gas, kJ/kg;

Mexe - exergy efficiency.
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E\ . — specific energy consumed by compressors according to the current scheme, kl/kg; E, , — specific
energy consumed by compressors according to the proposed scheme, kJ/Kg; 7...... - exergy efficiency
according to the current scheme; 7., - exergy efficiency according to the proposed scheme
Fig. 8. Results of calculations of the main indicators of energy efficiency of mobile diesel compressor
stations in the oil and gas industry when pumping air

CONCLUSIONS

Based on the calculations and results obtained, the following conclusions can be drawn:

The more stages, the more intermediate cooling circuits and the higher the energy savings for
compressor stations when using additional high-efficiency freon cooling systems for compressed gas.

At low compressor pressure stages (one to two), it is not advisable to use advanced gas cooling
systems with freon, since the energy savings are not very significant.

At high compressor pressure stages (three and more), it is already advisable to use advanced gas
cooling systems with freon. In this case, an increase in the number of compression stages leads to an increase
in the energy efficiency index.

The highest energy efficiency is achieved when compressing gases with a lower molar mass. Thus, the
energy efficiency when compressing nitrogen gases is higher than when compressing air. For example, the
specific energy consumed by the compressor for the PKSD-1.4/25 installation when pumping nitrogen is
490.22 kJ/kg for existing cooling systems and 416.55 kJ/kg when using additional freon systems of high-
efficiency cooling; when pumping air for existing cooling systems 495.93 kJ/kg and 420.76 kJ/kg when
using additional freon systems of high-efficiency cooling;

The exergy efficiency of compressor units tends to increase with increasing absolute power. Thus, for
the PKSD-1.4/25 compressor unit with a capacity of 23 kW, the exergy efficiency when pumping air is
48.2%, and for the KPU-16/250 compressor unit with a capacity of 368 kW, the exergy efficiency is 52.1%;
When using additional freon systems of high-efficiency cooling for compressed air cooling with a decrease
in the temperature of the working medium in gas coolers to -10 0C, the exergy efficiency of the compressors
increases by approximately 15%. For example, for the PKSD-1.4/25 compressor unit, the exergy efficiency
increases from 48.2 to 55.2%, for the SD-9/101M compressor unit, the exergy efficiency increases from 51.0
to 58.7%, for the KPU-16/250 compressor unit, the exergy efficiency increases from 53.2 to 61.3%;

When using additional freon systems of high-efficiency cooling for compressed gas cooling with a
decrease in the temperature of the working medium in gas coolers to -10 0C, the specific heat transfer
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coefficient of heat exchangers - compressed gas coolers - decreases, on average, by 25%. Thus, for the
compressor unit SD-9/101M, when nitrogen is injected, the specific area of heat exchangers decreases from
5.201 m2/kg to 3.894 m2/kg; when air is injected, the specific area of heat exchangers decreases from 4.434
m2/kg to 3.327 m2/kg;
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I'nun M.M. EHepro-eKoHOMiYHi pe3yJibTaTH BHKOPHCTAHHSI MeTOAY 3HUKEHHS BTPAT eHepril
nepecyBHUX AU3eJIbHUX KOMIIPECOPHUX CTAHIIN NIVIIXOM 0JATKOBOI'0 0X0JIO/IKeHHSI CTUCHEHUX rasis

VY cTaTTi NpoBEAECHO EKCIIEPUMEHTANIbHI JOCIIIKEHHS BUKOPUCTAHHS TOJAaTKOBUX (DPEOHOBUX CUCTEM
OXOJIO/PKEHHS 3aMiCTh BOJSIHUX CHUCTEM, IO JIO3BOJISIE B 2-3 pa3y 3HU3UTH MUTOMY BHTPATy OXOJIO/KyBaya-
TEIUIOHOCISI Ha OJWH KIJIorpaM OXOJIoJpKeHoro raszy. Hampwknax, mist kommpecopHoi ycranoBku KITY-
16/250 nuroma BUTpaTa TEIJIOHOCIA HA OAMH KiJOrpaM OXOJIOPKEHOIO Ta3y NPH MPOKadyBaHHI a30Ty JUIS
JI0Y0i CUCTeMHU OXOJOJDKeHHs ckiane 1,71 Kr/kr, a anms mpoekToBaHoi ¢gpeonoBoi - 0,69 Kr/kr; mutoma
BUTpATa TETUIOHOCIS Ha OJIMH KIJIOTpaM OXOJIOJKEHOTO Ta3y MpH MPOKadyBaHHi MOBITPS ISl JIF0401 CUCTEMHU
OXOJIO/KEHHS cKiaze 1,76 Kr/Kr, a Ijsl MpoeKToBaHOi ppeoHoBoi — 0,72 Kr/kr;

IIpn BUKOpHUCTaHHI JUIS OXOJIO[UKEHHS CTHCHEHOTO HOBITPS [JOJATKOBHUX (PEOHOBHX CHUCTEM
BHUCOKOE()EKTHBHOTO OXOJIOJKCHHS 31 3HWKEHHSIM TeMIlepaTypHu poOoUoro Tijia B ra300X0JIo/pKyBadax Jio -
10 °C nuroma eHepris, MO CIOKHBAETHCS KOMIIPECOPOM, 3HHKYETHCS JUIS AM3EMBHHX KOMIIPECOPHHX
YCTaHOBOK HagTorasoBoi raiysi, B cepeanbomy, Ha 14-17 %. Tax, ana kommpecopHoi ycraHoBku CJI-
9/101M mpu HarHiTaHHI a30Ty MUTOMa EHEPTisl, M0 CIMOKUBAETHCS KOMIIPECOPOM, 3MEHIIyeThes 3 315,21
kJx/kr 1o 263,34 x/lx/kr a6o Ha 16,5 %; mpu HArHiTaHHI MOBITPS MHUTOMA €HEPris, IO CIOXHBAETHCS
KoMmIpecopoMm, 3meHIyeTbes 3 320,74 k/x/kr no 275,46 xx/kxr abo Ha 14,2 %.
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THE AVERAGE VEHICLE SPEED IN A DENSE TRAFFIC FLOW WITH TWO SLOW-
MOVING VEHICLES ON A ROAD SECTION WITH LIMITED MANOEUVRING
OPPORTUNITIES

The wide range of vehicle speed studies indicates considerable attention to speed as the parameter of traffic
flow that affects traffic safety and comfort, the environment, and the quality of life. This parameter is also one of the
most important in transport modelling, where the speed distribution law, its percentiles, and the mode and mean are
used. Most of the literature presents the results of speed surveys on sections of interurban roads and urban arterial
streets, where traffic flow is mostly free. It is common for these studies to consider normal distribution typical for
vehicle free-flow speeds, as well as the possibility of using the percentiles of this distribution, its mode and mean
value in practice. However, this is not the case with the results of studying the speed in urban traffic conditions
complicated by dense traffic and limited manoeuvring opportunities. In such conditions, a much smaller number of
studies have been conducted. They do not demonstrate a consensus on the possibility of using speed distribution,
which could be considered reference one, but at the same time, they are consistent in indicating a tendency to the
decrease in average speed and the shift of the distribution mode to the left compared to the case of free-flowing traffic.
This paper presents the initial steps in studying speed in complicated urban traffic conditions characterised by a strong
influence of vehicles on each other, which can be observed on road sections with a single traffic lane and without a
possibility of overtaking. In this research, the formula for calculating the average speed of a vehicle platoon with one
slow-moving vehicle is used to derive the analogous formula for the case of two slow-moving vehicles, which limit
the speed of the others. These formulas allow for deepening the knowledge of the limiting effect of dense flow on
vehicle speed and the first moment of speed distribution, as well as coming closer to obtaining a relationship to
calculate average traffic flow speed with any number of slow-moving vehicles.

Keywords: traffic speed, average speed, traffic flow, flow density, traffic lane, traffic conditions, analytical
modelling, transport system.

INTRODUCTION

Vehicle speed has a special place among the urban traffic flow (TF) parameters, and the corresponding
attention of international institutions confirms the importance of studying it. To date, urban and rural traffic
speed has been studied in many countries in the following context: The World Health Organisation presented
the speed study in the Global Status Report on road safety [1]; The United Nations Economic Commission
for Europe showed the importance of managing speed and its impact on travel comfort and safety within the
Workshop on speed management in urban areas [2]; The Directorate-General for Mobility and Transport of
the European Commission prepared a thematic report on road safety and the problem of speeding in the
European Union [3]; The Organisation for Economic Co-operation and Development and The European
Conference of Ministers of Transport reported on the impact of speeding on the severity of road traffic
accidents, the environment and quality of life [4].

As evident from the mentioned sources, speed is an object of studies related to traffic safety and
comfort, environmental impact and quality of life. In addition, speed is the basic parameter in traffic
simulation software, activity travel scheduling in transport behaviour studies, theoretical analysis of TFs, and
traffic management [5]. Such applications often require knowledge of the average speed, the distribution of
this random variable, and its percentiles [5, 6]. Most studies on obtaining these characteristics have been
conducted in rural areas [7-9], while the studies on speed in urban areas are significantly fewer. Urban traffic
conditions are substantially more complicated regarding manoeuvrability and speed [10], with many factors
affecting the speed variable. This creates certain difficulties in establishing a speed distribution that could be
considered a reference for the elements of urban street networks like intersections, narrow carriageways and
places with limited manoeuvring opportunities, including those due to heavy traffic. All of the above
indicates the relevance of continuing research on speed variable in urban environment.

LITERATURE REVIEW AND PROBLEM STATEMENT

The distribution of speed variable is the research object in numerous works, many of which refer to
free flow [5, 11]. These works often present experimental research resulting in histograms of vehicle speed
distribution for the road sections outside cities without assessing the conformity between empirical and
theoretical distribution [12]. The works of this type are made to: assess the current TF parameters flow on a
particular road section; determine speed trends, the 50th and 85th percentile of speed, a pace speed, an
advisory speed, the speed limits for certain areas; assess the effectiveness of traffic control devices; monitor
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the effectiveness of speed enforcement programmes; estimate the impact of the carriageway geometry
(horizontal and vertical alignment) on speed; determine the proper location of road signs and markings;
establish proper sight distances; assess the impact of speed on road safety; determine the reasons of speeding
offences; determine the validity of complaints related to speeding; study the actual or potential effect of the
input from the public and officials, etc [6, 9, 12-15].

On rural roads, most vehicles usually have pretty high speeds (much higher than 0) because there is
inherently the only speed limit set by road signs or local traffic rules. The influence of other natural or design
constraints that complicate traffic is usually eliminated by the choice of road section and period for the
survey. For example, manual [7] points to the need to select a road section that would allow recording typical
vehicle speeds in free-flow conditions [8] and avoid the effects of vehicles slowing down or accelerating due
to traffic signals, intersections, industrial and parking areas, active pedestrian crossings, small radii of
horizontal curves, etc. This manual and the handbook [9] indicate that the survey period should not cover or
overlap with rush hours, weekends and holidays, public or unique events (festivals, carnivals, concerts, etc.),
or adverse weather conditions.

The surveys in free-flow conditions are conducted using radars, lidars, stopwatches, pneumatic tubes,
inductive loops, magnetic, microwave, acoustic, ultrasonic, infrared, and laser sensors, as well as sensors that
combine several of the listed technologies [7, 9, 16, 17]. Such surveys often provide researchers with data on
instantaneous speed in a free flow [17], and the thing these surveys have in common is that they consider the
normal distribution typical for the mentioned speed [5, 17, 18]. The results of both local and national scales
support this statement. Thus, the statistical release published by the UK Department for Transport [19]. This
release assesses vehicle compliance with posted speed limits in free-flowing conditions and presents speed
histograms very similar to the histograms of the normal distribution [19].

The US studies also confirm the relevance of using the normal distribution to represent free-flow
speed on rural roads — in the report [6], this distribution is mentioned as typical for speed in free-flow
conditions with reference to the results of in-depth studies conducted in the 1970s, 1985 and 1990. This can
be considered a recognition of the continuous use of the normal distribution as a reference for free-flow
speed.

References to the normal distribution of speed in free-flow conditions are present in studies aimed at
establishing reasonable posted speed limits. The report [6] states that the 85th percentile of the normally
distributed speed is the traditional value to set the speed limit. The reference to the 85th percentile is also
mentioned in the European Commission report [20], which examined the impact of the directive on the use
of speed limitation devices for specific motor vehicle categories in the European Union (EU) on speed
profiles, road safety, fuel consumption, and emissions. This report acknowledges the assumption of a normal
distribution of free-flow speed [20].

The similarity of the survey conditions in the works analysed above can be considered the reason for
the results' similarity. Even though the goodness-of-fit is rarely assessed statistically, there is no doubt that
the empirical histograms can be approximated with the normal distribution.

Although the distribution of vehicle speeds when driving in free traffic flow outside cities can be
considered established, the issue of determining a similar distribution and its moments for urban traffic
remains open. Urban traffic conditions are more complicated in terms of speed [7] because the speed is
influenced here by dense flows, at-grade unsignalized and signalised intersections, narrow carriageways at
certain road sections, etc. The purposes of speed studies in urban conditions, in addition to those listed in the
first paragraph of this section, also include defining appropriate traffic signal settings and sight distances at
the approaches to intersections [9, 13]. Urban studies are impossible in conditions that meet the same
requirements for the sites as in the case of rural studies, and this is especially true for street sections in the
downtown areas with dense buildings, short road network links, and narrow carriageways.

Urban traffic conditions limit the space and time for manoeuvring [10] and the ability to make certain
manoeuvres. The complications of this type affect drivers’ choice of speed, and usually, the more
complicated the traffic conditions are, the lower the speed. At the same time, the individual driving style of
each driver contributes to the speed randomness, which requires additional attention when determining speed
distribution.

The number of vehicle speed studies in urban areas is significantly lower, and a certain share of these
studies present results consistent with non-urban ones. An example is the paper [21] devoted to studying the
motorcycle flow parameters at four locations in the central part of Hanoi, Vietnam. A similar result was
obtained in the thesis [11], which also confirmed the possibility of describing the speed of motorcycles
passing an intersection in Pong Pa central district in Hanoi with the normal distribution. However, the
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normal distribution of the speed of two-wheelers can be explained by their small dimensions, low
requirements for road space and high manoeuvrability [11, 22].

Results similar to those obtained in Hanoi are presented in the study of vehicle speed in the free flow
at 60 sites on 14 urban arterials in three Taiwan cities — Taipei, Taoyuan and Taichung [23]. Here, speed
measurements were made for three vehicle types — motorcycles, small vehicles, and large vehicles. The
difference between the results obtained and those analysed in the previous paragraph is that the normal
distribution was used to describe the free speed of not only motorcycles but also other vehicle types [23].
This is also supported by the paper [24], which presents survey data from the Zhongxiao arterial road in
Taipei.

Paper [25] explores the speed on 17 four- and six-lane roads in the Indian metropolitan areas of New
Delhi, Jaipur, and Chandigarh — the authors note that the normal distribution is suitable for describing the
speed of separate vehicle types, but at the same time, indicate the non-normality of the combined distribution
of the speeds of all vehicles in the TF and the possibility of several modes in the empirical distribution
depending on the TF composition. At the same time, the presented density curves allow for noticing a certain
shift of the mode of the empirical distributions to the left relative to the mode of the theoretical normal
distribution [25]. This can be considered a consequence of complicated traffic conditions in cities.

The tendency of shifting the speed distribution mode to the left is also traced in Ukrainian studies. For
example, paper [26] studies the speed distribution on two arterials and two local roads in Kharkiv, Ukraine.
As a result, the normal, lognormal, chi-square, and gamma distributions were fitted to speed values from all
four locations, emphasising better fitting results for the three latter distributions [26].

A further leftward shift in the mode of speed distribution is presented in the paper [27], which
considers speed distribution during the assessment of exhaust emissions from road transport. The authors of
that paper took the SETS software [28] settings for the city of Florence, Italy, to simulate eight speed
distributions for different complicated traffic conditions up to those close to congestion. The curves of all
eight distributions resemble the curves of the gamma distribution with a shape parameter which gradually
approaches 1, i.e., they indicate that the speed distribution approaches exponential distribution.

The distributions with a significant right skewness are used in a speed study from Budapest, Hungary
[5]. Here, in the influence zones of intersections on the Hamzsabegi Road and Szent Gellert Road, the
vehicle speed was studied in various traffic conditions, which determine the TF behaviour. The conditions
studied were as follows: accelerated flow, decelerated flow, congestion, free flow, under-saturated flow, and
over-saturated congestion (when the traffic volume exceeds the capacity for a long period of time). Only the
speed in the under-saturated flow turned out to be describable by a normal distribution. In the other traffic
conditions, distributions most suitable for describing the vehicle speed appeared to be as follows: for an
accelerated flow — beta distribution; for a decelerated flow — chi-square distribution; for a free flow —
lognormal distribution; for a congestion — gamma distribution; for over-saturated congestion — exponential
distribution [5]. The obtained results indicate a significant impact of urban traffic conditions and traffic flow
parameters, particularly volume and density, on vehicle speed distribution. Paper [5] is one of the few that
shows and statistically confirms the possibility of using the exponential distribution to describe vehicle
speeds in the most complicated traffic conditions.

A definite left shift in the speed distribution plot for urban traffic conditions can be seen in studies [8,
29], which present the results of observations of the speed before the stop line of two signalised intersections
in Kharkiv, Ukraine. In both cases, the exponential distribution was suitable for describing the speed. This is
another confirmation that under traffic conditions complicated in terms of speed, the distribution of the speed
variable has a significantly left-shifted mode. At the same time, work [8] indicates that vehicle speed is also
influenced by the carriageway narrowing in addition to signalised intersections. This influence is not so
strong because the gamma distribution best describes the vehicle speed, which is confirmed by the empirical
data collected in Kharkiv.

Confirmation of the fact that carriageway narrowing complicates traffic and affects vehicle speed
distribution can also be found in other works. For example, in the paper [30], a study of the impact of the
roadway geometry and TF parameters on the accident frequency in the state of Washington, USA, found that
road sections with a lane width of less than 3.5 m have a lower accident rate due to lower speeds compared
to sections with a ‘standard’ lane width. Similar conclusions were drawn in a study of the same impacts
conducted in Canada’s Metro Vancouver Regional District [31].

These results can be complemented by an active experiment on a driving simulator at Tongji
University, China, which, among other things, studied the effect of carriageway width on traffic speed [32].
The simulator reproduced one-way traffic in a three-lane tunnel and allowed for testing driving scenarios
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with lane widths of 2.85 m, 3.00 m, 3.25 m, 3.5 m, and 3.75 m. The experiment results showed a clear trend
for speed to decrease as the lane width decreases. The authors explain these results by the fact that drivers
feel safer and freer when driving in wider lanes [32]. It should be added that a year earlier than this
experiment, the speed was surveyed on eight underground roads in Shanghai [33] to define the relationship
between recorded speeds and lane widths, number of lanes, slope grade, and speed limits. The results
regarding the relationship between speed and lane width were similar [33].

The analysis of existing speed studies indicates a noticeable influence of urban areas with dense traffic
and limited manoeuvring opportunities on the speed variable distribution, which becomes right-skewed
compared to the situation of free flow and shows a decrease in the mode and mean. This testifies to the
expediency of developing theoretical prerequisites for explaining these changes in the speed distribution, and
an initial step in this process is to analytically represent the average speed, which is the first moment of the
speed variable.

AIM AND TASKS

Literature review shows that a reduction in road space available to drivers generally reduces traffic
speed. In urban traffic conditions, there are many reasons for the decrease in the quantity of space per
flowing vehicle, but the most common and understandable are a significant increase in traffic density and the
restriction of manoeuvring opportunities caused by traffic management and other road users, or the combined
effect of these circumstances. These complications of traffic conditions make it possible to formalise the
flow of traffic because they cause significant mutual influence of vehicles, which is not typical for a free
flow. The role of this influence in the formation of both the speed distribution and the average speed should
be studied in the conditions that, on the one hand, should be characteristic of the urban street network and, on
the other hand, should create opportunities for an analytical description of the speeds that drivers choose or
are forced to choose. The conditions that meet both requirements regularly appear in urban networks when
traffic flows along the following network elements:

— network sections with a temporary or permanent narrowing of the carriageway to one lane at a
traffic volume equal to or exceeding the lane capacity;

— sections with traffic restrictions that cause the same consequences and volume-to-capacity ratio;

— two-lane two-way roadways with prohibited overtaking;

— single-lane one-way roads;

— two-lane one-way roads in situations where one lane is occupied by parked vehicles;

— three-lane one-way roads in situations where both the left and right lanes are occupied by parked
vehicles;

— tunnels with one lane in each direction;

— sections where there has been a traffic accident which caused partial carriageway blocking;

— all network sections during bad weather, etc.

In everyday life, situations from the above list occur quite often in total, but on the listed sections,
there is not always a strong relationship between drivers' behaviours in the TF. At low traffic volume, there
may well be free-flow conditions, so a strong interaction between vehicles occurs only when a queue of
vehicles is formed at the entrance to a section with one lane available for traffic and no possibility of passing
and overtaking. When a queue forms, vehicles cannot move at a speed higher than the speed of the vehicle
ahead. In contrast to free flow, this creates opportunities for finding an analytical formula for calculating the
average traffic speed, which is very important because it ensures the generality of the research results
obtained in this way. At the same time, the fact that drivers choose different speeds under the same traffic
conditions can be considered an axiom in an analytical study.

If a queue enters a traffic lane where passing and overtaking are impossible, the obvious consequence
is a dense traffic flow in which vehicles form the platoons. Each platoon can split gradually into groups due
to the different speeds chosen by drivers. These groups will be led by slow-moving vehicles (SV), limiting
the speed of the others — those who would like to travel at a higher speed in the free flow. This creates the
conditions for formalising the traffic flow process and deriving the formula for average speed based on the
speed of each vehicle in the group within the platoon. For this formalisation, it is also important that those
vehicles that travel in the platoon and are not restricted by the SVs should have enough clear road ahead to
attain the desired speed. This means that the average speed of the platoon will be a characteristic of a part of
the street section somewhat ahead of the point where the platoon was formed. This part, in particular, may be
at the exit from the section. At the same time, for macromodelling purposes, the average speed can be
considered the space mean speed for the whole section.

In the absence of specific measures to control traffic flows in time and space in urban conditions, the
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formation of vehicle platoons can be considered a random process. This is important for the correct statement
of the task of determining the average traffic speed on a single-lane road section with no passing and
overtaking opportunities because, in this case, we can assume a random order of vehicles and, consequently,
the equal probability of each vehicle to take any position in the platoon.

It is reasonable to start searching for a general formula for calculating the average traffic speed on a
lane without overtaking opportunities by studying the simplest hypothetical cases. These include the
consideration of a moving platoon in which all vehicles tend to drive at the same maximum permitted speed,
except for one or two SVs that limit the speed of the others. The case with one SV was studied in the paper
[34]. The materials of the paper [34] will be used to derive the formula of the average speed for the case of
two SVs in a platoon, which is the purpose of the current paper.

RESEARCH RESULTS

To find an analytical formula to calculate the average vehicle speed in a TF with two SVs that limit
the speed of others on a lane with no passing and overtaking opportunities, it is expedient to formalise this
problem as follows:

— let N vehicles moving in a dense flow randomly enter a lane where overtaking are not possible;

— let the order numbers of vehicle positions in the platoon start from 0. Under the equal probability of

taking any position in the platoon, each vehicle can take the position [O; N —1] with probability 1/N ;
— let all but two drivers want to drive at the maximum permitted speed V

max ’

— let the driver of the first slow-moving vehicle (SV1) travels at speed V,, 0<V, <V,
driver of the second slow-moving vehicle (SV2) travels at speed V,, V, >V,;

— let A, =(V, . —V,) be the deviation of SV1’s speed from the maximum permitted speed;

— let A, =(V, —V,) be the deviation of SV2’s speed from SV1’s speed.

It is necessary to determine what will be the average vehicle speed at the exit from the lane.

From the mathematical point of view, the simplest case in determining the average vehicle speed on a
lane where passing and overtaking are impossible is the presence of one SV in the platoon, Fig. 1. This case

is studied in detail in paper [34], where the average vehicle speed at the exit from the lane is initially
represented as

and the

— XV T(N=X)-V,
V, = N

)

where X is the position of the single SV (SV with speed V,) in the TF.

v ehju.le speeds

Vinax Vs Vs

1 . x=N-1
Vi eluu.le positions slow-moving vehicle

Figure 1 — The representation of the platoon with one slow-moving vehicle [34]

If there is a single SV which travels at speed V,in the platoon, then, taking into account the equal
probability for each vehicle to take any position in the platoon, the desired V is defined as follows [34]:

,_\

- 1% 1%
Vz—z =—ZZ( max F(N=%) V), 2
N x=0 x=0
where V, is the average speed of vehicles in the TF when a single SV takes the position X. Speed V, is
possible with probability /N, x[0;N —1];
[X-Viax + (N —X)-V,] is the sum of the speeds of all vehicles in the TF in the case when the only SV
(which travels at speed V,) takes position X in the flow [34].
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The use of the introduced designation for A, as well as the collection of the like terms in the course
of removal of brackets with consideration of the identities for the sum of a simple arithmetic progression
[35], allowed for obtaining a formula for calculating the average vehicle speed in the TF with one SV on a
lane where passing and overtaking are impossible [34]:

V=V, + N-1
2N

A. @)

A more complicated case in terms of analytical representation of the average speed V at the exit from
a lane with no passing and overtaking opportunities is the consideration of the TF with two SVs, i.e.,
vehicles that travel at a speed lower than the maximum speed permitted in certain conditions. Given that

V, >V,
A >A,; Ag,A, >0,

The complication with respect to the case of a single SV consists of the following. Since overtaking is
prohibited, the speed of (N —2) vehicles whose drivers want to travel at speed V,, will depend on which

SV they follow. If they follow the first SV, they will exit the road section at speed V. If they follow the
second SV only, they will exit at speed V, , and the cars ahead of both SVs will exit at speed V, ., .
If the slowest vehicle (SV1) travelling at speed V, took the position x in the flow, and this position is

ahead of the second SV (SV2), Fig. 2, then the average vehicle speed at the exit from the lane will be the
same as in the simplest case with one SV in the flow. The probability of this event is 1/N . To calculate the

average speed in this situation, Eq. (1) can be used.

Vinax Vs

2

x=0 1 . x=N-1
the first SV the second SV (the driver
(the slowest one) wants to travel at speed 1)

Figure 2 — The representation of the platoon with two SVs when the slowest one
is ahead of the other one

With the same probability 1/N , the second SV travelling at speed V, can take the position x ahead of

the first SV (which is the slowest). Then, all the vehicles ahead of SV2 will travel at the maximum
(permitted) speed V., SV2 will travel at speed V, , and the vehicles which follow SV2 will travel either at

speed V, if there is no SV1 ahead of them or at speed V, otherwise, Fig. 3.

Vimax 7, I Vs Vs

.. x=N-1
the first SV

the second SV (the driver
(the slowest one)

wants to travel at speed 173)

Figure 3 — The representation of the platoon with two SVs when the faster one
is ahead of the slowest one

Thus, the case of one SV studied in [34] and represented by Eq. (1)-(3) can be applied to (N —x—1)
vehicles after position x in the flow, but with a maximum speed equal to V, . Then, their average speed V.,
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where x denotes the position in the flow taken by the second SV, can be determined from the equation
written based on Eqg. (3) and the number of vehicles in the flow after the position x:

N-x-2

V, =V, +—————A,.
" s+2(N—x—1) ?

(4)

The probability of the event that one of the two SVs takes position x in the flow is equal to 2/N , and
the probability of taking the position x by each of the two SVs is equal to 1/N . Therefore, for the average
speed of the whole platoon, it is possible to write

V, = \7xl +%\Z(z ) (5)

N |-

where V., is the average traffic speed when the first SV takes the position x in the flow;

V,, is the average traffic speed when the second SV takes the position x in the flow.

It should be noted that the mandatory presence of one SV behind the other SV, regardless of the speed
of these vehicles, means that the vehicle that moves ahead has not N, but only (N —1) alternatives for
positioning in the flow.

By analogy with Eq. (2), based on Eqg. (5) and new designations, it is possible to write the equation for
the unconditional average speed of the whole platoon when all possible alternatives for positioning two SVs
among N vehicles are considered:

- 1- 1
V:§V1+EV2 (6)

where V, is the average traffic speed for all x e [0; N — 2] if the first SV takes position x in the flow;

V, is the average traffic speed for all x e[0;N —2] if the second SV takes position x in the flow.

For each position x of the first SV, it is necessary to determine the total number of situations when it
can be in this position. This number is known and equal to.

%:(N—l)!,(o,l,z...N—Z), (7

that is the number of permutations of the remaining cars regardless of the value of x. And if the first SV is
in the first position (x=0), the number of permutations corresponds to Eq. (7).

As for the next positions, it should be kept in mind that in the situation under consideration, i.e., when
the first SV (the slowest one) is ahead of the second SV in the flow, only fast vehicles can be ahead of the
first SV. To consider this fact while examining the positions x>0 of the first SV when it is ahead of the
second SV, it is necessary to subtract from Eq. (7) the number of situations when the second SV is ahead of
the first SV.

Then, when the first SV is in the second position (x =1), the second SV can be ahead of it only in the
first position and as many times as there are permutations of the rest, only fast vehicles (willing to drive at a
higher speed). The number of these permutations is equal to the factorial of the number of fast vehicles, i.e.,
(N —=2)!. This means that the number of situations when the first SV is in the second position (x=1) and

ahead of the second SV is equal to [(N —1)(N —-2)!].

If the first SV is in the third position (x =2), then the second SV can be ahead of it either in the first
or in the second position, again, in each case as many times as there are permutations of fast vehicles for
which it does not matter whether they are ahead of or behind the first SV. In any case, the number of
permutations of the fast vehicles is equal to (N —2)!. Then, the total number of situations in which the first
SV is in the third position (x=2) and ahead of the second SV is equal to (N—-1)(N-2)-(N-2)!=
=(N-D)-2(N-2)!.
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Similarly to the already considered situations, if the first SV is in the fourth position ( x =3), then the
second SV can be in the first, second and third positions ahead of it, again, in each case as many times as
there are permutations of fast vehicles, i.e., (N —2)!. Then the total number of situations in which the first
SV is in the fourth position ( x = 3) and ahead of the second SV equals to [(N —1)-3(N —2)I].

A similar situation occurs for each position of the first SV when it is ahead of the second SV, and in
general, the relationship for the number of situations that arise for each position of the first SV can be written
as follows:

(N=D)!-x(N-2)1=(N-2)+(N-1-%). 8)

Eq. (8) makes it possible to write down the relationship for the average traffic speed when the first SV
is in the position ahead of the second SV:

~ ZIZ:::(N ~2)1(N _1_X),(X'[Vs +AS]’:IL[N -x]'V,)
" ©

(N=2)H(N -1-x)

I
o

X

where (N —2)}(N —1-x) is the number of situations when the first SV in the flow consisting of N vehicles
occurs ahead of the second SV and takes position x;
(x-[V, + A J+[N = x]-V)
N

is the speed of the TF in which the first SV travels in the position x ahead

of the second SV.
After factoring out the multipliers independent of x, removing the square brackets and obviously
cancelling similar terms, Eq. (9) is simplified to

ST (N=1=x)-(N-V, +x-A, )
Vv, = X0 — . (10)
N- S (N-1-x)
x=0

Separating the two parts in the numerator by the sum terms N -V + x- A, results in

N-2 N-2

N-Vo- Y (N=1-x) A= D (N-1-x)-x
Vl: N,XZZO + X;O,Z ’
N - (N—l—X) N - (N—l—X)
x=0 x=0

and after that, a simpler relationship for V, becomes available:

=
|

2

g

(N-1-x)-x

Vv, =V

S

(11)

|
N

A
N S N1
0

<
I

To simplify further transformations, it is reasonable to introduce the temporary variable M =N -1
instead of (N —1), and this results in the following equation:
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M-1 M-1 M -1
> (M =x)-x MY x- Y x?
\7:V +£.X:0—:V +£- x=0 i=0
17% 0Ny M4 sTN M-1 M1 |
2 (M=x) D> M- x
x=0 x=0 x=0

Now, it is necessary to simplify the expression in square brackets using the well-known identities for
the sum of arithmetic progression [35]:

SN2 MY(M-1) M(M-1) 2M -1

M>» x—>» X
x=0 x=0 — 2 2 3
M—lM_M—lx MZ_M(M _1)
x=0 x=0 2

and then

MZ(g—l)_M(h;—nzMS—l_M<“§—1>[M_2M—l} (M_g[M_ZMS—l}

M2 M M (M +1) M +1
2 2 2

After these transformations, the initial number of vehicles in the TF N =M +1 can be returned to the
obtained fraction instead of the temporary variable M :

(N—2)—[N—1—2N_32_1} (N_g).;N -

N N 3

Taking into account the obtained result, Eq. (11), which represents the average traffic speed when the
first SV (the slowest one) takes a position ahead of the second SV, transforms to the following final formula:

_ A, N-2
V=V, +o8. 22 12
L=V (12

The second summand in Eg. (6) should be considered in more detail based on (i) new designations
introduced at the beginning of this section, (ii) awareness that each term under the summation sign is the sum
of the speeds of all vehicles in the flow (like in Eq. (2)), (iii) considerations from the two paragraphs before
Eqg. (4).

When two SVs travel in the flow (platoon) and the faster one is ahead of the slower one, each
determines the speed for the following vehicles. This forms not two but three groups of vehicles in the flow,
and the summand under the summation sign should reflect this situation. Therefore, the second term of the
x -th summand should no longer reflect the speed of all vehicles following the very first SV, as in the case of
a single SV in the TF (see the terms of the summand V, in Eq. (2)), but their average speed, which differs
depending on the position of the first SV in the tail of the flow and behind the second SV travelling at speed
V, >V;. Then, the sum of the speeds of all vehicles in the flow, provided that the second SV is in position x
and the first SV follows it at some other position remaining in the flow, can be derived through the number
of vehicles following the second SV and their average speed determined from Eq. (4):

X- (Vs + A )+ (Vs +4,)+ (N =x=1)-V,.

Here, the first term represents the sum of the speeds of the vehicles which travel at the maximum
permitted speed ahead of the second (faster) SV, the second term is the second SV’s speed, and the third
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term is the sum of the average speeds of the vehicles following the second SV, which depends on the
position of the first (slowest) SV.

Since the proportions between the number of vehicles in the groups under the location of the SV in
position x do not depend on which of the SV is located in that position, the number of situations when the
second SV can be ahead of the first SV will also be represented by Eq. (8). Given that multiplier (N —2)! is
independent of x and the transformations made in Eq. (9) and Eq. (10), Eqg. (8) can be simplified and
introduced to the formula for V, :

Nif(N _1_X)‘(x-(VS +A)+ (Vs +4,)+(N-x-1)-V,)
V, = 20 _ N (13)
(N-1-x)
x=0

The substitution of Eq. (4) into Eq. (13) results in the following:

N-x-2
[X(Vs +A )+ (Vo +A,)+(N —x—l){vS +2(N—x—1)A2D

=4
|
N

_ 0(N —1-x)- N
N72(N ~1-x) |

x=0

<
I
I

=2
N

(N _1_X)'(X[Vs +As]+(VS +A2)+(N -x-1)-V, +N_2X_2A2j

V, =2 N-2 ’
N->(N-1-x)
x=0
N-2 —x—

XN —1—x)-(x-As +N -V5+A2+N2X2A2j

V2: x=0 5
N->(N-1-x)

x=0

Removal of the brackets in the numerator results in three terms, and the first two of them correspond
to the expression to the right of the equal sign in Eq. (10), which was transformed into Eq. (11). This allows
for collecting the like terms taking into account Eq. (11):

N-2 N-2 v
A S (N-1-x)+ > (N-1-x). N"X=2

_ & - 2
V, =V, + 0 N_O ,
N-> (N-1-x)
x=0
> (N-1-x)-(N-x-2)
N-1-x)-(N—-x-2
V, =V + 22 4 A2 50 - . (14)
2 1 N 2 N-2
(N-1-x)
x=0

The introduction of the temporary variable M =N —1 into the fraction at multiplier ﬁ in Eq. (14)

results in the following:
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M-1 M-1
(M=x)-(M=x=1) > (M?=2:x-M +x* =M +Xx)
x=0 _ x=0
M—1 - '
(M=x) M (M +1)
x=0 2

M-1 M-1 M-1
M®=2M Y x-M?+ > x*+ > x
x=0 x=0 x=0
M(M+1)
2
2 3 2
M(M+1) '
2

M (M -1) 2m -1, M (M -1)
2 3 2

M (M +1) '

2

M3-M3+M2-M2%+

M (M —1)2M =1

+M(M -1)
M (M +1)

(M —1){2M3_1+1}

M +1

Back substitution of the initial number of vehicles in the TF N =M +1 instead of the temporary
variable M leads to the final form of the fraction in Eq. (14):

=—(N-2).
With this in mind, Eq. (14) takes the final form
- - A N-2
V, =V, + 2|1+ —=|. 15
RANE =

Now it is possible to substitute Eq. (12) for the traffic speed in situation when the first (slower) SV is
ahead of the second SV and Eq. (15) for the traffic speed in situation when the second (faster) SV is ahead of
the first SV in Eq. (6) and obtain the final relationship for the desired speed of a dense traffic with two SVs
at the exit of a road section with one lane available for traffic without passing and overtaking opportunities:

or

V=V +—5.— 2. : 16
* N 3 2N 3 (16)

Eq. (16) makes it possible to trace the impact of both SVs’ speeds and the total number of vehicles in
the TF on the average speed in considered traffic conditions.
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DISCUSSION

The preliminary analysis of Eq. (16) indicates that, ceteris paribus, the impact of the second SV’s
speed represented by the third term in the equation on the average speed V decreases nonlinearly with the
increase in N, Fig. 4. On the contrary, the influence of the second term, which corresponds to the
contribution of the first (slowest) SV, increases nonlinearly with the increase in N .

This result is logical since the second SV’s speed, being closer to V., has less impact on the average
speed of the platoon than the speed of the first SV, the slowest one. These impacts can be characterised as
follows: as N — o0, the average platoon speed does not exceed the V, by more than (A,/3+A,/6). Itis

also worth noting that the coefficients at the terms in Eq. (16) are the reciprocal triangular numbers (1, 1/3,
1/6) [36-38].

b2
h

—_—
ot

The values of the terms in (16), km/h
o
tn

second term
0,5 derd
025 ===~third term
0

2345678 9101112131415161718192021222324252627282930
The number of vehicles N in the dense traffic flow
Figure 4 — lllustration of the impact of the terms in Eq. (16) on the average vehicle speed
in a dense traffic flow with two SVs for different total number of vehicles in the flow:
example for A, =10 km/hand A, =7 km/h

This may be used to characterise a significant decrease in the contribution of the second SV to the

average speed V compared to the contribution of the first SV. A graphical interpretation of this decreasing
impact is shown in Fig. 5.

08 coeffi-
0.6 cient at 7/, _coefi-
04 ] cientatA_  coeffi-

0,2

cient at A,
> 1/3
0 1/6

Coefficients at the terms n Eq. (16) when
N — o —reciprocal triangular numbers

Figure 5 — Graphical interpretation of the decreasing impact of the second SV
on the average platoon speed compared to the impact of the first SV

Under the minimum number of vehicles in the platoon, i.e., at N =2, the average platoon speed will
not exceed V, by more than a quarter of A, .

The discovered properties of the average traffic speed on a road section with one lane available for
traffic without overtaking opportunities induce further research to derive the formulas for the cases with a
larger number of SVs in a platoon.

CONCLUSIONS

The existing studies of vehicle speed as a random variable suggest that using a normal distribution to
describe vehicle speed on rural roads is generally recognised. As for the distribution that would be suitable
for describing vehicle speeds in urban areas, no consensus has been reached. One part of the research results
points to the possibility of using the already mentioned normal distribution, and the other part points to
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several distributions with right skewness, i.e., with a left-shifted mode. The latter include the lognormal,
gamma, beta, chi-square distribution, etc. These distributions were fitted to the speeds recorded in the
influence zones of unsignalized and signalised intersections, in dense traffic, and on narrow lanes. In general,
traffic conditions at the listed places restrict the space available for driving as well as manoeuvring
opportunities, making driving complicated in terms of speed.

The analysis of all these studies makes it possible to identify the transformation of the histogram of the
speed distribution from one that can be described by a normal distribution to one that an exponential
distribution can describe, and this occurs with a change in traffic conditions from the free flow on rural roads
to complicated conditions in urban areas. This indicates quite a clear general trend of decreasing vehicle
speed as traffic conditions become more complicated. Still, there is no theoretical background for explaining
this trend and the transformation of the associated speed distribution. To develop this background, it is
reasonable to study the flow of vehicles in conditions opposite to free flow, i.e., when there is a strong
interaction between road users.

In this paper, we have studied a dense traffic flow in which vehicles travel in a platoon along a road
section with one lane available for traffic without the overtaking possibility. As a result, formulas for
calculating the average speed in traffic flow for the simplest cases — when the platoon contains only one or
two SVs, which make other drivers drive at a speed lower than they want to — were obtained.

The obtained results are the initial steps to determine the first moment of the speed distribution and
create the preconditions for developing the study presented in this paper by considering more complex cases
with a larger number of SVs. Ultimately, this should allow us to obtain a general relationship for calculating
the average vehicle speed in the TF with any number of SVs. This relationship will be a basis for deepening
knowledge about the limiting effects of a dense flow with SVs on vehicle speeds that would be normally
distributed under free-flowing conditions and have a higher average value.
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T'opbauos I1.®., Ceiuuncoekuii C.B. CepenHsi WIBHAKICTh IIIJIBHOTO TPAHCIOPTHOIO MOTOKY 3
ABOMA MOBIJILHUMH AaBTOMOOJISIMA HA TiJISTHI TOPOTH 3 00MeKeHUMHU MOKJIUBOCTAMHA MaHeBPYBaHHS

IcHyrOUMil CTIEKTp HOCHTIKEHb MIBUIKOCTI PyXy TPAHCIIOPTHUX 3ac00iB BKa3ye Ha BENUKY yBary 110
JAHOTO TapaMeTpy TPAHCIOPTHOTO IOTOKY $K TAaKOro, IO BIDIMBaE Ha Oe3meky 1 KoMpopT pyxy,
HABKOJIMILIHE CEPEAOBUINE 1 SIKiCTh XWUTTA. aHuWi mapaMeTp TakoX € OJHMM 13 HaWBaXIUBIIAX Yy
TPaHCHOPTHOMY MOJEJIOBAaHHI, /A€ 3HaXOAATh 3aCTOCYBAaHHS 3aKOH PO3IOJUTY BHUMAIAKOBOI BEITUYHHHU
MIBUIKOCTI, HOTO TEPICHTHIII, a TaKOX MOJAIbHE Ta CepeaHE 3HAYCHHS IIi€i BETWYMHH. bimbla dacThHa
JiTepaTypu MPE3eHTYE MiACYMKH 0OCTEXEHb IIBUAKOCTI Ha AUISHKAX MO3aMiCBKUX AOPIr 1 MaricTpaabHUX
BYJIMIIb MICT, JIe PyX € 31eOLIBIIOr0 BUILHUM. 3arajibHUM JUIsl IIUX JOCIIPKEHb € BU3HAHHS HOPMaJIbHOTO
PO3MOLTY SK THIIOBOTO JUTSI IIBHIKOCTI TPAHCIIOPTHUX 3aCO0IB y BUIBHOMY IOTOIlI, & TAKOXK MOXKITUBOCTI
MPAKTUYHOTO BUKOPHCTAHHS IMEPIEHTWIIB JAHOTO PO3MOJITY, HOTO MOAM 1 MaTeMaTHYHOTO CIOJIBAaHHS .
[[poro He MOXHa CKa3aTd MPO pe3yJbTaTH BHBYCHHS IIBUAKOCTI y MICBKHUX YMOBaxX pyXy, YCKIaIHEHHX
LIJIBHUMUA TPAHCHOPTHUMH MOTOKAaMH 1 OOMEXEHHMMHU MOXXJIMBOCTSAMH MaHEBPYBaHHsS. Y TaKUX yMOBAax
MIPOBEJIEHO CYTTEBO MEHIITY KiJIBKICTh AOCHIHKeHb. BOHN HE TEMOHCTPYIOTh KOHCEHCYCY 1010 MOKIHBOCTI
3aCTOCYBaHHS SIKOTOCh OJTHOI'O pe(hepeHTHOr0 PO3MOAUTY IIIBHIKOCTI, ajie B TOH K€ 4ac 00’ €HaHI THUM, IO
BKa3yIOTh Ha TEHJICHIII0 3MILICHHS MOIHM PO3IOJITY BIiBO Y MOPIBHSHHI 3 CHTYalli€l0 BUILHOIO PyXYy i
3MEHILEHHsI CePeAHbOr0 3HAu€HHsS MBHAKOCTI. JlaHa cTaTTs NpPE3EHTYyE MOYAaTKOBI KPOKH OCIIKECHHS
LIBUJKOCTI B CKJIQJIHUX MICBKHX YMOBaX, KOJHM HasBHUM CHJIbHMHN BIUIMB TPAHCHOPTHHUX 3ac00iB OAWMH Ha
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MOMEHT IX pO3MOALTY, @ TaKOX HAOJIM3WUTHCh O OTPUMAHHS 3aJEKHOCTI JUIS PO3PaXyHKY CEpeaHBOI
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STRUCTURING THE MAIN RESEARCH AREAS, MODELS AND METHODS OF MARITIME
TRANSPORT MANAGEMENT

This review aims to perform an intelligent analysis of various sources compiled based on modern scientific
publications, industry and international conferences, market analytics, and development trends. The complexity and
fragmentation of the research topics associated with the uncertainty of the influence of the external environment on the
functioning of transport infrastructure facilities and global changes in the structure of relations are noted. It is shown
that the development of transport logistics is characterized by the fact that simultaneously with its concept, there is a
process of developing methodological foundations for new technologies for managing information support, processing
and protection of information. Modern technologies for creating intelligent control systems are considered, and
possible areas for improvement are indicated. The obtained information is structured into a basis on which trends in
logistics development in maritime transport are laid: intelligent automation, robotics, big data analytics, the Internet of
things, cybersecurity, cloud platforms, blockchain, and artificial intelligence. From the standpoint of maritime
transport logistics, the advantages, disadvantages and areas of rational use of the proposed structuring are analyzed.
This made it possible to identify promising areas of scientific research and provide a basis for constructing conceptual
transportation models in complex operating conditions.

Keywords: maritime transport logistics, development trends, uncertainty, intellectualization, management,
structuring.

INTRODUCTION

Information and communication technologies are the primary tools for modernizing the transport
sector. Creating a single information space for all participants in the interactions characterizes them. The
specifics of maritime transport require constant information exchange, network equipment and long-distance
data transmission technologies, various server equipment, information architecture, and operating systems.
Optimization of transport technologies is the central aspect of successful transportation management, which
allows for a significant increase in efficiency, a reduction in costs, and an improvement in the quality of
delivery.

Improving all stages of the transportation logistics chain is the key to the rational use and development
of the entire transport system. The introduction of information technologies helps to increase reliability and
reduce risks in transport logistics.

Modern technologies make it possible to track the movement of goods by sea in real time. This makes
it possible to promptly respond to potential threats and ensure goods' safety at all transportation stages.

The number of publications on the problem of managing maritime transportation under challenging
operation conditions and the external environment's unpredictable influence is constantly growing. Finding
the information acceptable for solving specific transport management problems takes a lot of effort. To
facilitate the search for the required sources, it is necessary to structure the available information by
directions and modern trends in the development of the industry. This determines the relevance and necessity
of this work.

ANALYSIS OF LITERATURE DATA AND STATEMENT OF THE PROBLEM

In transport logistics, information technology is used as a set of measures, software, and hardware for
transmitting, processing and consuming information. Transport logistics tasks are solved not only in
maritime transport but also in the area where there is a docking in the transportation of goods by different
modes of transport and, consequently, between different data processing systems. The iterative nature of the
decision-making process underlies the construction of mathematical models adequate to real transport
processes and economic conditions, using optimization methods and searching for rational management
solutions. The optimization problem consists of three components: variables (vessels, ports), restrictions on
the use of these variables associated with the technical capabilities of the vessel and the target function that
needs to be minimized or maximized. Searching for and analyzing information on the current state of such
management models in the complex conditions of the transport industry is an extremely complex technical
task since the keywords for the search are common and overlapping. Therefore, it is necessary to structure
information by directions, tasks to be solved, results achieved, ways of using, methods of obtaining
information, effectiveness and development prospects. Due to the specific nature of research on maritime
transport associated with the uncertainty of the influence of the external environment, such structuring of

information is timely and necessary.
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This review of analytical materials presents materials for systematization, analysis and evaluation of
information by processing a large volume of diverse information on the problem of sea transport in the
conditions of dynamic changes in the external environment, obtained from SCOPUS and Web of Science
abstracts, domestic and foreign literature, materials of international conferences and symposia, publications
in periodicals.

To the unresolved parts of the general problem Information support for models and methods for
managing the development of maritime transport technologies includes the creation of an analytical base of
modern information and the latest achievements in the field of maritime transport logistics for the
implementation of transport operations in difficult operating conditions of equipment.

GOAL AND OBJECTIVES OF THE STUDY

The aim of the work is the structuring of the main areas of research, models and methods of managing
maritime transport.

The tasks of the work are:

- information base for a single information space on transport transportation in complex conditions of
their functioning,

- identification of the main characteristics and directions of development of transport transportation
management contained in development trends,

- determination of prospects for the development of maritime transport transportation in the dynamic
influences of the external environment.

RESEARCH RESULTS AND THEIR DISCUSSION

Sea transportation plays an important role in international trade and is the main way of delivering
goods between countries. Their advantages over other types of transportation include high load capacity, the
ability to transport large-sized and heavy cargo, and availability of delivery to different coastal regions. One
of the conditions for the successful development of sea freight transportation and infrastructure
modernization is the optimal use of resources and technologies to support management decisions with
information. Optimization of sea transport logistics processes is the search for and implementation of
solutions that allow logistics operations to be performed faster and at lower costs.

Adapting existing sea transportation technologies to changing vehicle operating conditions is the
essence of the ongoing transformational changes aimed at modernizing the industry.

Trends in the development of transport logistics include the following main areas:

- intelligent automation, robotization, digital transformation of sea cargo terminals and port facilities;

- big data analytics on traffic, distances, port congestion, route optimization, fuel consumption,
delivery time;

- use of the Internet of Things (loT) to track the status, position and movement of goods using GPS
modules, sensors, accelerometers, Internet protocols and addresses, control systems;

- cybersecurity to protect digital systems and data of transport logistics;

- mobile applications for planning operations based on up-to-date data;

- blockchain of innovative technologies for registering and confirming transactions when checking the
authenticity of documents and maintaining the integrity of information, which allows all participants in the
transportation process to synchronize actions in real time;

- use of cloud platforms and technologies for logistics management and routing, planning, monitoring
and control of transportation, which helps to increase the flexibility and scalability of transport systems and
reduce costs;

- application of artificial intelligence in traffic management and demand forecasting and adaptation to
emerging situations.

A review of domestic and foreign scientific sources devoted to the optimization of transport processes,
mathematical modelling of sea transport technologies and new modern research areas in this area made it
possible to identify the main areas of research, grouping them by methods of obtaining and analyzing
information accompanying all the details of the transport process (Fig. 1).
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Fig. 1 - Structuring the main directions of research into the development of transport services

Intelligent automation and robotics

The most popular in the practical application of information technologies in transportation in difficult
conditions of operation of transport facilities are works related to intelligent automation, robotics, digital
transformation of sea cargo terminals, automation of port facilities, creation of software and hardware
systems for remote control of operations.

Due to the complexity of the maritime transport infrastructure, modeling of ongoing processes is used
to study the complex relationships between factors influencing the external environment and the risk of
making unfounded decisions. International communications require optimization of routes and traffic safety
when passing not only through open spaces, but also through deep-water channels. In [1], the channel
management structure is considered from the standpoint of intelligent automation and robaotics. Intelligent
automation and robotics as one of the components of the trends in the development of maritime transport is
described in [2] when developing an approach to optimizing the threshold values of factors based on a two-
criteria nonlinear model when conducting port control. Recommendations are given for the selection of
ranges of threshold values, weight points and optimization parameters when inspecting port control in Hong
Kong. Digital twin technologies in management intelligence play a crucial role in the modernization and
optimization of various sectors of maritime transport, shipbuilding, and operation. The integration of digital
technologies into transport logistics provides additional value by increasing operational efficiency and
sustainability [3]. Automatic identification of vessel tracking, real-time monitoring of maritime traffic using
big data is described in [4].

In [5], it is shown that speed optimization has an impact on reducing fuel costs. This is a problem of
management decisions. Theoretical fuel consumption functions have limitations due to weather conditions
during voyages. Using Copernicus archive data as a source of big data, intelligent automation and
optimization of a particle swarm, and the search for optimal Pareto solutions are performed using intelligent
analysis and metaheuristic optimization based on a given route. Practical results are discussed.

When establishing a vessel's movement schedule by adjusting the speed and modes of the vessel's
movement, the problem is formulated as a multi-objective optimization of taking into account various factors
with the support of big data. Three objectives were pursued: minimization of distances between ports of
departure and destination, minimization of total financial losses, and compliance of the average speed with
restrictions on individual sections of the route. A compromise between the objectives was achieved by
approximating Pareto solutions. The problem of multi-objective optimization was considered in [6] when
designing sea deliveries for the fishery industry. An integrated problem of routing, location, and distribution
of vessels is presented. Two objective functions are considered: maximization of resource coverage and
minimization of the total cost of deliveries. An algorithm for multi-objective modeling based on k-means

clustering is proposed.
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Machine learning algorithms and models for high-quality forecasting of the estimated time of
container ships applied to cabotage transportation using an automatic identification system and
meteorological data with a reduction in the response time for decision-making and the use of a training data
set are presented in [7]. The root-mean-square error in forecasting the arrival time of container ships was
19.5 min.

Container ships, approaching their destination, reach the waters of the anchorage, where they wait for
their turn when the berth becomes free. Therefore, the exact schedule and time of their mooring are so
important, since ports are often overloaded. The speed of arrival at a specific time is also important.
Container ships do not require special preparation of holds, operate in moderate climatic conditions, without
freezing of ship structures. A feature of their use is work in the directions of transitions without straits and
narrows.

In [8], a decision-making mapping structure is proposed for managing the operations of seaports and
container terminals. It is noted that the objects of management are characterized by fragmentation,
complexity and uncertainty of properties relative to the potential capabilities of Industry 4.0 technologies.
The proposed structure is adapted with a focus on digital technologies, automation and robotics.

In [9], analytical and management tools for forecasting the arrival time of ships and distributing the
resources of a container terminal are described. A dynamic learning algorithm based on neural networks is
proposed that reduces uncertainty intervals by taking into account terminal operations and rational
distribution of workload.

The dynamics of operational decisions in the operation of the Constanta sea container terminal for the
transportation of bulk cargo and issues of optimizing container handling operations by berth and port cranes
are presented in [10]. The number of movements and the order of container retrieval are minimized, the
optimal sequence of operations is searched for taking into account the statistical significance between
operational indicators.

Sea transport is an alternative modal logistics for transporting goods over long distances. At the same
time, such uncertainty characteristics as navigation and climate conditions, types of cargo, time frames of
vessel operation by the port, and mooring times make their own adjustments to the transportation schedule.
In [11], an algorithm of the decision tree model for predicting the time of stay of vessels in Brazilian ports is
proposed. It is shown that the geographical and cargo characteristics of the transportation process can be
used in the model for developing logistics planning of the waterway. In [12], critical success factors of the
global shipping area are described. Interactions and digital displays express innovative potential, risk
management capabilities, strategic and technological capabilities. Organizational and managerial ideas for
setting priorities in resource allocation are considered. In [13], the creation of an automated and optimized
decision support system using an integer linear programming model for order management with the
definition of optimal loading configurations from peripheral warehouses to vehicles is described. The
resulting system operation plan is aimed at ensuring efficiency and reducing non-value-added operations of
transported goods in scenarios with a central shipping point and several peripheral warehouses.
Computational tests conducted on a real example confirmed the efficiency of the proposed system.

The shipping industry at the present stage of its development is moving towards the integrated use of
automation, information and intelligence. Intelligent shipping is a new form of integration of modern
information, artificial intelligence and other high-tech elements. In [14], the state of affairs on the creation of
an intelligent inland waterway container ship for the Beijing-Hangzhou Canal is presented. In it, the power
system, propulsion device, and optimization of the engine room layout are integrated into the overall design.

By the end of 2023, the global logistics automation market reached $68.5 billion. According to Mortor
Intelligence forecasts, this figure will exceed $109.7 billion in 2028. Logistics automation involves the use of
equipment, control systems and software.

Big data analytics

Transport management under conditions of uncertainty of the external environment and risk requires a
large amount of a priori input information, its processing and interpretation to obtain informed decisions.
Issues of big data analytics in transport logistics are of interest from the point of view of their various
practical applications.

A prototype of an intelligent decision support system for inland port logistics is presented in [15]. It is
noted that port logistics is characterized by high complexity, fragmentation and uncertainty. A multi-agent
simulation model of horizontal and vertical interaction between cargo agents is presented, which combines
optimization dynamic modeling with elements of decision theory. The model allows us to estimate the
probability of the influence of an intelligent decision support system on inland container transportation and
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to formulate an optimal strategy for cooperation between dynamic demand and supply of cargo agents in
domestic container transportation.

A number of strategies for sustainable maritime container transportation are proposed in [16] by
optimizing fuel consumption, counteractions and disruptions in the transportation sector. A mathematical
model for routing and planning ship traffic, loading and unloading containers taking into account weather
disasters is proposed. A methodology for selecting alternative options based on big data analysis is
presented.

For example of successful development and application of information technologies in the maritime
transport industry is big data analytics for optimizing traffic flows. Among them, the work [17] should be
noted, which presents a scenario-based machine learning approach to port logistics planning aimed at
reducing the time required to handle the cargo volume of ships. Numerous uncertainty factors are noted,
including weather conditions and mechanical problems. A mixed linear program and a genetic algorithm
scheme for port logistics planning are proposed, taking into account the distribution of berths and the
purpose of berth cranes.

In [18], a tool for optimizing costs and fuel consumption when modeling ship speeds in various
weather conditions was developed. The results of experiments carried out in real conditions were used in
routing and planning ship traffic in difficult weather conditions. In the development of this methodology, in
[19] the integration of mathematical models into the risk management system for maritime transport was
performed.

A solution to a similar problem for assessing the safety of water transport on the rivers of China is
presented in [20]. Based on the theory of fuzzy logic and analysis of data on accidents in water transport, a
structure for determining the environmental pollution index was built. The advantages of the proposed index
over traditional fixed values of the index determined without taking into account uncertainty and risk are
shown.

The considered trends of the problem of big data analytics in the structure of directions and
developments in the optimization of transport transportation include optimization of the routing of transport
transportation for seafood. In [21], transportation problems are limited by the specificity of cargo associated
with time restrictions on the freshness of products and throughput windows. A stochastic solution for routing
vehicles is proposed taking into account the transportation conditions. It is compared with the decision tree
method, dynamic programming and ant colony optimization.

In [22], big data analytics is used to assess international multimodal connections. A new type of index
and methods for measuring them are proposed in the interaction of rail transport and shipping, including the
cost of cargo categories and delivery time, which are associated with the uncertainty of COVID-related
transportation. The development of a methodology for assessing multimodal connections is associated with
cargo tracking technology, a unified price control mechanism, and expansion of the capacity of transport
corridors.

The use of big data analytics in [23] was carried out to analyze the causes of disasters related to the
operation and management of ports. Ways and directions for preventing disasters with the implementation of
intelligent operations are proposed. In [24], the application of big data is shown in the use of a digital twin of
traffic management, travel time forecasting and intelligent routing of traffic flow. The digital twin
characterizes a virtual computerized representation of an intelligent transport system for simulating and
integrating data. A deep learning algorithm for dynamic processing of current information and support for
route selection is proposed. Computational procedures for using data in congested traffic conditions made it
possible to determine the most efficient route for a vehicle, minimizing travel time under uncertainty.

The use of big data analytics finds its application in container shipping. An interesting experience of
managing container exchanges in the maritime area is described in [25]. To reduce the costs of managing
container shipping, shipping companies lease containers from container leasing companies. Two shipping
companies can exchange empty containers with each other in different ports to eliminate transportation costs
for empty containers. To minimize costs, the carrier must find the maximum number of pairs of carriers that
can exchange containers. The problem of maximum matching in a large common graph is solved. A
distributed algorithm for solving this problem is proposed.

Modeling of transport and logistics schemes for maritime transportation using big data analysis is
performed in [26]. Modern economic conditions are characterized by a large volume of generated data, the
maximum use of which is an advantage in ensuring competitiveness [27]. The disadvantages of this group of
structuring the main directions of developments to improve the management of transport transportation lie in
the expert presentation of the analyzed information with qualitative and probabilistic assessments, which
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reduces the effectiveness of the methods considered.

Using the Internet of Things

In maritime transport, the application of the Internet of Things is used to improve ship-to-shore
communications for intelligent traffic management and the creation of interfaces between ships, as well as to
make the right management decisions when passing through locks and areas with heavy ship traffic. The
Internet of Things is used to develop systems that support navigation in complex environments under adverse
weather conditions to improve safety.

Among the trends in the development of transport and transport logistics, it is worth noting the work
on the use of the Internet of Things, reflected in the proceedings of the IEEE Conference on Information and
Safety in Transport [28], which includes research on diagnostic methods and malfunction of a marine engine,
a differential positioning system based on deep learning, and optimization of transport modes.

Maritime transport makes a significant contribution to global economic development, but at the same
time is a powerful source of air pollution. In [29], one of the ways to use the Internet of Things (1oT) to track
the dynamics of transport and calculate the intensity of an air pollution source is presented. Based on the
Gaussian optimization model, specific emission characteristics and influencing factors identified through
simulation experiments, search algorithms and optimization templates on 86 vessels, the prospects for using
remote environmental monitoring are shown.

To determine the routes of multimodal transportation under uncertain conditions of the Chinese
transportation network, an optimized transportation system was created in [30] to regulate the time and cost
of transportation under transshipment capacity constraints. The interval number ranking theory and the
transformation of uncertain parameters into deterministic values using the weighted evaluation method were
used. The optimization problem with multiple objectives is transformed into a single-objective problem. For
sensitivity analysis, a particle swarm optimization algorithm and a hybrid algorithm for the influence of the
risk coefficient were created.

In [31], route optimization in seasonal multimodal transportation under uncertainty of transportation
time and seasonal fluctuations in the cold chains of transport logistics was considered. It was found that with
an increase in temperature, cooling costs increase, which leads to an increase in total costs when it is
necessary to reduce transportation time. The uncertainty of transportation time affects transportation costs. A
scenario optimization model has been developed that controls costs and increases transportation efficiency,
the implementation of which allows for appropriate management decisions to be made.

The transition to digital technologies in shipping and port operations is described in [32]. The
problems associated with the use of the Internet of Things are considered: cargo volume, vessel sizes, service
innovations. The idea of creating smart ports and platforms that combine cooperation and coordination of
transport agents is put forward. The Maritime Logic Connect model has been developed to implement these
interactions, which is a key factor in ensuring the long-term competitiveness of ports. The prospects for the
digital transformation of shipping in the direction of optimized cargo handling, improved maritime
procurement and logistics processes, and increased safety of transportation are described in [33]. The use of
the Internet of Things in transportation from the point of view of spare parts supply chain management is
described in [34]. Supply chain and spare parts logistics operations include high complexity and uncertainty
of the movement of economic assets, global points of demand and supply, strict time windows, and the need
for consolidation in regional warehouses. Effective logistics chain management is a set of proposals and
recommendations for the supply chain of spare parts in the maritime sector.

The use of the Internet of Things to solve the problems of managing maritime transport in complex
interactions with the external environment is reflected in the work [35]. It is noted that software solutions in
the direction of organizing, managing and optimizing the actions of all agents of the transport process of
transportation often do not have full integration and are used as support tools, rather than as an extension of
the business. A modular scalable integrated platform for managing maritime transport logistics is presented,
focused on business transportation with a large hardware infrastructure and adaptability to consumer
demands.

The Internet of Things combines information, sensor, control and communication technologies for
representing transport services. Difficulties in modeling the environment, platforms and tools do not always
correspond to an adequate display of reality. In [36], an approach is presented that supports the integrated
specification of multiple aspects of intelligent transport systems, the external environment, a network of
sensors and actuators. The implementation framework of the proposed approach is carried out using a model
editor to create specifications compatible with the code generator. Guidelines for the application of this
framework are developed.
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The main provisions for using the Internet of Things in transportation should be noted.

In their organization, intelligent systems using the Internet of Things comply with

— the principle of integration and reuse of data;

— the principle of systematicity for obtaining information at all levels of management;

— the principle of variability in the transmission of large volumes of data in a short time.

The need to implement intelligent systems using the Internet of Things in the transport sector is
determined by the following factors:

— alarge number of information flows, in which each cargo transportation is accompanied by various
data;

— the need to record information;

— the interest of the consignee in information;

— the close connection of information with the final cost of transportation.

Cybersecurity of transport logistics data protection

Transport is one of the most vulnerable industries to cyber threats and attacks on the information
technology systems of transport components. In maritime transport, cyber attacks and failures in information
systems can lead to disruptions in fuel management, loading systems and control over the balance systems of
large vessels. In 2023, the number of cyber attacks on transport companies increased by 36% compared to
the previous year. The spread of digital technologies in transport logistics has led to increased transport
efficiency and expanded revenue channels, so this sector is particularly vulnerable to cyber attacks. The main
cybersecurity challenges in maritime transport include the insufficient use of operational technologies, new
communication channels integrated into digital systems and their protection. For many companies in the
maritime transport and logistics sector, large amounts of information are collected in an online platform
where they automate the management and optimize the logistics and monitoring of vessels. To counteract the
threats of transport attacks, robust models and algorithms are developed that are capable of identifying and
ignoring small distortions, as well as filtering input data to detect anomalies and atypical deviations.

A practical cybersecurity approach to uncertainty and sensitivity analysis in supply chain optimization
is presented in [37]. Statistical analysis and computation with intensive use of data supported by a cybernetic
system are implemented through the integration of data management, mathematical modeling, uncertainty
analysis and scenario sensitivity. Using cybersecurity software, optimal supply chain configurations with
data visualization are determined.

The use of advanced information and communication technologies in organizing a cyber-physical
system as a topological structure is presented in [38]. A strategy that takes into account multidimensional
uncertainties in a cyber-physical model for joint optimization of navigation planning and routing, including
potential route failures in cyberspace and renewable energy fluctuations in physical space. Based on the
construction of the model, a three-level problem of minimizing the impact of route line failures in cyberspace
while maintaining operating costs is formulated. The proposed strategy demonstrates greater system stability
compared to other strategies.

A detailed consideration of cyber-physical systems with the inclusion of such components as electrical
communication networks, industrial enterprises, transport networks, ports and shipping, many networked
household appliances via the Internet of things is considered in [39]. It is shown that cyberspace in maritime
transport is an element of cyberspace that needs to be managed from the standpoint of considering personnel
relations. A cyberspace model is proposed that takes into account the range of possible attacks and ensures
the security of representation protection.

The issues of cybersecurity of information and communication technology solutions and digitalization
in ports and shipping are clearly presented in [40]. New technologies of various types of digital systems,
seaports and cybersecurity of such aspects of management as electronic navigation, coastal monitoring
systems, intelligent shipping, radio communication technologies in the maritime sphere are described.
Conceptual clarity is provided regarding the applicability of various technologies and systems.

Maritime shipping involves sailing in relative isolation from the main world. At the same time, new
technologies, satellite data transmission, shore support system and other means of interaction require
protection of their operations from existing risks and cybersecurity. Autonomous and unmanned vessels are
especially exposed to the risk of cyberattacks. In [41], the relevance of cybersecurity for such vessels is
analyzed. A picture of threats is presented, the existing regulatory framework, standards and guidelines for
cybersecurity, editorial materials are considered.

The issue of the survivability of autonomous vessels during cyberattacks is devoted to the work [42].
The susceptibility, vulnerability and ability of a vessel to recover from a threat related to cybersecurity are
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studied. It was found that automated vessels are highly susceptible to cyberattacks, the consequences of
which are associated with financial losses, damage to the vessel, and injuries. The future of maritime
shipping is determined by the transition to automated vessels, which can provide significant financial and
logistical advantages for shipping companies.

Cybersecurity measures in ports and maritime shipping are distributed unevenly. Distribution depends
on the operation of global ports and shipping facilities. The article [43] is devoted to increasing the
efficiency of threat detection and management. It is shown how the application of artificial intelligence
algorithms in the field of ship operation and port security can strengthen cyber defense. Cybersecurity of the
maritime industry, the integration of artificial intelligence for planning a comprehensive cybersecurity
strategy are discussed. Specific options and development scenarios are considered. The issue of
cybersecurity of the maritime transport industry using autonomous vessels is devoted to the work [44].
Autonomous shipping is the most promising technology that can radically change the shipping sector due to
the introduction of unmanned vessels. Communication, data exchange and digital systems are of crucial
importance in their functioning. Vulnerabilities for the emergence of cyber threats in them include hacking,
data loss, unwanted interference. The safe operation of systems such as navigation and cargo movement
management depend on protection from cyber threats. Hackers can potentially exploit the weaknesses of any
of these systems.

In [45], the ways of implementing marine technologies are analyzed and cybersecurity issues are
reflected. It is shown that the maritime industry is implementing stages of digital transformation, while
paying increased attention to cyber protection of information and cybersecurity of solutions. The ways of
implementing modern technologies using PcWorx software and wireless technologies are analyzed.

Mobile applications for planning operations

Mobile applications for planning operations based on current data from the functioning of intelligent
transport systems include cellular networks and positioning devices using geographic information. In [46], an
integrated algorithm for engineering optimization and support for vehicle planning in intelligent transport
systems is proposed. The algorithm combines hardware and software components of intelligent transport
systems and information support for the supply chain. Mobile phones, network positioning, and telephone
networks regulating traffic flows are used for implementation.

In [47], mobile technical applications for safe navigation at sea are shown. An automatic system for
vessel identification, planning, and control based on big data analytics is presented. An algorithm for an
intelligent system and an adaptive neural network implementing the technology for finding the optimal route
is developed. The results of the study represent a strategic resource for the technology for finding the
required path.

Optimization of routing and safety in maritime safety applications is described in [48]. Monitoring of
the vessel's performance, thrust, and rudder angle is performed using sensors installed on the vessel. The data
received by the sensor is collected and sent to the Internet of Things (IoT) and then to the genetic algorithm
of the classifier for determining the shortest path of data transmission to the cloud. As a result of this
technology, the throughput of information increases and the optimal route is determined.

In the information space of maritime transport technologies, the spread of mobile computing and cloud
servers is the driving force of revolutionary changes, in which the user uses several electronic platforms at
the same time, with the help of which he can access all the necessary information. Mobile devices use their
cell phones to check email, browse the Internet and can be integrated with cloud computing services. The
Mobile-Cloud area extends the paradigm of integrating a mobile application into the cloud. In [49], a cloud
computing architecture is proposed for integrating a mobile application with various services on mobile
devices.

Sea transportation of bulk grain cargoes requires mandatory monitoring of their quality and
preservation of their properties. In [50], a series of mobile applications is described: a sampler with a
hardware device and sensors for measuring temperature, relative humidity, intergranular carbon dioxide in
the delivery time profile. The transport logistics monitoring system contributes to the reduction of grain
losses, sustainability and food security.

In [51] the use of cloud computing as a tool for promoting mobile applications in the maritime sector
is considered. It is shown that using cloud technologies it is possible to quickly deploy mobile applications.
The boundaries of artificial intelligence in transport in the implementation of freight transportation are
presented in [52].

Mobile applications for planning operations based on current data help to maintain optimal conditions
for cargo requiring temperature control. Sensors installed in containers reduce the likelihood of damage to
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cargo in transit. If the temperature inside begins to rise, sensors and mobile applications allow you to fix the
problem in time. In addition to temperature, sensors monitor vibrations and other functional changes in
maritime transport. Using Internet of Things sensors, you can monitor the condition of equipment by
collecting data on vibrations, temperature and other parameters. They help to identify signs of wear and tear
and perform maintenance in advance.

Blockchain

Blockchain is a distributed ledger technology that allows transactions to be recorded in a ledger in
several places at the same time without involving a central authority or intermediaries. The advantages of
blockchain are the elimination of the need for standardization of electronic data exchange and the need for a
common format for this data when structuring messages.

In the context of accelerating digitalization, one of the promising areas for solving management
problems is the adaptation of blockchain technologies to maritime transport. These tools ensure transaction
transparency, clarity of the cargo delivery process and reduce risks associated with the human factor.

Blockchain, due to such characteristics as immutability, tracking, management and provenance, allows
for the creation of system solutions for recording key performance indicators and distributing incentives. In
[53], current exercises of a blockchain-based incentive system for maritime transport operations for the
delivery of goods in accordance with the port resource schedule are proposed. A prototype of the Solana
blockchain-based system has been implemented.

Using blockchain technologies, it is possible to block unauthorized access to data for recording
information about vessels, global risks and their impact on transportation. There are several initiatives to
apply blockchain technology in the field of container shipping, documentation and customs clearance.

Playing a key role in the global transportation system, they face numerous problems related to port
congestion, delivery delays, complex documentation, difficulties in tracking containers. Blockchain provides
decentralization, transparency and controllability of transactions and the ability to track cargo. In [54], a
distributed governance model of blockchain is proposed, facilitating the shared responsibility of tracking and
monitoring hazardous materials in real time from the point of departure to the destination.

An interesting use of blockchain as a resource for combating corruption in the global shipping industry
is [55]. The use of blockchain digital technologies for full disclosure of transactions, reducing uncertainty,
insecurity and ambiguity is described. A model for identifying interactions of institutional entities with
technical resources of the industry and the conditions for their implementation is proposed.

In [56], the use of blockchain for coordinating information along supply chains is analyzed. It is
shown that blockchain technology can form a new decentralized dynamic ledger management structure for
container shipping supply chain and interactions between dispersed parties.

It is worth noting the following general provisions about blockchain technology. Blockchain is a
technology of decentralized storage and distribution of transaction records based on cryptographic methods
of information protection, allowing to exclude intermediaries. It is used to create cybersecurity technologies,
representing a common digital notebook. Blockchain is a method of secure storage and transmission of data
in the form of a chain of blocks, each of which contains information about the previous one. Blockchain
technology is an advanced database mechanism that allows to organize open exchange of information within
a business network. The blockchain platform, maximally protected from hacker attacks and interference of
government services, is completely open to users. Blockchain in logistics is used to track the movement of
goods. Each stage of the supply chain is recorded in the system, and participants in the process see
information about the status and location of the cargo.

Using cloud platforms

Cloud platforms are a set of tools designed to run and use applications remotely. Today, no other
industry working with transport demonstrates such a level of dependence on digitalization and analytics. In
its practical activities, it provides access to computing resources from any device connected to the Internet.
Cloud services have emerged due to the development of Internet speeds, the growth of computing power and
the leap in the capabilities of network equipment. Cloud computing integrates automation in the logistics and
supply chain process. It helps to increase transparency, scalability, flexibility and cost savings.

Prioritization of traffic is necessary when ships resort to expensive satellite communications, which
entail high latency and have a narrow bandwidth. Near the coastline, ships can switch to 5G-based
communications

and use the capabilities of cloud computing. There are three main categories of cloud computing
models - infrastructure as a service, platform as a service, software as a service. In [57], a cloud network
testbed is proposed that supports network schedule generation to simulate satellite and 5G communications
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between an edge cloud located on board a vessel and another edge cloud located on board another vessel or
on shore. Potential applications include emulating peer-to-peer communications and mesh networks.

Conventional maritime information technologies such as the Internet of Things and artificial
intelligence place computing nodes far from data collection points. This situation is limited by the real-time
requirements for message processing. Cloud computing decentralizes computation, storage, and network
resources to ensure efficient data processing. In [58], cloud computing architecture, emerging applications,
examples, and future possibilities for maritime data management are discussed, providing references for
optimization of control and navigation. Similar works devoted to mobile cloud computing are [59, 60].
Mobile cloud computing has a number of disadvantages such as low bandwidth, mobile status monitoring,
limited storage capacity for mobile learning [61].

The transition to cloud computing provides a huge advantage from reducing IT costs. In addition,
businesses receive bonuses: instant updates of the necessary software, disaster recovery capabilities, and
expanded functionality for collaboration.

Cloud solutions also play a key role in ensuring data security. In logistics, where information about
cargo, its condition, and location must be protected, they help prevent leaks when exchanging messages
between mobile loT devices and corporate servers.

Artificial intelligence

The use of artificial intelligence opens up broad prospects for its application in maritime transport.
One of the promising areas of this topic is the creation of autonomous vessels capable of independently
analyzing the navigation situation and making decisions without the participation of the crew. A number of
countries such as Norway, Denmark, and Finland are already actively testing prototypes of future unmanned
vessels. According to experts, mass production of such vessels will begin in the next decade.

Artificial intelligence technologies make it possible to analyze data from various sources and
meteorological conditions in real time, predict the development of the navigation situation and recommend a
course without grounding and collisions, optimally place cargo in the terminal, and reduce downtime.

Acrtificial intelligence technology has changed the logistics paradigm, creating the core of Industry 4.0
for making fast and accurate decisions in uncertain situations when processing large volumes of data. Since
logistics is based on multilingual data flows, logistics systems controlled by artificial intelligence lead to new
ideas and increased efficiency. In the work [62], a global supply chain and logistics management using
neural machine translation of transport logistics operations is developed.

The integration of artificial intelligence in promoting sustainable development of maritime transport,
shipping and port operations is considered in the work [63]. By solving the emission problem, optimizing the
use of transport efficiency, artificial intelligence offers transformative potential in fuel optimization, route
planning, intelligent energy management and logistics. Practical examples for the port of Rotterdam illustrate
the success of the implementation.

Acrtificial intelligence is revolutionizing and shaping the working environment, not only representing
an innovative task, but also the operating conditions creating unique opportunities in various areas of
maritime transport logistics. In [64], an artificial intelligence approach to the implementation of business
processes of the information flow of orders for shipment to the warehouse is considered. An algorithm for
recognizing the text of consignment notes is developed to reduce the workload on personnel. Technical
improvements and structural changes are made. The use of artificial intelligence to improve the efficiency of
maritime transport logistics in warehousing is reflected in the work [65].

In maritime transport, such a development as intelligent navigation of ships has appeared. In the work
[66], it is shown that the use of intelligent navigation reduces the possibility of human error, reduces carbon
emissions, and improves logistics. Deep learning and multi-scale target detection algorithms are considered.

Of particular scientific interest is the carbon accounting system for real-time marine fleet
decorbonation developed in [67], which uses machine learning models to track carbon emissions at 15-
minute intervals. The structure of the system includes such factors as vessel navigation characteristics,
weather, and sea conditions. By integrating it with a cloud computing platform, shipping companies can
improve their voyage planning and route adjustments to optimize operational efficiency.

The use of sensors to monitor equipment parameters and ship tracking, the implementation of an
electronic cartographic and information system on board ships to improve navigation safety, provides
digitalization of fleet transformations. [68] notes that these transport efficiency improvement tools are
fundamental to improving transport productivity.

While Al has shown significant advances in fuel efficiency, emission reduction, environmental
monitoring, planning and optimization of operations, it has a number of challenges such as high
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implementation costs, data privacy issues and response difficulties. Continued development of Al
technologies can contribute to significant progress towards sustainability and efficiency in maritime
shipping.

CONCLUSIONS

Key trends and modern research technologies are specified based on the completed review of trends in
the development of maritime transport logistics. Given the importance of the maritime sector in the global
economy, companies trying to remain competitive must actively implement advanced technologies. The
areas of interest in the prospective development of transport transportation show increased attention to
research on automation, computer engineering, general knowledge in information technology, artificial
intelligence, cloud computing, cybersecurity, and integrating technologies. Progress in information
technology allows for solving completely new engineering problems.

The presented structuring made it possible to identify the main areas of use of information technology
in maritime transport logistics, most often encountered in applications and practical applications, and to
determine the main paths along which the development of the transport industry is taking place. It is shown
that the development of logistics of transport transportation is characterized by the fact that simultaneously
with its concept, there is a process of developing methodological foundations for new technologies for
managing information support, processing and protection of information.
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Il. Moguan, O. Illapxo. CTpyKTypyBaHHSI OCHOBHHMX HANIPAMIB JOCJTiIKeHb, MOJIeJIeld Ta MeTOdiB
YHpaBJiHHA MOPCHKUM TPAHCIOPTOM

Le#t ormsim Mae Ha MeTi BUKOHATH IHTENEKTYaJIbHUN aHaNi3 PI3HOMAHITHUX JPKEpeNl, CKIaJeHUX Ha
OCHOBI Cy4aCHHX HAyKOBUX ITyOJiKalii, TaTy3eBUX 1 MIKHAPOIHUX KOH(EpeHIid, pPUHKOBOI aHAJIITHKH Ta
TEHJACHIIN pOo3BUTKY. Bim3HadeHo ckiamHicTh Ta (parMEeHTapHICTh TEMAaTHKH JOCHTIHKEHHs, MOB’s3aHy 3
HEBM3HAYCHICTIO BIUIMBY 30BHIITHHOTO CEpEeNOBUINA Ha (YHKIIOHYBaHHSA 00 €KTIB TPaHCHOPTHOI
1H(GPaCTPYKTypH Ta TI00ANPHUMHU 3MiHAMH CTPYKTypH BimHOCHH. lloka3aHo, MO PO3BHTOK TPaHCIOPTHOI
JIOTICTUKH XapaKTEPU3YEThCS THM, IO OJHOYACHO 3 11 KOHIICTIIEI BiJ0YBa€ThCs TMPOIEC PO3POOKH
METOAOJIOTIYHUX 3acaj]] HOBUX TEXHOJIOTIM YHpaBmiHHS iH(poOpMaLiiHUM 3a0e3leueHHsIM, 00pOOKOI0 Ta
3axucTOM iH(popmarii. Po3ristHyTO cydacHi TeXHOJOTI] CTBOPEHHS IHTENEKTYaIbHUX CHCTEM YIPaBIiHHS Ta
BKa3aHO MOXIIMBI HampsiMH BAOCKOHaneHHS. OTpuMaHa iHpOpMAIis CTPYKTypOBaHa B OCHOBY, Ha SIKid
3aKIIaIal0ThCS TPEHIU PO3BUTKY JIOTICTUKM Ha MOPCHKOMY TPaHCIOPTi: IHTENEKTyallbHa aBTOMAaTH3allis,
poOOTOTEXHIKA, aHANITHKA BEIWKNX AAHWUX, [HTEepHET pedeii, kibepOesneka, XMapHi MaThopMu, OJIOKIEHH
Ta MITY9HUHN 1HTENEKT. 3 MO3UIIi MOPCHKOI TPaHCMOPTHOI JIOTICTUKH MPOAHAI30BaHO MEpPeBaru, HEMOMIKA
Ta HaNpsSMKH PalliOHAJHHOTO BHKOPHCTAHHS 3alpOIOHOBaHOI cTpykTypu3auii. Lle mamo 3Mory Bu3HaYHTH
MEepPCIIEKTHBHI HANPSAMKH HAYKOBHX JIOCIHI/DKEHb Ta CTBOPHTH OCHOBY Ui HMOOYIOBHM KOHIETITYaJbHHX
TPaHCIIOPTHUX MOJIENICH y CKIIaTHIX YMOBaX eKCILTyaTallii.

KarouoBi caoBa: Mopchbka TpaHCIOpPTHA JIOTICTHKA, TEHICHINI PO3BHTKY, HEBHU3HAYCHICTD,
IHTEJIEKTyasTi3allisg, MCHEIKMEHT, CTPYKTYPYyBaHHS.

MOBYAH Ilempo Bimanvosuu, ActiipanT XepCOHCHKOI Jep)kaBHOI MOpchKoi akaneMii (M. Oneca),
VYipaina e-mail: mpv01121988@gmail.com, ORCID: orcid.org/0009-0003-1004-6651

HIAPKO Onexcandp, BOKTOp TEXHIYHUX HayK, Ipodecop, XepCOHChKa AepKaBHA MOPChKa aKaaeMis
(M. Oneca), Ykpaina, e-mail: avssharko@gmail.com, ORCID: orcid.org/0000-0001-9025-7990

Petro MOVCHAN, Postgraduate, Kherson State Maritime Academy (Odessa), Ukraine, e-
mail: mpv01121988@gmail.com, ORCID: orcid.org/0009-0003-1004-6651

Oleksandr SHARKO, Doctor of Technical Sciences, Professor, Kherson State Maritime Academy
(Odessa), Ukraine, e-mail: avssharko @gmail.com, ORCID: orcid.org/0000-0001-9025-7990

DOI 10.36910/automash.v1i24.1708

, 2025, Nel (24) E


https://doi.org/10.1016/j.tre.2024.103724
http://dx.doi.org/10.1007/s40032-022-00900-1
mailto:mpv01121988@gmail.com
mailto:avssharko@gmail.com
mailto:mpv01121988@gmail.com
mailto:mvsharko@gmail.com

© Pelekh O. 2025

VIIK 656.11, 656.13
UDC 656.11, 656.13

Pelekh O.
Lviv Polytechnic National University, Lviv, Ukraine

ANALYSIS OF METHODS AND MODELS FOR STUDYING VEHICLE SUSPENSION
SYSTEMS

The design of the car's suspension has the greatest impact on its performance properties: smooth ride, stability
and handling. Increasing the smoothness of the ride provides comfortable sanitary conditions in the driver's and
passengers' seats. As a rule, high smoothness of the ride can be achieved by reducing the rigidity of the elastic device
and the damping coefficient of the shock absorber and, accordingly, increasing the suspension travel. Therefore, it is
important to identify the disadvantages of different types of suspensions, classify them and further study their
properties. In the development of technical solutions for the elements of the suspension systems of military vehicles
and methods for studying the processes and states of operation of the suspension systems, there are a number of
problems that need to be solved. This is the absence of an orderly system approach that comprehensively describes the
process of choosing technical solutions for these elements based on the formulation of mathematical models
describing processes and states for the synthesis of the structure and the selection of parameters. During the analysis, it
was found that the existing mathematical models of processes and states are sometimes either unreasonably simplified
or too cumbersome. An analysis of methods and models of research of car suspension systems has been carried out to
determine the advantages and disadvantages of different types of suspensions. The analysis of suspensions (double-
link, multi-link, adaptive, dependent, semi-dependent) was carried out on the following grounds: simplicity,
compactness, reliability, noise and vibration insulation, controllability, the possibility of installing a drive axle,
cheapness, cheap maintenance. They were classified as mechatronic systems: passive suspension systems, adaptive
suspension systems, suspension systems with the ability to quickly adjust damper characteristics, slow-acting
suspension systems, fully active suspension systems The advantages and disadvantages of different types of
suspensions are determined, their classification as mechatronic systems are necessary for subsequent modeling of
operation and determination of operational properties.

Keywords: car suspensions, suspension systems, mechatronic systems, smoothness, research models.

INTRODUCTION

The design of a vehicle’s suspension system has the greatest influence on its operational properties
such as ride comfort, stability, and handling. Improving ride comfort means reducing the amplitude of
vibrations and vibration acceleration at the driver’s and passengers’ seating points. Humans perceive
vibrations of different frequencies differently; therefore, it is more important to dampen vibrations of certain
frequencies over others. The characteristics of the sprung mass vibrations depend on the input effects (road
micro-profile, vehicle speed) and the transfer function of the suspension, which is determined by the
parameters of the elastic and damping elements. Generally, a high level of ride comfort can be achieved by
reducing the stiffness of the elastic element and the damping coefficient of the shock absorber, along with
increasing the suspension travel.

AIM AND OBJECTIVES OF THE STUDY

The aim of this article is to analyze the methods and models used for studying vehicle suspension
systems, to identify the advantages and disadvantages of different types of suspensions, and to classify them
as mechatronic systems.

To achieve this, it is necessary to review and analyze the methods and models used for studying
vehicle suspension systems, determine the strengths and weaknesses of different types of suspensions, and
classify them to enable further modeling of their operation and evaluation of their performance
characteristics.

LITERATURE REVIEW AND PROBLEM STATEMENT

During the design of vehicle suspension systems, various research models and methods are applied
and improved, with the goal of optimal suspension system design [1-11].

In [5], the influence of road characteristics on the parameters of the torsion suspension system of an
electric vehicle was analyzed. These characteristics include the working travel of the suspension and the
dynamic load on the wheel. Optimization of the main parameters of the torsion element was carried out.

Among other types of suspensions, systems with hydraulic shock absorbers are studied [12]. Hydraulic
shock absorbers absorb significant power through the substantial increase in the dynamic travel of the
suspension, which is not possible with conventional designs.
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Reference [3] established that typical suspension systems cannot meet the stringent requirements
posed to modern light armored vehicles (LAVS). The main contradictions encountered during synthesis are
outlined, and possible ways to resolve these contradictions in suspension design are discussed.

Works [13,14,15] investigate the vertical vibrations of wheeled vehicles, identifying the conditions for
the occurrence of resonance phenomena (the dependence of resonance amplitude on the restoring force of
elastic dampers) for different types of suspensions.

In [16], a theoretical analysis of the influence of LAV suspension parameters on the oscillations of the
vehicle body along with its weaponry was conducted. A comparison between linear and nonlinear suspension
system characteristics is presented, based on the efficiency criterion for shooting performance.

Based on the conducted review, it was found that the existing theoretical foundation for solving the
problems of parametric synthesis of suspension systems is incomplete. Available mathematical models
require further improvement.

Papers [15-17] consider mathematical and physical models of dynamic suspension processes. Based
on the mathematical models described in [18,19], a system of differential equations representing the
suspension processes is formulated. The difference between the models in [17] and [18,19] lies in the
additional generalized coordinates and the description of the elastic and damping connections between
suspension elements.

The input data is the mass-geometric characteristics of the car, the design of the suspension and its
elements, driving modes, road profile, etc., and the result is acceleration, speed, movement, power
parameters of the suspension and body.

In [20], a mathematical model describing the dynamics of the "suspension-body-combat module”
system was proposed. A key feature of this model is the ability to account for parametric dependencies of the
coefficients in the system of algebraic-differential equations on the generalized parameters of a specific
vehicle suspension. The model output provides a parametric relationship between the system’s dynamic
variables and a set of critical parameters.

Parametric and structural optimization, as well as the synthesis of new physical principles for the
operation of suspension system components, are considered in [21]. A mathematical model was developed to
study the stress-strain state of a vehicle body. Its distinctive feature compared to other models is the
structural formulation of the problem, allowing the derivation of design solutions based on the analysis of the
stress state simulation results under firing conditions and specified variations of a defined set of design
parameters. This approach is also applied to problems involving periodic impulse loads for analyzing
strength and stiffness characteristics.

In [22], it is noted that when formulating mathematical models of dynamic processes in military
vehicles, two components must be considered: the continuous and the discrete. The first is used for modeling
the stress state of the light armored vehicle (LAV) body, and the second for modeling the equipment,
suspension, and tires. This enables the solving of dynamic process analysis tasks in LAV bodies. By
combining the finite element method and the generalized parametric modeling method, a technique for
creating a set of parametric models of dynamic processes in LAV bodies is presented in [22].

In [4], models and research methods are described that allow for the development of recommendations
regarding design solutions for LAV suspension systems. Traditional modeling methods [23] generally
analyze the stress state of a torsion bar. Improved computational schemes combined with the finite element
method are commonly used when analyzing the torsion bar foundation. The paper presents the task of
improving algorithms, models, and methods for studying the stress state of the torsion bar, considering
elastic-plastic deformation throughout the entire structure. A generalized parametric approach based on the
methods of variational inequalities theory, elastic-plastic deformation, and finite element techniques was
adopted. The resulting model is parametric.

To this day, the oscillatory effect of the vehicle body remains a significant problem for the automotive
industry. This effect can occur when a vehicle moves over uneven surfaces or when disturbances are
generated by an installed weapon system. Under the influence of body oscillations, the vehicle may behave
unpredictably, potentially leading to accidents.

A significant number of studies by national scientists [17;18;24] have been devoted to determining the
oscillatory capabilities of a vehicle's sprung masses. Based on the analysis of available literature and
publications, calculation methods for the stiffness of sprung masses for major types of suspensions were
reviewed. Existing methods for calculating the oscillations of vehicle sprung masses generally do not
consider the vehicle being in a static state. Changes in the design of modern vehicles, both domestic and
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foreign, were analyzed [19;23]. The shift in the center of gravity depending on the tactical and technical
characteristics of installed non-standard weapon systems was also studied [16;21].

RESEARCH RESULTS

The conducted review highlighted the relevance of the body oscillation problem and emphasized the
need for solutions to reduce its impact on vehicle movement. The findings also confirm the importance of
research aimed at developing new technologies to enhance vehicle safety and ensure the effective use of
mounted weapon systems.

Mathematical models are used to investigate the influence of suspension parameters on vehicle body
oscillations along with equipment loads. It is particularly important to determine resonance phenomena that
affect the strength characteristics of vehicle elements, especially the body. Tasks involving periodic impulse
loads are critical, as they have a significant impact on the vehicle's reliability.

Different designs offer various advantages and disadvantages. These can be categorized into
constructive (simplicity, compactness, good noise and sound insulation, ability to install a front driving axle),
operational (improved handling, low-cost maintenance), and economic (low manufacturing cost) aspects
(Figure 1).
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Figure 1 — Advantages and Disadvantages of Different Types of Suspensions

Mechatronic suspension systems can be classified according to the types of actuators they use,
including actuator bandwidth, power consumption, and control range, that is, the limits of the forces
generated by the actuators. Accordingly, mechatronic suspension systems can be divided into five groups:

1. Passive Suspension Systems (Figure 2) operate quasi-statically, maintaining a constant distance
between the chassis and the road to compensate for different vehicle load levels. The leveling system may be
based on air springs and compressors. Thus, a soft, comfort-oriented suspension setup with sufficient travel
can be achieved regardless of the vehicle load level. Their power consumption typically ranges between
100-200 W.

Figure 2 — Model of a Passive Suspension System
where: M; —sprung mass per wheel; m; — unsprung mass per wheel; CIL; — vertical stiffness coefficient
of the tire; CI1; — vertical stiffness coefficient of the suspension spring element; nA; — damping coefficient
of the suspension damper; nIll; — damping coefficient of the tire; z — vertical position of the vehicle’s center
of mass per wheel; & — vertical position of the unsprung mass; g, — real-time ordinate value of the road
microprofile at the wheel contact.

2. Adaptive Suspension Systems (Figure 3) are defined in the literature as systems that slowly adjust
the characteristics of springs and dampers. Changes are planned, for example, depending on the vehicle
speed to lower the center of gravity for more sporty road holding. Their energy consumption mainly depends
on the energy required to change the spring stiffness. This thesis presents adaptive suspension control
concepts aimed at achieving high dynamic adaptability to current driving conditions.
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Figure 3 — Model of an Adaptive Suspension System
where: CIT; - variable vertical stiffness coefficient of the suspension spring element; nA; — variable
damping coefficient of the suspension damper.

3. Semi-Active Suspension Systems (Figure 4) are capable of quickly adjusting damper or spring
characteristics. A main attribute of semi-active systems is that the force generated by the semi-active element
depends on the direction of relative movement. Semi-active dampers can adjust energy dissipation levels but
cannot inject energy into the system. Accordingly, they have very low power consumption, about 2040 W
per damper. Their bandwidth reaches up to approximately 40 Hz. An example is the ZF Lemforder GmbH
semi-active anti-roll bar with switchable additional springs.

Pucynok 4 — Mojienb HamiBakTUBHOI CHCTEMH TiIPECOPIOBAHHS
e nAl- Figure 4 — Model of a Semi-Active Suspension System
where: nA; — variable damping coefficient of the suspension damper.

4. Slowly Active Suspension Systems (Figure 5) (also called low-bandwidth active systems) represent
a class of active suspensions characterized by an additional actuator (e.g., an electric linear motor or a
hydraulic cylinder) integrated into the suspension to generate suspension forces independently of the relative
motion between the chassis and the wheel. The bandwidth of these systems is about 5 Hz. Typically,
actuators are serially connected with the primary spring and may tend to "amplify" if bandwidth is exceeded.
Their power requirements are about 1-5 kW.
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Figure 5 — Model of a Slowly Active Suspension System
where: zact — displacement of the active element.

5. Fully Active Suspension Systems (Figure 6) (high-bandwidth active systems) replace or supplement
the passive damper with an actuator capable of operating at 20 Hz or higher. Actuators are mounted in
parallel with the primary spring, and passive dampers may sometimes be absent (though they might still be
included in the mathematical model to account for frictional effects). A major drawback is their high energy
consumption, ranging from 4 to 20 kW. Examples of active elements include pneumatic cylinders or springs
with variable stiffness.

S

Figure 6 — Model of a Fully Active Suspension System
where: mp — active element of the suspension system.

[10PTI, 2025, Nel (24) ﬂ




© Pelekh O. 2025

DISCUSSION OF RESEARCH RESULTS

One possible solution to reduce the body oscillation effect is the use of active suspension systems,
which can react to changes in road conditions and compensate for body oscillations, although they do not
account for disturbances caused by installed equipment (such as weaponry on military vehicles). Possible
solutions include optimizing suspension system parameters or using special materials for suspension
elements and reducing body mass.

The oscillation effect remains a relevant research problem for the development of technologies that
can minimize its impact on vehicle movement. Further research is needed to study the influence of various
factors on vehicle body oscillations and to develop new methods and technologies for their mitigation.

In the development of improved technical solutions for military vehicle suspension elements and the
research methods for suspension system processes and states, several problems have been identified. These
include the lack of a systematic approach for selecting technical solutions based on mathematical modeling
for the synthesis of suspension structures and parameter selection. Current models are often either overly
simplified or too complex. Furthermore, analysis and synthesis tasks are not integrated into a generalized
parametric framework that should cover both the choice of suspension elements and operating modes, as
well as material properties and technical performance requirements.

CONCLUSIONS

An analysis of research methods and models for automotive suspension systems was conducted to
identify the advantages and disadvantages of different types of suspensions and classify them as mechatronic
systems. Advantages and disadvantages of various suspension types were determined, and a classification
was proposed for further modeling and evaluation of operational properties.
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Ilenex O. P. Anani3 meTofiB Ta MojieJIeil JOCHiIKeHb CHCTEM MiAPEeCOPIOBAHHA ABTOMOOLIIIB

Koncrpykuiss mizBicku aBTOMOOUIS Mae HalOnpIMi BIUIMB HA Taki HOTO eKcIUTyaTauiiHi
BJIACTMBOCTI: IUIABHICTH XOJYy, CTIMKICTh 1 KepoBaHICTh. I[liBHMINEHHsS IUTABHOCTI XOay 3ale3meuye
KOM(OPTHI caHiTapHI YMOBM Ha MicUAX BOJiS Ta MacakupiB. SIK MpaBmilo, BUCOKA IUIABHICTH XOAY MOXKE
OyTH JOCSTHyTa 3HIDKCHHSM J>KOPCTKOCTI MPY)KHOIO TPUCTPOI0 1 KoedimieHTa JemndipyBaHHS
aMOpTU3aTOPA 1, BIIMOBIIHO, 301IBIIEHHSIM X0y MiJIBICKH. TOMY BayKIIMBUM € BU3HAYEHHI HEJIOMIKIB Pi3HUX
THUIIIB MIJABICOK, iX KiIacu(ikallis 1 oJaIbIIe JOCTIIKEHHS X BJIaCTUBOCTEH.

IIpu po3poOkax MmO BIOCKOHAJIEHHIO TEXHIYHMX pIlIEHb EJIEMEHTIB CHUCTEM MiJpeCOPIOBaHHS
BIMICHKOBHX aBTOMOOLIIB Ta METOAMK JOCHIKCHHS MPOIECIB 1 CTaHIB POOOTH CHUCTEM IIAPECOPIOBAHHS
icHye psa mpoOiieM, 10 TOTpeOyroTh BHpilieHHs. Lle BiCyTHICTh BIOPSIKOBAHOTO CHCTEMHOTO MiJIXOJY,
SKHI BCECTOPOHHBO OIHKCYE MPOLEC BUOOPY TEXHIYHMX pillleHb HUX €JIEMEHTIB Ha OCHOBI ()OPMYIIOBaHHS
MaTeMaTHYHUX MOJIENeH OMNHMCy NpOLECiB 1 CTaHiB A MPOBENEHHS CHHTE3y CTPYKTypH 1 BHOOpY
mapameTpiB. IIpu aHami3i BCTAaHOBJICHO, IO HAasSBHI MaTeMaTHYHI MOJEJI IMPOIIECIB 1 CTaHIB IEeKOIu € abo
HEOOTPYHTOBAHO CIIPOIIECHUMH, a00 3aHAITO TPOMI3IKIMH.
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[IpoBeneHo aHami3 METOMIB Ta MOJENIEH MOCTIIKCHb CHCTEM IIiIPECOPIOBAHHS aBTOMOOITIB IS
BH3HAYCHHS IIEpPEeBar Ta HEMONIKIB PI3HUX THITIB MiABICOK. IlpoBemeHo aHami3 MiABICOK (IBOBaXKiIhHA,
OaraToBaXKiJIbHA, aIalITUBHA, 3aJICKHA, HAIIB3aJICKHA) 3a O3HAKAMH: MPOCTOTA, KOMIAKTHICTh, HAIHHICTD,
IIyMo- 1 BiOpOi30JIsAIis, KEPOBaHICTh, MOXKJIHMBICTh BCTAHOBJICHHS BEAYYOrO MOCTA, JCUICBU3HA, JCIICBE
oOciyroByBaHHs. 37ilicHeHa iX Kiacu(ikamis SK MEXaTPOHHHX CHCTeM: MAacCHBHI CHUCTEMH iJIBiCOK,
aJaNTUBHI CUCTEMH MiABICKH, MiABICHI CHCTEMH 3 MOXIIMBICTIO MIBHAKOTO PETYJIIOBAHHS XapaKTEPHUCTHK
nemrdepa, MOBiIbHO aKTUBHI CHCTEMHU TIiJIBiCOK, IIOBHICTIO aKTUBHI CHCTEMH ITiJIBICOK

Busznaueni mepeBarn Ta HEIOJIKH Pi3HUX THITIB MiABICOK, iX KiIacHdiKarisl SK MEXaTPOHHHX CHUCTEM
HEeOOXIi/THI AJIS TOCiAYI0YOr0 MOJISTIOBAaHHS POOOTH 1 BU3HAUEHHS eKCILTyaTalliiHUX BIACTHBOCTEH.

KurouoBi ciioBa: mifBicKM aBTOMOOLIS, CHCTEM IiIPECOPIOBAHHS, MEXaTPOHHI CHCTEMH, IJIaBHICTh
XOAY, MOJIEJi OCIiIKEHb.

HEJIEX Onexciti Pomanosuu, acmipanT KadeApy NPOEKTYBaHHS MallMH Ta aBTOMOOIIBHOTO
imkuHipurny, Harionanenuii yHiBepcuteT «JIbBiBcbka mouitexnikay, e-mail: oleksii.r.pelekh@Ipnu.ua,
ORCID: 0009-0007-8410-9431.

Oleksiy PELEKH, Postgraduate Student of the Department of Machine Design and Automotive

Engineering, Lviv Polytechnic National University, e-mail: oleksii.r.pelekh@Ipnu.ua, ORCID: 0009-0007-
8410-9431.

DOI 10.36910/automash.v1i24.1709

m , 2025, Ne1 (24)



© Pustiulha S., Samchuk V., Holovachuk I., Prystupa O., Lelyk Ja. 2025

V]IK 519.876.5:629.33
UDC 519.876.5:629.33

Pustiulha S.I., Samchuk V.P., Holovachuk I.P., Prystupa O.V., Lelyk Ja.R.
Lutsk National Technical University, Lutsk, Ukraine

ANALYSIS OF METHODS FOR CALCULATING FRACTAL DIMENSION AS A TOOL FOR
ENHANCING PERFORMANCE AND SAFETY CHARACTERISTICS OF AUTOMOTIVE
TRANSPORT OBJECTS

This paper is devoted to developing a concept for the effective utilization of methods for analyzing and
calculating the fractal dimension of models in two-, three-, and multidimensional spaces aimed at solving practical
problems related to enhancing qualitative characteristics of automotive transport objects, transport infrastructure, and
logistics. The most universal and computationally efficient method for calculating fractal parameters has been
identified, opening new possibilities for optimizing modeling processes of real systems and significantly improving
the quality of their analysis and forecasting.

Contemporary applied tasks, including those in transportation technologies, are actively progressing towards
investigating processes within multidimensional spaces related to the dynamics of chaotic systems behavior. Searching
for universal methods and algorithms to calculate fractal parameters for multiparametric object models within
arbitrary-dimensional spaces, particularly those changing their properties over time, requires additional research for
generalization.

The analysis of literature sources revealed that previous research still contains several unresolved issues
regarding fractal analysis. These formed the basis for formulating the tasks addressed in this paper, including
classification of methods for calculating fractal dimension as tools for solving practical problems across various
scientific and technological fields; investigation of computational algorithms for determining fractal parameters of
objects concerning their potential for generalization and use in spaces of arbitrary dimensionality; and identification of
interdependencies and interrelations between fractal parameters of quasi-fractal and multifractal computational models
and the technological, technical, and economic characteristics of objects and processes within the automotive industry.
Based on these, ways to develop a practical method for calculating and analyzing fractal objects, characterized
primarily by universality and standardization, have been outlined.

The research carried out in this study regarding the capabilities of the analyzed methods for calculating fractal
dimensions, their classification according to defining characteristics, and the analysis of their algorithmic foundations
led to the conclusion that the Box-Counting Method is the most effective and universal. It enables clear visualization
of geometric complexity in models and their self-organization. The algorithm of this method is relatively simple and
allows quantitative assessment of the hierarchical order and structural chaos level in studied objects, directly
influencing accurate determination of relationships between fractal parameters and technological properties of real
physical phenomena and processes.

A concept for improving the most universal Box-Counting method is proposed, with outlined directions for
extending and deepening its theoretical, methodological, and algorithmic components. The idea of calculating fractal
parameters for object models in spaces of arbitrary dimensions through continuous dimensionality reduction is
introduced. Practically, this procedure resembles gradual stratification of a multidimensional object into separate
layers of varying dimensionality, determining fractal parameters of these layers, and consolidating geometric data into
a unified information framework. Such fractal scanning allows for adjusting individual layers, elements, or nodes
within the model to further improve its technological and technical properties.

Keywords: fractal dimension, technological and performance characteristics of transport objects,
multidimensional space, concept of interrelation between geometric parameters and qualitative properties of transport
infrastructure objects.

INTRODUCTION

Modern scientific research in geometric analysis and modeling of complex systems increasingly
utilizes the concept of fractal dimension. This is due to the inadequacy of traditional Euclidean models for
accurately describing structures characterized by irregular, self-organized, or chaotic patterns. Fractal
characteristics provide a more precise determination of geometric properties for such objects in two- and
three-dimensional spaces, opening broad prospects for optimizing their technological qualities in various
fields of science and engineering [1]. Particularly, in engineering, physics, biology, computer modeling, and
materials science, fractal dimension is employed for analyzing complex surfaces, porous structures, turbulent
flows, transport network quality, and even economic processes.

A significant challenge in solving this diverse range of practical problems is reducing the numerous
research methods and tools for studying fractal properties of specific objects or phenomena to as few as
possible. Therefore, a critical analysis of the most popular methods for calculating fractal dimensions,
identifying their universal characteristics, classifying them, and seeking standardized algorithmic and
software approaches for effective practical application constitute the primary relevant task. Moreover, it is
crucial to consider that, for practical applications, correctly identifying the interrelation between fractal
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parameters and technological properties of the objects studied is even more important than the accuracy of
calculating fractal characteristics themselves.

Additionally, contemporary applied tasks, including those in the field of transportation technologies,
increasingly focus on investigating processes in multidimensional spaces related to the dynamics of chaotic
systems. Finding universal methods and algorithms for calculating fractal parameters of multiparametric
object models within spaces of arbitrary dimensionality, particularly those whose properties may vary over
time, requires further research for generalization. Consequently, analyzing existing methods, improving
them, and adapting them for fractal calculation of multidimensional objects represents the second relevant
task, holding significant potential for applications in automotive transport and logistics.

LITERATURE REVIEW AND PROBLEM STATEMENT

The search and analysis of literature sources regarding the aforementioned issues were conducted in
the following directions: contemporary methods for calculating the fractal dimension of objects in two-
dimensional and higher-dimensional spaces; approaches for evaluating geometric properties of internal, non-
visible areas of spatial fractal structures; and interrelations and mutual influences of fractal parameters of
investigated objects on the enhancement of their technological characteristics.

The study [2] investigates the efficiency of the perimeter-area method, introduced by Mandelbrot, for
determining the fractal dimension of complex geometric objects such as aggregate clusters. The publication
emphasizes the importance of correctly choosing internal and characteristic measurements when applying
this method, particularly for cluster-type objects. However, while highlighting caution in applying the
perimeter-area method to various object types, the work does not provide detailed recommendations for its
use with other complex structures.

Multifractal objects are the subject of study in [3], where the authors explore two mass-oriented
methods for calculating generalized fractal dimension, particularly for a one-dimensional generalized Cantor
set. They demonstrate these methods provide more accurate results compared to the box-counting method.
Although mass-oriented methods exhibited superior results in a specific case, the authors acknowledge the
necessity for further research to determine their limitations and applicability to other types of fractal
structures.

Work [4] presents a fractal dimension calculation method based on the box-counting approach,
incorporating mathematical definitions for cell dimensions and intervals. The authors generate fractal objects
and define cells according to mathematical principles, reducing errors associated with traditional approaches.
Despite improved accuracy, further research is necessary to evaluate its effectiveness for complex natural
objects and under noisy conditions.

Publication [5] investigates the use of correlation dimension estimation in simulated phase spaces to
identify characteristic relations in various dynamic systems. The method is presented as a rapid and reliable
tool for detecting causal interactions in systems dominated by deterministic dynamic processes. However,
the method requires further validation with real data and under conditions where stochastic processes
significantly influence system dynamics.

Study [6] focuses on examining the geometry of rain- and cloud-formed areas identified using satellite
and radar data. The author employs area-perimeter relationships to analyze the fractal form of these regions,
enhancing understanding of their properties and behavior. Although the research allows extracting geometric
information of cloud and rain areas, it does not correlate these findings with parameters influencing climate
models and forecasts.

The authors in [7] propose a three-dimensional box-counting method for analyzing fractal
characteristics of modern urban structures. They applied this method to assess the two-dimensional and
three-dimensional fractal properties of urban matrices, aiding in understanding the complexity and hierarchy
of urban environments. The research investigated the impact of fractal dimension on urban infrastructure
development, including transportation networks, and its potential use in sustainable urban planning.
However, the effect of varying scales and data resolutions on analysis results was not considered, an aspect
essential for practical applications in urban studies.

In [8], the authors developed a three-dimensional road surface model using the box-counting method
to determine fractal dimensions of random height points on road pavements. This provided new parameters
for assessing pavement conditions and their influence on vehicle dynamics. However, results did not
integrate fractal parameters into practical applications nor linked them with existing road quality evaluation
standards. The impact of different pavement types on analysis results was also not specified.

Publication [9] evaluates the efficiency of minimal coverage in calculating fractal dimensions for river
network schemes on maps. The authors proposed a methodology allowing more precise fractal dimension
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determinations, considering object complexity. However, detailed recommendations for automating minimal
coverage, crucial for processing large datasets of river network imagery, were lacking. Additionally,
generalizing results for spatial geometric structures of similar types proved challenging.

The literature analysis indicated several gaps that form the basis for defining the objectives of the
current research. These include a lack of comprehensive approaches in the analyzed studies for using
methods to calculate fractal properties of objects as numerical indicators of their qualitative and safety
attributes; absence of research on calculating fractal characteristics independent of the modeling spaces; and
undeveloped conceptual principles regarding interrelations and impacts of fractal properties on the technical
quality of the analyzed processes.

RESEARCH AIM AND OBJECTIVES

The aim of this research is to develop a concept for effectively utilizing methods of analyzing and
calculating the fractal dimension of models in two-, three-, and multidimensional spaces to solve practical
tasks related to enhancing the qualitative characteristics of automotive transport objects, transport
infrastructure, and logistics. ldentifying the most universal and computationally efficient methods for
calculating fractal parameters will open new opportunities for optimizing modeling processes of real systems
and improving the quality of their analysis and forecasting.

To achieve this aim, the following objectives must be addressed:

1. Classify methods for calculating fractal dimension as tools for solving practical tasks in various
fields of science and technology.

2. Investigate computational algorithms for determining fractal parameters of objects, focusing on
their potential for generalization and application in spaces of arbitrary dimensionality.

3. Define the interrelations and mutual influences between fractal parameters of quasi-fractal and
multifractal computer models and the technological, technical, and economic characteristics of automotive
industry objects and processes. On this basis, outline the pathways for developing a practical method for
calculations and analyses of fractal objects, characterized by universality and standardization in spaces of
arbitrary dimensions.

The object of this research comprises methods for determining the fractal dimension of objects in
spaces of arbitrary dimensionality.

The subject of the research is the specifics of applying fractal methods to analyze complex
geometric models and their influence on assessing technological characteristics of studied objects
(particularly automotive industry objects).

RESEARCH RESULTS

1. Classification of Methods for Calculating Fractal Dimension as Tools for Solving Practical
Problems

Based on the analysis of contemporary approaches to calculating fractal dimensions and the defined
research objectives, the methods are classified according to the following criteria: 1) complexity of method
implementation and required computational resources; 2) dimensionality of the space in which fractal
parameters of the object can be calculated using a specific method; 3) universality of the method and
standardization of its calculation algorithms.

Classification based on the complexity of method implementation and computational resources
required for practical use helps ensure optimal method selection depending on available computational
capabilities, the type of input data, and the required accuracy.

Simple methods (Fig. 1) (low computational complexity). These methods are easy to implement and
require minimal computational resources. They are suitable for processing small datasets or quick
(approximate) estimates of fractal dimensions. Such methods primarily include:

— Box-Counting Method. The most widespread method, based on counting occupied and unoccupied
cells after covering the object with grids of different scales. Easy to implement, this method is commonly
used for analyzing the fractality of planar contours, textures, and porous structures, primarily in two-
dimensional spaces.

— Perimeter-Area Method. Used for 2D objects, fractal dimension is evaluated through the perimeter-
to-area ratio. Primarily applied to linear geometric figures, coastlines approximated by polygons, and various
natural biological structures.

— Mass-Radius Method. This method assesses self-similarity in simple objects by analyzing the mass
(number of zero-dimensional points) within circles of a certain radius. It is relatively easy to implement but
requires effective selection of circle centers and result-averaging algorithms.
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Fig. 1. Classification of fractal calculation methods by algorithm complexity

Moderately complex methods (Fig. 1). These methods require more complex algorithms, various
statistical computations, or specific approaches to selecting parameters of studied objects:

— Correlation Dimension Method. Used to analyze interactions between fractal points through
statistical correlations. The method involves calculating distances between large sets of points, complicating
computations in large-scale systems. It can be used for chaotic system analysis, fluid dynamics, and
clustering data in fractal models.

— Dubuc-Lévy Method. Determines local dimensions of objects by calculating scale variations for
different regions. It is specialized and can be used for fractals with heterogeneous structures.

— Fourier Transform Method. Based on spectral analysis to estimate fractal properties. Requires
continuous frequency data transformation, increasing complexity. Selectively applicable in physics, image
processing, and fractal turbulent flow analysis.

Complex methods (Fig. 1) (high computational complexity). These methods are the most accurate for
determining fractal dimensions but demand significant computational resources, specialized software, or
machine learning:

— Maximum Likelihood Estimation (MLE Method). This method applies statistical approaches to
estimate fractal structure distribution parameters. Suitable for analyzing biological systems or financial
markets where calculation accuracy is crucial. However, it involves repeated probability distribution
computations and complex optimization algorithms.

— Shannon Entropy Method. Uses entropy concepts to evaluate fractal dimensions, requiring
calculations of multiple multidimensional probability distributions. Typically used only for neural networks
analysis or signals with complex structures.

— Wavelet-Based Fractal Analysis Method. Employs wavelet transforms to analyze scale dependencies
in fractal structures. Applied in medical research, turbulence analysis, and neuroscience. Although providing
high accuracy, it demands extensive calculations and powerful computing hardware.

The classification provided is justified by enabling optimal method selection based on specific
practical fractal analysis tasks, available computational resources, and accuracy requirements. Simple
methods are preferable for quick assessments or limited computational capacities, while complex methods
suit specialized scientific research requiring high precision. Using overly complex methods may lead to
substantial time and resource expenses. Additionally, consideration should be given to the suitability of
methods for discrete or continuous data.

Methods for calculating fractal dimensions should also be classified according to the dimensionality
of the space containing the analyzed object. This criterion holds both theoretical and practical importance, as
different methods vary in efficiency depending on the geometric characteristics of fractals and data
acquisition capabilities for their analysis and comparison.

Methods for Analyzing Objects in One-Dimensional Space (Fig. 2) (Zero-Dimensional and One-
Dimensional):
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— Line-Counting Method. Divides linear structures into intervals. This method evaluates geometric
characteristics of curves, fractal dimensions of coastlines, and curvilinear boundaries of fractals.

— Covering Method. Determines the minimal number of circles required to cover a fractal object.
Frequently used in biology for analyzing vascular structures.

Both methods are straightforward and suitable for analyzing simple experimental data. However, their
main drawbacks are limited applicability and difficulty in generalization.
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Fig. 2. Classification of fractal calculation methods by spatial dimensionality

Methods for Analyzing Objects in Two-Dimensional Space (Fig. 2):

— Box-Counting Method. Popular due to simplicity and capability of calculating dimensions for planar
fractals of any shape. Effective for analyzing two-dimensional textures, cloud images, and topographic map
characteristics.

— Scaling Analysis Method. Identifies self-similarity properties of fractal structures based on scaling
changes in analyzed images. Applicable in geophysics, astronomy, and visualization of X-ray images.

— Correlation Dimension Method. Calculates fractal dimension through statistical analysis of distances
between individual points. Widely used in ecology, engineering tasks, and particle clustering analysis.

Methods for Analyzing Objects in Three-Dimensional Space (Fig. 2) (Volumetric Fractals):

— 3D Box-Counting Method. A generalization of the grid method to three-dimensional spaces.
Efficient for porous media, biological tissue structures, and cosmic object distributions.

— Voxel-Counting Method. Calculates fractal dimensions of objects in 3D models and tomographic
data analysis. Beneficial for medical and materials science fields but requires specialized measurement
equipment.

— Percolation Dimension Method: Differs from counting methods, focusing on analyzing geometric
structures of connected clusters in porous media. Crucial for hydrodynamic research and underground
reservoir analysis, yet requires specialized instrumentation.

Methods for Analyzing Objects in Multidimensional Space (Fig. 2) (>3D):

— Generalization Correlation Dimension Method. Rarely used method, applicable in chaos theory and
dynamic systems analysis. Its effectiveness needs further study. Potentially useful in physical process
research, economic analysis, and neuroscience, though difficult to generalize geometrically.

— Rényi Entropy Method. Utilized in statistics to determine data irregularity levels with complex
parameterizations. Its effective application requires advanced computational resources and multidimensional
optimization equipment.

The classification of methods based on the dimensionality of the space demonstrates how the effective
choice of method significantly affects calculation complexity and computational time. Certain methods
perform well only within defined-dimensional spaces and cannot be geometrically generalized. Nonetheless,
this classification aids in the effective selection of methods tailored to specific practical tasks and

experimental data availability.
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A primary goal of classifying known fractal calculation methods is determining their universality and
standardization for application in engineering research involving various technical objects and processes.
For most practical tasks, the interrelation between calculated fractal characteristics and technological quality
indicators is more critical than the accuracy of fractal dimension calculations. Thus, universality and
standardization criteria are crucial, as specialized methods typically address only specific industry-related
tasks.

Typological analysis of existing fractal calculation methods identified universal and standardized
methods (Fig. 3), applicable across different spatial dimensions (1D, 2D, 3D, N-dimensional) and commonly
accepted in various science and technology fields:

— Box-Counting Method. The most universal method applicable to 1D, 2D, 3D, and N-dimensional
spaces. Commonly used in physics, biology, computer graphics, geophysics, and image processing.
Limitations include difficulty analyzing internal geometric structures and potential errors from incorrect
scale parameter selection.

— Correlation Dimension Method. Applied in dynamic systems, neuroscience, and economics. It relies
on statistical correlations between fractal points and theoretically works in arbitrary-dimensional spaces but
requires specialized algorithms and significant computational resources.

— Mass-Radius Method. Determines fractal dimension based on changes in point quantities depending
on the radius of covering circles or spheres. Applicable in spaces of varying dimensionality but dependent on
optimal sphere center selection and result averaging.

— Rényi Entropy Method. Evaluates the complexity of fractal structures in spaces of arbitrary
dimensions. Requires powerful computing equipment and sophisticated multidimensional optimization
algorithms.

Universal Methods Specialized Methods
)
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Fig. 3. Classification of fractal calculation methods by universality and algorithm standardization

Specialized methods limited by dimensionality and application fields (Fig. 3) are effective only in
specific spaces (e.g., solely 2D or 3D) and used exclusively for solving specialized fractal analysis tasks:

— Perimeter-Area Method. Limited to 1D and 2D objects, unsuitable for multidimensional fractal
analysis.

— Voxel-Counting Method. Narrowly specialized for 3D objects (medical, geophysical, tomography).
Cannot be generalized without substantial modifications.

— Wavelet-Based Fractal Analysis Method. Mainly used for signals and images (1D, 2D) and not
generalizable to higher-dimensional spaces, restricted primarily to porous cluster media analysis.

This type of classification makes it possible to clearly distinguish between general methods that
produce the same results regardless of the dimensionality of the space in which the calculations are
performed and to outline the range of areas of their effective use.

2. Analysis of Mathematical Foundations of Popular Computational Algorithms for Calculating
Fractal Parameters of Multifractal and Quasi-fractal Objects
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The conducted typological classification has identified several promising methods for addressing
practical fractal analysis tasks related to automotive objects and processes. However, comparing the
algorithmic complexity of the selected methods is necessary to choose the optimal approach in terms of
universality and computational simplicity of fractal calculations.

Correlation Dimension Method involves utilizing a correlation function of the form:

C(a):%;go(a—‘xi—xj‘), (1)

where ¢ is the Heaviside function, N is the total number of points in the set, and ‘Xi —Xj‘ represents the

Euclidean distance between points.

The correlation dimension calculates how the number of point pairs separated by a distance smaller
than a scale parameter & changes. The more chaotic or ordered the points, the sharper the scale-dependent
growth of this number of pairs. Fractal dimension is determined by:

D= IimM . (2
a—0 |n o
Despite its specific scope of practical applications, the Correlation Dimension Method has significant
drawbacks: it is effective only with zero-dimensional sets (points), sensitive to sample sizes and various
scaling noises, and requires extensive computations.
Perimeter-Area Method algorithmically computes the ratio of the perimeter to the area of specified
objects at different scaling coefficients. Fractal dimension is defined as:

InP
Dx2——, 3
InS ®)

where P represents the perimeter, and S is the area of the object set.

Disadvantages include its limited applicability to two-dimensional linear transport-related objects. The
method becomes complicated when working with curved contours such as urban transport route structures or
determining transport flow optimization based on safety parameters. Additionally, it is highly sensitive to
scaling noises.

Mass Dimension Method evaluates how the quantity of points (mass) within a circle, sphere of radius
a , or cube with side « varies depending on « itself. For fractal structures, a power-law relationship holds:

M(a)d aP. (4)

Thus,

a—0 |na

()

where M () is the number of points within the sphere or cube of size « .

Advantages of this method include ease of implementation and applicability to objects without clearly
defined boundaries (e.g., particle distribution in automotive powder coating or fuel spray efficiency
analysis). However, it cannot be used effectively for analyzing objects with varying fractal scales.

Wavelet Transform Method employs wavelet transformation to decompose signals or images into
components at various scales (frequencies). Fractal dimension is estimated by the energy decay of wavelet
coefficients as scale changes:

E(@) ] a™®, (6)
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1
where E(a)zWZ[\Nayi‘z, E(a) is the average energy of wavelet coefficients at scale «, W, ;
i

represents wavelet coefficients, and N is the total number of points.

Main disadvantages include dependency on the chosen wavelet function (e.g., Daubechies, Haar,
Morlet), limited scale resolution, sensitivity to scaling noise, poor handling of boundary effects, and high
computational complexity.

Minimal Covering Method. This method represents a classical approach to determining the fractal
dimension of objects. It is employed for analyzing chaotic point distributions, linear structures, and
geometric figures in 2D and 3D spaces. The fundamental principle involves covering a fractal object with
minimal-sized elements (such as squares, cubes, etc.). The total number of covering elements, N(«), is

computed using a movable grid, followed by the calculation of its dependence on « . The fractal dimension
is subsequently determined using a power-law relationship:

N(a)Da™®, (7)
InN (@)

D=Ilim
|n(l)
(04

X—>a

(8)

Drawbacks include sensitivity to the chosen minimal coverage scale range, increased computational
complexity, uneven grid coverage, and difficulties applying minimal grids above two dimensions,
significantly complicating the algorithm.

Most algorithmic approaches mentioned primarily focus on calculating fractal geometric
characteristics of self-similar two-dimensional objects. They are ineffective when analyzing multifractal and
guasi-fractal structures, requiring segmentation of binary images and determination of topological and fractal
dimensions of segments or entire models. Extending these methods to three-dimensional objects is
challenging due to difficulties accurately identifying geometric parameters such as distances, perimeters,
areas, and occupied versus unoccupied cells within chaotic fractal structures. Consequently, linking technical
and technological properties of analyzed objects to fractal characteristics of constructed models in practical
applications remains a complex problem.

Special attention should be given to the Box-counting Method, which is similar algorithmically to the
Minimal Covering Method and particularly effective for a wide range of practical tasks. Its essence involves
overlaying a uniform grid composed of cells of a certain size onto a model and counting the number of cells
containing the fractal body of the object. This method is an optimal approach for determining the fractal
dimension of objects in practical problems across various fields. It facilitates the analysis of geometric
characteristics of point sets, linear structures, planar, and spatial figures in two- and three-dimensional
spaces, and can be generalized to spaces of arbitrary dimensions.

The method's two primary disadvantages include, on one hand, the correct selection of the minimal
necessary scale coverage when analyzing fractal characteristics of a specific object and, on the other hand,
the challenges associated with overlaying and visualizing hyper-grids for counting cells occupied by fractals
in multidimensional spaces.

As mentioned above, the main idea is to cover the fractal object with elements of a uniform grid of
required size « . The scale coverage sizes can initially be minimal, aligned directly with the objectives of a
specific practical task. After applying the uniform grid, the total coverage number of elements N(«) in the

image is determined. The dependency N (&) on « is calculated using a power-law relationship:

N(a)l a®, ©)
and the fractal dimension is computed as:

_InN(a)
Ine

D (10)
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Applying the Box-counting method involves discretely covering the studied object’s image with a set
of cells arranged in a grid with a particular scale factor. For effective identification and precise analysis of
geometric characteristics of such fractal models, grid element sizes are optimally chosen relative to the
object and may approach the pixel size for two-dimensional raster images.

Works [10-14] describe developed approaches and methods for effectively applying the Box-counting
method as a universal tool for fractal analysis of technological and safety characteristics of objects across
various contemporary production and technological fields.

For instance, study [10] proposes a method of quantitative fractal diagnostics of diesel engine fuel
injectors (Fig. 4). Experimental studies of fuel spray quality using repaired injectors have established a direct
relationship between the fractal dimension of spray patterns and wear levels of precision pairs in fuel
equipment. The experimental results indicate that the fractal dimension of the spray pattern can effectively
diagnose injector readiness for engine operation or identify the necessity for repairs or replacement.

Fig. 4. Fractal assessment of fuel spray quality in internal combustion engine injectors

Research [11] presents a method of quantitative fractal assessment of powder coating quality,
facilitating effective management of powder charging processes considering different particle dispersions
and moisture levels. Computer implementation of quality evaluation and management processes for powder
paint application was executed (Fig. 5). The studies suggest that significant optimization of tribostatic

powder coating processes is possible in small enterprises within the mechanical engineering or automotive
industries.
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Fig. 5. Fractalanalylsof tribostatic f powder coating

Study [12] investigates the influence of geometric parameters, including fractal ones, of discrete urban
transportation network models on passenger transportation quality and improvement pathways for the
structural components of the transportation network. Methods for identifying route diagrams (Fig. 6-a) were
developed, highlighting essential geometric (fractal) elements of the discrete urban transportation network
model significantly impacting passenger transportation quality. Algorithms and methods for computer
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calculations of fractal characteristics of identified images are presented, facilitating effective adjustments of
the technical and technological properties of urban transport infrastructure.

u EEEEREEERDEEE

a)b)
Fig. 6. Fractal analysis of transportation route network quality and route overlap indicators

Research [13] addresses urban passenger transportation features and the impact of fractal
characteristics of transport systems on evaluating route overlap indicators (Fig. 6-b). A fractal method was
proposed to assess route overlap in specific zones and optimize transport vehicle operation on routes during
various daily periods. Research outcomes facilitated effective route modifications, timely adjustments to
carriers' schedules, normative execution times for trips, driver labor organization systems, and combined
operational modes for urban passenger transport.

However, applying the universal Box-counting method becomes problematic when analyzing fractal
models in three-dimensional or especially multidimensional spaces due to the absence of computational tools
for calculating geometric characteristics of specific internal regions and the model overall.

Study [14] developed an innovative method for stacking box-shaped cargo in automotive transport,
significantly reducing cargo unit blocking costs by designing specialized loading schemes. The study
employed fractal mathematics to assess the quality of blocking cargo with hazardous materials, considerably
lowering securing costs and optimizing safety criteria for hazardous materials transportation. The primary
issue was identifying internal geometric characteristics of the fractal model (Fig. 7), raising questions about
linking fractality across individual layers and determining each layer's influence on technological and safety
characteristics of the stacked cargo.

Fig. 7. Three-dimensional model for stacking box-shaped cargo on freight vehicles

Authors addressed this specific problem by developing a methodology for evaluating and comparing
fractal parameters of separate object projections (Fig. 8). However, this approach may not be efficient or
applicable for similar tasks involving the determination of fractal characteristics in multidimensional object
models across other technical fields.
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Fig. 8. Methodology for fractal quality assessment of cargo stacking based on separate projections

3. Relationship Between Fractal Parameters of Quasi-Fractal and Multifractal Computer
Models and Technological, Technical, and Economic Characteristics of Automotive Industry Objects
and Processes

The authors' experience in developing fractal analysis methods for various technical problems has
allowed establishing relationships between fractal geometric characteristics and technological qualities of
objects and processes in the automotive industry, urban transport networks, logistics operations,
infrastructure optimization, transport flow efficiency, and road safety.

Fractal dimension indicators of urban and intercity roads determine their branching degree and spatial
occupancy. Networks with low fractal dimensions (D < 1.5) are characterized by simple, linear structures
with limited routes and low throughput. Networks with high fractal dimensions (D > 1.7) have more complex
interconnections, a greater number of alternative routes, and enhanced transport accessibility. Thus, applying
fractal dimension calculation methods in urban road modeling can assess how effectively the future network
will adapt to the urban environment, identify bottlenecks, and predict congestion levels. Road network
optimization based on fractal characteristics can reduce average travel time and vehicle energy consumption.

Correct calculation methods for fractal parameters of road surfaces allow determining their roughness,
directly influencing tire-road adhesion and driving safety. Road surfaces with excessively low fractal
dimensions (D < 2.3) result in poor tire-road adhesion, particularly on wet and snowy roads. Conversely,
surfaces with excessively high fractal dimensions (D > 2.6) lead to rapid tire wear and increased vehicle
energy consumption. Such fractal analysis facilitates determining the optimal road texture for maximum
safety and minimal vehicle wear.

Urban traffic flows also exhibit fractal structures, formed through complex interactions between
vehicles, traffic lights, and road infrastructure. A low fractal dimension of traffic flow (D < 1.2) indicates
regular traffic, low transport density, and minimal congestion influence. Conversely, excessively high
fractality (D > 1.5) reflects chaotic traffic conditions, significant variability in flow density, potentially
causing accidents and congestion. Fractal analysis thus provides a numerical measure for predicting traffic
intensity and adaptive traffic light adjustments to mitigate congestion.

Fractal analysis methods can effectively optimize urban development parameters and automotive
transport network accessibility. Fractality serves as a qualitative measure of how efficiently urban structures
organize roads, residential areas, and transport hubs. Compact cities with fractal dimensions around D = 1.5
offer improved transport accessibility and reduce average travel distances. In contrast, highly branched cities
with high fractal dimensions (D > 1.8) feature complex transport structures and longer travel times. Such
calculations allow for optimal forecasting of the impact urban planning changes have on transportation
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efficiency.

Correctly calculated fractal parameters can be effectively utilized in logistics for managing urban
goods distribution. Routes with low fractal dimensions (D < 1.3) display centralized patterns, vulnerable to
congestion. Conversely, high fractality patterns (D > 1.5) offer adaptive structures, improving resilience to
delays and disruptions. Fractal analysis identifies weak points in freight flows and facilitates more flexible
logistics schemes.

Additionally, fractal indicators of warehouse systems influence logistical route efficiency, directly
impacting goods distribution principles. Warehouses with low fractal dimensions (D < 1.2) have simple
structures but limited adaptability to demand fluctuations. Warehouses with higher fractality (D > 1.4)
provide better flexibility and faster cargo handling. Here, fractal analysis improves inventory management,
minimizing delays and optimizing costs.

Many practical tasks in automotive transportation relate to optimizing safety characteristics. In this
context, fractal calculation methods enable predicting hazardous road sections, improving road junction
designs to reduce accident probabilities, developing adaptive traffic management systems through chaotic
parameter calculations, and reducing network congestion by optimizing transport infrastructure.

DISCUSSION OF RESEARCH RESULTS

The research conducted within this work, particularly regarding the applicability of analyzed methods
for calculating fractal dimensions, their classification according to defining characteristics, and analysis of
their algorithmic foundations, leads to the conclusion that the Box-Counting Method is the most effective
and versatile. This method clearly visualizes the geometric complexity of object models and their self-
organization. Its algorithm is sufficiently simple, enabling quantitative assessment of hierarchical
organization and structural chaos levels of analyzed objects. This directly influences the accurate
determination of interrelations between fractal parameters and technological properties of real physical
phenomena and processes.

If the proposed concept of universality for the Box-Counting Method is accepted, and further
theoretical, methodological, and algorithmic components are expanded and deepened, the primary remaining
challenge is the absence of a visualization principle for the internal structures of studied objects in spaces of
dimensionality greater than two. Reducing the procedure for calculating the fractal dimension of objects,
even in three-dimensional space, to analyzing characteristics of individual projections often fails to yield the
desired results. Therefore, an innovative approach to calculating fractal parameters has been proposed, based
on continuously reducing the dimensionality of the space in which the models are located.

Practically, this procedure resembles progressively layering a multidimensional object into separate
layers of varying dimensionalities, determining the fractal parameters of each layer, and consolidating
geometric data into a unified informational framework. This form of fractal scanning allows for adjustments
to individual layers, elements, or nodes of the model, thereby facilitating further enhancement of its
technological and technical characteristics.

Initial computational experiments have produced promising results, demonstrating broad potential for
generalization of this methodology to spaces of arbitrary dimensionality.

CONCLUSIONS

1. All research objectives aimed at achieving the goal of this study have been fulfilled. A typological
classification of fractal dimension calculation methods was conducted, positioning them as instrumental tools
for addressing practical tasks across various scientific and technical fields. This classification outlined
critical geometric criteria for the optimal selection of universal methods when solving design tasks within
automotive and transportation technologies.

2. Computational algorithms for determining fractal parameters of objects were studied, particularly
concerning their generalization potential and applicability to spaces of arbitrary dimensions. The strengths
and limitations of these methods were identified, and ideas for developing an innovative fractal parameter
calculation method based on the dimensionality reduction paradigm were proposed.

3. Key elements reflecting the interrelation and mutual influence between fractal parameters of quasi-
fractal and multifractal computer models and technological, technical, and economic characteristics of
automotive objects and processes were identified. The impact of each studied parameter on improving
transport object design processes was analyzed.
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Hycmiwonvea C.I., Camuyk B.IL., I'onosauyx LIL, Ilpucmyna O.B., Jlenux A.P. Ananiz MeToniB
PO3paxyHKy (pPaKTaJbHOI PO3MIPHOCTI SIK IHCTPYMEHTY YAOCKOHAJIEHHSI eKCIUTyaTaliiHUX Ta
0e3MeKOBUX XaPAKTEPUCTUK 00’ €KTIB ABTOMOOIJILHOIO TPAHCIIOPTY

PoGota mpucestueHa po3poOIli KOHIENIii e)eKTUBHOTO BHKOPUCTAHHS METOJIB aHANI3y Ta PO3PAXyHKY
(dpakTaIbHOI PO3MIPHOCTI MoOJENell y IBO-, TPUBHMIPHOMY Ta 0OaraTOBHMIpPHHX MpPOCTOpax IS BUPILICHHS
MPAaKTHYHUX 3aBJaHb YAOCKOHAIEHHS SKICHUX XapaKTePHUCTHK OO0 €KTIB aBTOMOOUIBLHOTO TPAaHCIOPTY,
TPAHCIOPTHOI iH(PACTPYKTYpH Ta  JIOTICTHKHM. Bu3HaueHO HaWOIMBIN YHIBEpPCATBHHM Ta OOYHCIIIOBAIBEHO
e(eKTUBHUI METO pO3paxyHKy (ppakTaIbHUX MapaMeTpiB, SKUH BiIKpUBA€ HOBI MOKJIMBOCTI AJIST ONTHMIi3allii
MIPOLIECIB MOJICITIOBAHHS PEATbHUX CHCTEM 1 CYTTEBO ITiIBUIYE AKICTh IX aHaJi3y Ta MPOTHO3yBaHHS.

CyuacHi npukiIagHi 3a1a4i, y TOMY YHCII 1 B TalTy3i TPAHCIIOPTHUX TEXHOJOTiH, aKTUBHO PYXalOThCS B OiK
JOCITI/DKEHHSI TIPOLECiB y OaraTOBUMIPHHMX IIPOCTOpax, sKi IOB’S3aHi 13 BHUBYECHHSIM IWHAMIKM TOBEHIHKU
XaoTHYHUX cucTteM. [lomyk yHIBEpCATbHUX METONIB 1 aNrOpUTMIB PO3PAaXyHKY (paKTaIbHUX ITapaMeTpiB
MoJIeneil OaraTonapaMeTpUIHUX 00’ €KTIB Y MPOCTOpaxX MOBUTBHOT PO3MIPHOCTI, SIKi 3MIHIOIOTH CBOT BIACTHBOCTI,
HAINpPUKIaJ B Yaci, BUMAarae J01aTKOBHUX JOCIIDKEHb IS 1X y3aralbHEeHHS.

AHaii3 JiTepaTypHHX JOKepel T0Ka3as, 10 OTPHMaHi Y HUX pe3yNbTaTH BKJIIOYAIOTH PsiJi HEBUPIIICHHUX
3ama4 (pakTaIbHOTO aHalizy. BOHM crTamm OCHOBOIO Ui (OpPMYNIOBaHHS 3aBIaHb POOOTH, cepel AKHX:
KJacu(ikarlist METOIB po3paxyHKy (PpaKkTaIbHOI PO3MIPHOCTI, SIK IHCTPYMEHTY PO3B’sI3aHHS NMPAKTUYHUX 33734 Y
PI3HHX Tramy3sx HAyKd Ta TEXHIKH; IOCTIHKEHHs OOYMCIIOBANGHUX AaITOPHUTMIB MiJpaXyHKY (paKTaibHUX
napaMeTpiB 00 €KTiB, 3 TOUKH 30py MOJMJIMBOCTI iX y3arajgbHEHHS Ta BUKOPUCTAHHS, JUIS POCTOPIB AOBUILHOTO
Yyclia BUMIPiB; BH3HAUEHHS B3a€MOBILIUBY Ta B3a€MO3B’ 3Ky (pakTaIbHUX TapaMmeTpiB KBa3i(h)pakTaabHHUX i
MYyJbTU(QPAKTAIBPHAX KOMII'IOTEPHHX MOJIENed 13 TEXHOJOTIYHMMH, TEXHIYHHUMH Ta CKOHOMIYHMMHU
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XapaKTEePUCTUKAaMHU 00’ €KTIB Ta IMPOIECiB aBTOMOOUILHOI Tranmy3i. Ha 1iii oCHOBI OKpeclieHO NUISXH PO3pOOKH
€(EKTHBHOIO, B CEHCI MPaKTUYHHX pO3PaXyHKIB Ta aHaNi3y (pakTaabHUX O00’€KTiB, METOIY, OCHOBHHMU
XapaKTEPUCTUKAMHU SIKOTO € YHIBEPCAIBbHICTh Ta CTAHIAPTU30BAHICTb.

BukoHani y poOOTi JOCHIKCHHS IIOJ0 MOXKIMBOCTEH BHUKOPHCTaHHS MPOAHATI30BAHUX METO/IB
PO3paxyHKy (pakTaibHOI po3MIpHOCTI, X KiIachU]ikallis 3a BU3HAYAIbHIMH O3HAKaMH, aHaJi3 1X aJropuTMigHOT
OCHOBH, J03BOJIMIN 3pOOUTH BUCHOBOK, III0 HaOiIbII ehekTHBHUM 1 yHiBepcambauM € - Box-Counting Method.
Bin BiakpuBae MOXIIMBOCTI JUIsl MAKCUMAIBLHO 3pO3YMIIOT Bi3yalli3ailii reoMeTprYHOI CKIQIHOCTI MOJETeH Ta iX
camMooprasizauito. AJITOpPUTM METOAY AOCTAaTHbO NMPOCTUH 1 J03BOJISIE KUIBKICHO OLIHUTU PIBEHb l€papXidyHOl
BIIOPSIIKOBAHOCTI Ta XAOTUYHOCTI CTPYKTYPH JOCHIPKYBaHUX OO’ €KTIiB, SIKMM HpPSMO BIUIMBAa€ HA KOPEKTHE
BH3HAYCHHSI B3a€MO3B’S3KIB MK MapaMeTpaMu (PpakTaabHOCTI Ta TEXHOJIOTIYHHUMH BJIACTHBOCTSAMH pPEalbHUX
(hI3MYHMX SBHIIL Ta TPOLIECIB.

3anponoOHOBAaHO KOHIEMI[I0 INOJO YAOCKOHAJIEHHS HaHOIIbII YHIBEPCAIBHOIO METOAY KOpPOOOK,
OKPECIICHO IIUISIXHM PO3LIMPEHHS Ta MOTJINOJICHHS HOTO TEOPETUIHOI, METOIOIOTIYHOI, aTOPHTMIYHOI CKIaJOBHUX.
Bucynyrto igero po3paxyHKy (pakTalbHHX IapaMeTpiB Mojened 00’€KTiB y INpOCTOpax JOBLIBHOTO YHCIa
BUMIpIB IUIIXOM HENEepepBHOIO IOHIDKEHHS PO3MIPHOCTI HPOCTOpPY, B SKOMY BOHM 3HaXoIiThcA. Taka
MPOIIeAypa CX0XKa, B MPAKTUIHOMY CEHCI, 13 TMOCTYIIOBUM pO3IIapyBaHHAM 0araTOBHMIPHOTO 00’ €KTy Ha OKpeMi
mapy 3 Pi3HOK PO3MIPHICTIO, BU3HAUEHHS MapaMeTpiB (ppakTaJIbHOCTI TaKWUX IIAPIB i 3BENECHHS T€OMETPHYHHUX
JaHUX y €AMHY iHpopMauiiiHy ocHOBY. Take cBoepiqHe (pakTajbHE CKaHYBaHHS J03BOJUTH KOPUTYBATH OKpEMi
[IApH, EJIEMEHTH UM BY3JIH MOIENI JUI1 MOJAJbIIOr0 YIAOCKOHAIEHHS i1 TEXHOJOTIYHMX Ta TEXHIYHUX
BJIACTUBOCTEH.
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ENVIRONMENTAL ASPECTS OF TRANSPORT SYSTEM DEVELOPMENT: FROM CONCEPT
TO IMPLEMENTATION

The article examines the environmental aspects of developing modern transport systems, focusing on
sustainable development and the integration of eco-friendly technologies. Transportation is a major contributor to
environmental pollution, making the reduction of emissions, improvement of energy efficiency, and minimization of
climate impact critical tasks. The study aims to analyze the main approaches to creating environmentally efficient
transport systems and identify the key factors influencing their implementation.

The article provides a detailed overview of international initiatives aimed at utilizing green technologies in
transportation, including the development of electric transport, the use of renewable energy sources, the creation of
intelligent transport networks, and the promotion of cycling and pedestrian mobility. Successful project examples from
Germany, the Netherlands, China, Sweden, and Ukraine are presented, offering potential models for other countries.

Additionally, the article analyzes the economic, social, and institutional challenges encountered in the process
of implementing sustainable transport, including the lack of appropriate legislative initiatives, high costs for new
technologies, and insufficient environmental awareness among the population. Special attention is given to the
importance of cross-sectoral cooperation in achieving global decarbonization goals for transport. The article concludes
with a forecast of the future development of eco-friendly transport and suggestions for future research and practical
initiatives in this field.

Keywords: transport systems, sustainable development, green technologies, electric transport, renewable
energy sources, intelligent transport systems (ITS)

INTRODUCTION

In the modern world, the transport system is a critical component of infrastructure that ensures
mobility, supports economic activity, and creates conditions for sustainable regional development. At the
same time, transportation is one of the primary sources of anthropogenic environmental pressure. According
to the International Energy Agency (IEA), the transport sector is responsible for approximately 23% of
global carbon dioxide emissions related to energy use. The growth of automobile use, intensive fossil fuel
consumption, and the spatial expansion of urbanized areas lead to increased noise levels, air pollution,
landscape fragmentation, and the reduction of green spaces.

In response to the challenges posed by climate change and environmental degradation, there has been
a shift in the development concepts of transport systems in recent decades. Emphasis is placed not only on
the functionality and efficiency of transportation but also on the need to minimize ecological impacts,
implement sustainability principles, and integrate with the natural environment. In this context, there is a
growing need to analyze and implement ecological approaches to planning, designing, and operating
transport infrastructure.

LITERATURE REVIEW AND PROBLEM STATEMENT

The concept of greening the transport system emerges at the intersection of ecology, urban planning,
transport logistics, and systems management. The primary goal of this approach is to harmonize the
interaction between transport infrastructure and the natural environment by minimizing the negative impacts
of its operation. In academic discourse, an ecological transport system is viewed as a set of technical,
organizational, and social solutions aimed at reducing pollutant emissions, conserving natural resources,
decreasing noise pollution, and ensuring rational land use.

One of the key concepts underlying greening is sustainable transport, which, according to the
European Conference of Ministers of Transport (ECMT), ensures the accessibility of mobility without
harming the environment, public health, or the needs of future generations. This approach involves a
paradigm shift—from automobile-centric solutions to supporting eco-friendly and energy-efficient transport
modes such as public transport, cycling, and walking.

Another important concept is the eco-design of transport infrastructure, which includes principles of
environmental planning: preserving natural landscapes, integrating green spaces into transport corridors,
creating noise barriers, and using environmentally safe construction materials. Designing eco-friendly
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transport systems requires an integrated approach that involves interaction between transport policy and
policies in the areas of environmental protection, energy, land use, and health.

An essential tool in this context is Environmental Impact Assessment (EIA), which identifies potential
risks associated with the construction or reconstruction of transport infrastructure and helps develop
compensatory or preventive measures. In many countries (especially within the EU), the EIA procedure is a
mandatory stage in implementing transport projects.

Moreover, the ecological approach requires considering the life cycle of transport vehicles—from
production and operation to disposal. The life-cycle thinking concept is used to calculate the full
environmental footprint of transportation, enabling a more informed choice between alternative technologies
(e.g., electric vehicles, hydrogen transport, or biofuels).

Thus, the theoretical foundations of greening the transport system are based on a systematic,
interdisciplinary approach that combines environmental requirements with functionality, efficiency, and
social acceptability.

PURPOSE AND OBJECTIVES OF THE STUDY

The aim of this research is to analyze the environmental aspects of building modern transport systems,
with a focus on sustainable development, the implementation of innovative technologies, and reducing the
negative impact of transportation on the environment. Specifically, the study aims to identify effective
approaches for reducing emissions, improving energy efficiency, and integrating eco-friendly solutions into
transport systems.

The research objectives are as follows: to assess the current state of environmental aspects in transport
systems across different countries; to examine key technologies and innovations aimed at reducing emissions
and enhancing energy efficiency in transport; to analyze international experience and successful examples of
implementing eco-friendly technologies in transportation; to identify economic and technical barriers
hindering the widespread adoption of environmentally clean transport solutions; to evaluate the role of
government bodies and international organizations in the development of sustainable transport systems; to
explore the social factors influencing the adoption of green transport solutions, and to consider ways to
increase environmental awareness among the public; and to outline the prospects for the development of eco-
friendly transport systems and their integration into the global context of sustainable development.

RESEARCH RESULTS

In the process of greening the transport system, the implementation of innovative technologies and
practical tools plays a crucial role in ensuring the reduction of emissions, improving energy efficiency, and
minimizing the overall environmental footprint of transport. Among these, key technologies include
alternative energy sources, intelligent transport systems, environmental monitoring, and digital platforms for
optimizing transportation.

Alternative Energy Sources

One of the main directions is the transition to environmentally friendly fuels. The most widespread
today are: electric transport, which generates no local emissions and has a high efficiency coefficient,
hydrogen technologies, providing long-range autonomous operation with no CO, emissions, next-
generation biofuels, renewable resources with a smaller carbon footprint compared to traditional fuels, these
energy sources not only reduce the environmental burden but also promote energy decentralization, which is
essential for ecologically vulnerable regions.

To clearly demonstrate the advantages of transitioning to electric transportation, let us examine the
change in CO, emissions per kilometer traveled. Figure 1 presents a comparison of emissions from internal
combustion engine (ICE) vehicles and electric vehicles.

As shown in the graph, the average emissions from ICE vehicles are approximately 180 g/km, whereas
electric vehicles, considering the average emissions from electricity generation, produce only around 40
g/km. This indicates a reduction in emissions by nearly a factor of 4.5 when switching to electric propulsion.
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Figure 1 — Reduction of CO, emissions when transitioning from internal combustion engines (ICE)
to electric transportation.

Such a reduction is of critical importance for large cities, where the density of traffic flows is high, and
the issue of air pollution becomes particularly acute. The adoption of electric transportation not only reduces
greenhouse gas emissions but also enhances the quality of life for residents, lowers healthcare costs, and aids
in ecological restoration.

These energy sources not only alleviate pressure on the atmosphere but also promote the
decentralization of energy systems, which is crucial for ecologically vulnerable regions.

Intelligent Transport Systems (ITS)

Intelligent transport systems optimize traffic flows, reduce congestion, save fuel, and improve the
environmental situation in cities. The key components of ITS are: adaptive traffic control systems, digital
platforms for monitoring road and air quality, GPS and big data technologies for predicting traffic load and
optimizing transport routing, information systems are also actively used in logistics to create routes with
minimal CO, emissions—so-called green routes.

Environmental Monitoring Systems

Effective transport system management is impossible without the systematic collection and analysis of
environmental data. Environmental monitoring tools include: stationary air quality monitoring stations,
mobile sensor platforms on vehicles, drones for collecting environmental information from hard-to-reach
areas, decisions on adjusting traffic patterns and restricting vehicle access to high-pollution zones (e.g., Low
Emission Zones in Europe) are based on this data.

Urban Solutions

Modern environmental transport policy focuses on integrating transport with the urban environment.
These solutions include: infrastructure development for cycling and walking, multimodal transport
development, use of environmentally safe materials in the construction of roads, stations, and bus stops.

Along with technical solutions, citizens' transport behavior is also changing under the influence of new
environmental norms and digital services that simplify the choice of eco-friendly mobility options.

DISCUSSION OF RESEARCH RESULTS

Real-World Examples of Environmentally-Oriented Transport Solutions

At the global level, an increasing number of countries are incorporating environmentally sustainable
approaches into their transport policies. These practices illustrate that sustainable transport development can
successfully integrate functionality, energy efficiency, and environmental stewardship. The following section
highlights emblematic examples of “green" transport initiatives that have set a benchmark for eco-conscious
mobility.

Germany: Green Transport Transformation

Germany is at the forefront of implementing strategies aimed at decarbonizing its transport sector. The
Klimaschutzprogramm 2030 outlines ambitious measures focused on sustainable mobility, including: large-
scale promotion of electric vehicles (targeting 15 million EVs by 2030); expansion of cycling infrastructure,
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notably through high-speed bicycle highways (e.g., Radschnellweg); significant investment in the
electrification and modernization of railway networks.

In addition, several cities—such as Darmstadt—have piloted initiatives offering free public transport
during peak hours, aimed at reducing reliance on private vehicles.

The Netherlands: Europe’s Cycling Capital

Amsterdam and Utrecht serve as prime examples of successful integration of cycling into urban
mobility systems. Key components of their approach include: over 500 km of dedicated cycling lanes;
automated bicycle parking facilities; traffic signal prioritization for cyclists; active public engagement in
transport planning.

Such measures have substantially alleviated road congestion and improved urban air quality.

China: Electrification of Urban Buses

China has demonstrated a large-scale shift toward electric public transport, particularly in Shenzhen,
which became the first metropolis to transition its entire fleet of over 16,000 buses to electric power. This
achievement is supported by: ongoing expansion of charging infrastructure; substantial investment in the
development of advanced battery technologies.

This case exemplifies the feasibility of a full-scale transition to electric mobility within the public
sector.

Sweden: The “15-Minute City” Concept

Stockholm is actively implementing the “l15-minute city” model, an urban planning concept that
ensures residents can access essential services within 15 minutes on foot or by bicycle. This model: reduces
dependence on private vehicles; promotes decarbonization of the urban environment; enhances overall
quality of life by fostering environmental and social balance.

Ukraine: Initial Steps Towards Sustainable Transport

Although Ukraine is only beginning to establish a systematic framework for green transport, several
promising initiatives are already underway: introduction of electric buses in Kyiv, Lviv, and Dnipro;
development of mobile applications for public transport planning; construction of cycling infrastructure in
cities such as Poltava and Ivano-Frankivsk; implementation of smart traffic light systems.

These examples highlight the potential for adapting European best practices within the national
context and advancing the ecological modernization of Ukraine’s transport system.

RESEARCH RESULTS

Challenges and Opportunities in the Ecological Transformation of Transport Systems

Despite the numerous advantages of transitioning toward environmentally sustainable transport
systems, this transformation entails a range of significant challenges. However, these challenges also open
avenues for innovation, cross-sectoral collaboration, and a strategic rethinking of mobility approaches.

Institutional and Regulatory Barriers

In many countries, including Ukraine, the absence of a unified strategy or clearly defined regulatory
frameworks for green mobility hinders the transition toward sustainable transport. Specific issues include: a
lack of legislative incentives for manufacturers and users of electric vehicles; fragmentation in the
implementation of emission standards; limited authority and resources at the local government level to
implement innovative transport solutions.

Economic Challenges

The shift to environmentally friendly transport requires substantial financial investment in:
infrastructure modernization; construction of charging stations; procurement of eco-efficient vehicles. high
initial costs frequently act as a barrier to implementation, particularly under conditions of constrained public
budgets or economic instability.

Technological Complexity and Uneven Access to Innovation

Access to advanced transport technologies remains unequal across regions. For instance: rural areas
often face logistical difficulties in establishing charging infrastructure; larger urban centers benefit from
greater levels of digitalization, enabling the use of Intelligent Transport Systems (ITS); transport models that
succeed in one national context may not be directly transferable to others with differing socioeconomic
realities.

Public Perception and Behavioral Factors

Even the most advanced technological solutions may lose their effectiveness if human behavior is not
adequately addressed. Key issues include: persistent dependence on private vehicles; public distrust of new
transport modes (e.g., e-scooters or electric buses); low levels of environmental awareness among the
population.
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Hence, it is essential to carry out public awareness campaigns, implement educational initiatives, and
actively engage communities in shaping transport policies.

Future Prospects

Despite the existing challenges, the development of environmentally sustainable transport systems
offers considerable long-term prospects: expansion of national and international funding mechanisms, such
as the European Green Deal, Horizon Europe, the World Bank, and the European Bank for Reconstruction
and Development, which collectively provide financial impetus for green mobility initiatives, rapid
technological advancements, including the decreasing cost of battery technologies, the emergence of
alternative eco-friendly fuels, and the evolution of smart infrastructure capable of supporting intelligent
transport systems, a global shift towards decarbonization, reinforced by the commitments made under the
Paris Climate Agreement, which continues to shape transport policies and investment strategies worldwide,
changing generational values and cultural mobility patterns, particularly evident in large metropolitan areas,
where younger populations increasingly favour walking, shared transport modes, and micromobility
solutions over conventional car ownership.

In this context, it is essential not merely to respond to current challenges, but to actively shape a new
mobility culture—one that is attuned to both environmental imperatives and the evolving social expectations
of future generations.

CONCLUSIONS

The integration of environmental considerations into the design and development of transport systems
is a vital component of sustainable development policy. Efforts aimed at reducing harmful emissions,
enhancing energy efficiency, and improving the quality of urban life through innovative technological
solutions have already demonstrated significant progress in many regions of the world.

However, the ecological transformation of transport infrastructure remains a complex and
multidimensional challenge. Financial constraints, technological disparities, regulatory gaps, and socio-
behavioral barriers continue to hinder the rapid transition to sustainable mobility. Overcoming these
obstacles requires not only targeted investments but also systemic reforms and long-term strategic planning.

A key factor in achieving success is the effective collaboration between public authorities, private
sector actors, and local communities. Their coordinated efforts can ensure the implementation of
environmentally sound solutions that are economically viable and socially inclusive.

Among the most promising directions for future development are: the widespread adoption of electric
transport, contributing to substantial reductions in greenhouse gas emissions; the deployment of intelligent
transport systems (ITS) to optimize traffic flows and minimize environmental impact; the expansion of
pedestrian and cycling infrastructure, promoting low-impact modes of transportation.

Additionally, further innovation in clean energy technologies and increased international cooperation
on regulatory harmonization will facilitate the global diffusion of sustainable transport practices.

Ultimately, the ecological modernization of transport systems is not only an environmental imperative
but also a driver of broader societal transformation. By reshaping mobility patterns and fostering
environmental awareness, such changes contribute to building more resilient, livable, and future-oriented
cities.
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Cepeoa b.Il., Mykoecvka /J.A., 31w3in €.Il., Open B.I. Exonaoriuni acnektu mno0yaoBu
TPAHCMOPTHOI CHCTEMM: Bif ifei 1o peasizamii

VY cTarTi po3rsAAAlOTHCS EKONOTIYHI aCeKTH MO0y JOBU CyYacHHUX TPAHCIOPTHUX CHUCTEM 3 acleKTOM
Ha CTaJMii PO3BUTOK Ta IHTETPALil0 EKOJIOTIYHO YHUCTHX TEXHONOriHd. TpaHCHOPT € ONHIEI0 3 OCHOBHHX
NPUYUH 3a0pyJHEHHS HaBKOJIUIIHBOTO CEPEIOBHIIA, TOMY BayKIIMBHMH 3aBIAHHAMH € CKOPOUCHHS BUKH/IIB,
MiBUIICHHS eHeproeeKTUBHOCTI Ta MiHIMi3alis BIUIMBY Ha KiiMar. METO MOCHIKeHHS € aHai3
OCHOBHHUX IiAXOJIB /O CTBOPEHHS EKOJIOTIYHO e(EeKTUBHUX TPAHCIOPTHUX CHCTEM Ta BU3HAUCHHS
KJIFOYOBUX YMHHUKIB, 10 BIUTUBAIOTH HA iX BIPOBAKCHHS.

VY craTTi AeTanbHO PO3TIISIAIOTHECS MIXHAPOIHI iHINIATHBY, CIPSIMOBAHI HAa BUKOPHUCTAHHS 3EICHUX
TEXHOJIOTI y TPaHCHOPTi, 30KpeMa PO3BUTOK €JIEKTPHUYHOTO TPAHCIOPTY, 3aCTOCYBaHHS BiJIHOBIIOBAHHX
JDKEpesd €Heprii, CTBOPCHHS I1HTENEKTyalbHHX TPAHCHOPTHUX MEpPEX Ta MiATPUMKA BEIOCHUIIETHOI Ta
mimoxigaoi MobinmeHOCTI. HaBeneno mpukianu ycmimenx mpoektiB y Himewuwni, Higepmanmax, Kwurai,
[IBenii Ta Ykpaini, 110 MOKYTh CIYT'YBaTH MOJEIISIMH JUIS 1HIIUX KpaiH.

Takok aHaMi3yIOTbCS €KOHOMIUHI, COIialibHI Ta 1HCTUTYIiHHI MPOOJIeMH, SIKi BUHUKAIOTh y Mpoleci
BIIPOBA/KEHHS CTaJOr0 TPAHCIOPTY, BKIIOYAOYM BiJICYTHICTH BIATOBIAHMX 3aKOHOJABUYUX IHIIIATHB,
BHCOKI BUTPATH Ha HOBI TEXHOJIOTil Ta HEJIOCTATHIO €KOJIOTIYHY CBiZOMICTh HaceneHHs. OcoOiwBa yBara
MPUIIISETECS BaXIUBOCTI MIKCEKTOPaJIbHOI CHIBHOpami Ui JOCATHEHHS ThoOampHHX Iied y cdepi
nekapOoHizarii TpaHcmopty. CTaTTs 3aBEpUIYETHCS IMPOTHO30M IOJAIBIIONO PO3BHTKY EKOJOTIYHOIO
TPaAHCIIOPTY Ta MPOTIO3HIISIMA IIOA0 MaiOyTHIX TOCIiPKEeHb 1 MPaKTUYHMX 1HIMIATUB Y il cdepi.

KuarouoBi cjioBa: TpaHCIOPTHI CHUCTEMH, CTallMii PO3BHTOK, 3€JICHI TEXHOJOTIi, eJIeKTPUIHUN
TPaHCHOPT, BiIHOBIIOBaHI JpKepena eHeprii, po3yMHi TpancnoptHi cuctemu (ITS)
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INCREASING THE EFFICIENCY OF TRANSPORT BY OPTIMISING THE MANAGEMENT
STRUCTURE OF COMPLEX LOGISTICS SCHEMES

A mathematical toolkit for modeling transportation processes under dynamic changes and conditions of
uncertainty in the external environment has been developed. The informational analysis and synthesis of processes
occurring in complex transportation and logistics systems, characterized by multifunctionality and a variety of
structural relationship options, are presented. A classification of the main directions for integrating new information
technologies into the management structure of complex transportation logistics systems has been proposed. The
purpose and description of the structural components of the classification scheme provide a deeper understanding of
their role in the overall system of integrated transportation logistics management. The modeling of management
efficiency for transportation and logistics schemes has been performed, focusing on the distribution of cargo flows,
volumes, routes, directions, and timing, depending on the dynamics of external stimuli and internal resource
constraints, taking their uncertainty into account using sequential analysis and Markov chains. Mathematical models
for optimizing transportation processes within complex logical schemes are considered. The ways and prospects for
increasing the efficiency of multimodal transportation logistics schemes are outlined. Practical recommendations for
applying specific mathematical models to complex transportation logistics systems are provided. It is shown that
solving optimization problems for the management structure of complex logistics systems is most effectively achieved
using structural and functional modeling based on quantitative and qualitative results with the help of computer
models and algorithms. The optimization of the management structure of complex logistics systems aims to identify
the most rational use of available resources to achieve predefined goals. This is its fundamental difference from
traditional models and optimization problems under uncertainty and a lack of input information, where the
enumeration of options is infinite. In contrast, the number of possible management options is strictly finite in the
optimization of complex logistics management structures.

Keywords: optimization, modeling, transportation, logistics, management.

RELEVANCE OF THE TOPIC

Transport logistics is a supply chain and a strategic business guideline that allows you to adapt cargo
delivery schedules to eliminate peak periods, respond to road conditions, etc. By actively identifying
recurring problems, you can solve deep-seated issues and improve the quality of transportation [1]. The
logistics management framework is a computer software system used to coordinate and organise logistics
operations related to cargo tracking, inventory management, transportation and order processing [2].
Logistics management systems can increase the efficiency of transport companies, reducing logistics costs
and increasing customer satisfaction [3, 4].

With a competent approach, transport logistics can be turned into a strategic initiative, the advantages
of which are crucial for increasing profits and service transport logistics services. Services for the movement
of goods play a large role not only within one state but also in international trade, especially in the conditions
of division of labour and the growth of international economic relations. According to forecasts,
approximately one-third of all world production produced over the next few years will be part of the
international trade cycle.

Increasing freight volumes requires coordination in infrastructure facilities, ports, shipowners,
railways, road and air transport. The effectiveness of freight management in transport logistics is determined
by understanding the patterns of operation and optimising real processes, taking into account uncertainty [5].
The goal of the logistics approach is end-to-end management of material flows.

Transportation optimisation is the selection of the best alternative from a set of possible options in
terms of the accepted optimality criterion and certain restrictions. Route optimisation is carried out with the
mandatory inclusion of current routes, bottlenecks, detours, transport windows and traffic jams. Optimisation
of packaging and loading processes is carried out by taking into account weight distribution, product type,
and delivery sequence. Optimisation of the management structure of complex logistics schemes sets as its
ultimate goal the organisation of cargo transportation and tracking of cargo along the route, which allows for
more accurate planning and coordination of deliveries. In general, optimisation of transport logistics
contributes to reducing financial costs, saving time, and improving the quality of service.

Modern logistics systems operate on transport and technological complexes consisting of vehicles,
unloading and loading points, cargo movement routes. Optimization of such costs is determined by the
characteristics of different types of transport [6].
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For short-distance transportation, road transport is used, one of the advantages of which is high
maneuverability and the ability to deliver cargo in small batches. Road logistics transportation is
characterized by high speed, low investment, high flexibility, ease of adaptation to local conditions and does
not require large infrastructure [7, 8]. Optimization of spatial layout nodes of the logical supply chain in the
automotive industrial park is presented in [9]. The environmental component of automotive logistics is
presented in [10]. The Vietnamese company Vietnam Presion Industry Company for the production of auto
parts in [11] carried out work on minimizing transport costs by optimizing minimum distances for moving
materials. The issue of optimizing the management structure of complex logistics schemes in road
transportation is given close attention in world practice.

The essence of railway logistics is the organization of transportation using vehicles and infrastructure,
planning, coordination and control of all stages of transportation and provision. Railway logistics
management is a set of measures and actions aimed at coordinating and controlling all stages of
transportation, ensuring the safety and efficiency of train traffic. In this case, delivery routes are optimized,
special wagon designs, technological tools and software are used [12]. The model for optimizing a
sustainable supply network in railway construction is presented in [13]. Optimization of the railway logistics
management structure is a reliable means of increasing the efficiency of transport.

An important element of world logistics is maritime transportation, which provides global coverage of
most countries in the world. More than 10 billion tons of various cargo are transported by sea vessels
annually. Maritime logistics systems, in addition to sea transportation, also include warehousing of goods in
ports, as well as distribution of cargo flows. Often, maritime transportation is part of multimodal delivery
along complex routes, which also includes transportation by other modes of transport [14]. The peculiarity of
maritime logistics is that it does not depend on the availability of roads and has significant flexibility in
choosing routes. In addition, sea vessels are more reliable than other modes of transport, and container
transportation by sea is considered a reliable means of preserving cargo. However, when implemented, they
require additional transport to deliver cargo to a ship or to seaports, including insurance against loss of cargo
due to shipwreck, fire, piracy. In addition, the impact of external environmental fluctuations is characterized
by situations of uncertainty and risk, which significantly change the state of maritime transportation and the
achievement of the final target functions of transportation. [15] describes the results of ship accident
prediction using a complex regional logistics transport system and the use of sequential analysis and
exponential approximation. [16] proposes a scheme for multimodal maritime transportation with low
logistics costs by optimizing the distribution of transport resources while ensuring the minimization of
carbon emissions. Optimization of maritime logistics is directly related to the safety and delivery times of
cargo to its destination.

Awviation logistics is an integral part of the modern global logistics system along with other modes of
transport. The main driving force of its development is the trend towards globalization, which creates a
demand for fast, reliable and safe deliveries. Compared to other types of transportation, air transportation is
distinguished by the speed of delivery, the possibility of complex routes, and the preservation of perishable
goods. Logistics management of air transportation using intelligent data analysis, various metrics, and
multilayer perceptron algorithms for data balancing is presented in [17]. Aviation logistics is aimed at the
globalization of transport and the widespread use of artificial intelligence.

The problems of organizing transport logistics are related to loading, routing, and empty mileage.
Violations of the rhythm of receipts and dispatches of goods caused by shortcomings in the transport and
transshipment process management system, shortcomings in the processing capacities and capacities of
seaports, the presence of sections of road routes that differ in the quality of coverage, throughput, permissible
speed and periodically arising traffic jams, as well as shortcomings in the scientific and methodological basis
for the selection and calculation of the main parameters of complex logical schemes do not allow the
implementation of logistics chains for the movement of goods that meet to the criteria of service quality.
Therefore, optimization of the structure of management of technological operations of complex logistics
systems and their routes is becoming relevant. For this purpose, technologies and tools of mathematical
modeling are used. A necessary condition for increasing the efficiency of transport using logistics is the
widespread implementation of mathematical methods that allow finding rational and logical arguments when
making management decisions to substantiate them.

PROBLEM STATEMENT

Transport modelling is divided into analytical and simulation. Analytical modelling is based on exact
solutions, simplifications, and established laws, which have limited application in uncertain conditions. One
of the ways to increase the efficiency of freight transportation management in conditions of uncertainty and
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risk is the creation of simulation models. Simulation modelling is designed to simultaneously take into
account all relevant factors and, limitations, and trends of the dynamic series, predict properties and
behaviour in different situations, making adequate management decisions on this basis. The methods used in
this case allow you to quickly change the management structure and choose the most optimal option [18-20].
A well-developed simulation modelling methodology is equally acceptable for managing the transport
logistics of one specific type of transport, although, in practice, cargo delivery to the consumer is carried out
by several types of transport.

The problems of solving management tasks under conditions of uncertainty of environmental impact
are determined both by the large dimension of the management influences and the dimension of the
constraint systems. Existing methods, models, and algorithms for solving similar classes of optimization
problems do not allow for the full overcoming of these difficulties; therefore, it is necessary to develop new
approaches and mathematical models of intellectual support suitable for transport logistics. The purpose of
the work is to create a mathematical toolkit for modeling complex integrated transportation, which describes
and records the properties of the state of freight transportation and its constituent elements in the dynamics of
their changes.

The tasks of the work are:

- analysis and synthesis of mathematical models of transport management,

- classification of information technologies of transport logistics of complex systems,

- synchronization of computational and information processes,

- modeling of the efficiency of transport and logistics schemes.

MATERIALS AND METHODS

The materials of the work were technical features of transport, multimodal delivery of goods along
complex routes, modern logical schemes.

Methods used in the work: statistical, deterministic, probabilistic, stochastic, discrete, dynamic,
continuous.

PRESENTATION OF THE MAIN MATERIAL

The modern transport logistics market is a competitive environment, the management efficiency of
which requires the implementation of new digital tools and methods based on the use of advanced
information technologies, models and algorithms that allow for the support of making informed management
decisions.

The integration of new information technologies into the practice of managing complex transport
logistics schemes is presented in Fig. 1.

Digitalisation Electronic transport platforms

Robotics Artificial intelligence Computational models

NEW TRANSPORT LOGISTICS TECHNOLOGIES

Software control Logistics Routing algorithms
automation

Outdoor surveillance systems Interactive software

Fig. 1. Classification of new information technologies in transport logistics

The purpose and description of the structural components of the proposed classification allows for a
deeper understanding of their role in the overall system of integrated transport logistics management.

Digitalization is a key factor in transport logistics systems for processing and analyzing data that are
included in intelligent systems for managing and tracking cargo at all stages of its movement. The use of
digitalization in intelligent management systems requires logistics companies to respond quickly to their
decisions [21]. Therefore, many optimization processes are related to the level of operational management.
Coordination of operational strategic decisions on logistics management is described in [22]. In [23]
describes a method for optimizing transport logistics resources based on a digital twin in an intelligent cloud
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environment. The method is based on optimizing and building a cloud resource change aimed at minimizing
the number of vehicles.

Electronic transport platforms for digital logistics provide acceleration of document flow. The
preparation of paper documentation on delivery and cargo clearance accounts for 10-15% of transport costs.
With the help of properly structured data, new routes can be found [24, 25].

Robotization is a promising trend in digital logistics that automates the inventory process in
warehouses, which reduces operating costs.

Artificial intelligence in transport logistics is manifested through the Internet of Things in
transport (IoT), to create containers and packaging, which facilitates tracking of goods and fixing possible
delays in transit. At its core, it is based on digital supply chains (DSC) and information and communication
support [26]. The use of Internet of Things technology to optimize the quality of supply management of the
logistics system, tracking trends and predicting possible accidents is described in [27]. Supply chain
optimization based on (loT) allows you to improve the quality of information transmission and reduce the
risk of its asymmetry.

Computational models of logistics processes are a reflection of the logistics system for studying its
properties and possible behavior options. The results of the model study should reveal the properties of the
system that are not reflected and embedded in the source material.

Software control in the form of application programs for solving linear programming problems and
optimizing high-dimensional systems ILOG is implemented in the logistics model of vertically integrated
transport companies.

External surveillance systems, geoinformation schemes and geopositioning devices allow for the
integration of warning systems into logistics, control the location of vehicles and RFID cargo radio
frequency coding systems.

Interactive software in transport logistics allows for the automatic distribution of tasks between
performers and the development of the least expensive routes. The information base contains:

- documentation formation,

- general route status,

- cargo movement dynamics,

- control functions.

Interactive software allows for consolidated transportation, combining several orders for different
clients in one trip. Interactive monitoring programs are adapted to work in different countries.

Logistics automation consists in automatically arranging locations in the desired sequence and
choosing the shortest route. This reduces the risk of errors, reduces travel time, and makes it possible to
fulfill large orders.

Routing algorithms in logistics allow processing the flow of incoming information, planning and
compiling routes, coordination, cost accounting, optimal distribution of load, parking spaces, temporary
traffic jams, etc.

A synthesis of mathematical models of intelligent support for transport logistics is presented in Fig. 2.

Statistical models Deterministic Probabilistic
models models
Stochastic Discrete Dynamic models Continuous
models models models
| | | |

MATHEMATICAL MODELS OF INTELLECTUAL SUPPORT OF
TRANSPORT LOGISTICS

Fig. 2. Synthesis of mathematical models of intellectual support of transport logistics

Statistical processing of logistics information is intended for operational improvement of business
efficiency by optimizing logistics costs for transportation operations. Statistical models require the
availability of data for a long period of time when used [28, 29]. Their practical implementation under
uncertainty consists in creating simulation-statistical models based on repeated reproduction of processes
that are implementations of random variables with subsequent processing of information by methods of
mathematical statistics.
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Deterministic models are based on the assumptions that the initial information about the system
parameters is uniquely described by the corresponding equations that have a single solution. A variety of
such modeling is analytical representations of the freight transportation process. Deterministic models are
used in the analysis of specific scenarios that occurred in both past and future events. In the context of
uncertainty of external disturbances, deterministic models are not effective enough.

The use of probabilistic models assumes that part of the initial information is deterministic, and the
other part is replaced by statistical characteristics of random variables and functions. Probabilistic models
allow us to take into account random and unpredictable factors that exist in real life. In transport logistics,
this is the density of traffic on highways, the probability of accidents, downtime due to weather conditions on
the highway, etc. Models of this type allow us to predict oncoming and passing flows of freight traffic,
optimize vehicle routes, and coordinate the actions of participants [30]. This is especially relevant in the
context of the accelerated development of global transport networks and the growth of transportation
volumes. It is promising to link together the formalization of the risks of not achieving the main goal of
transportation with probabilistic models of local states of transport systems and implementation scenarios.
Such a model will allow us to describe the probable states of the transport system based on statistical data.
Stochastic models are built on the basis of probabilistic concepts. They are based on the determination of the
probability distribution function of the variables underlying the studied process and random unforeseen
excitations from the external excitation. They preserve the logical structure and sequence of alternation of
stages of cargo passage along the route. When using them, there is no need to establish statistical
dependencies of the sought-after quantities. Optimization of stochastic management of transport logistics
using the separation of transitions of Markov processes, Monte Carlo methods, cause-and-effect structures is
presented in [31].

Dynamic models reflect the interactions of the stages of cargo movement along the route. Their feature
is external and functional similarity. The factors analyzed in dynamic models include the speed on the route,
the time of forced delays on the road, changes in the duration and speed regime of passing individual
difficult sections, and the time of reloading to other types of transport. Various subsystems of transport
logistics can be in both static and dynamic states. The transition from one state to another is carried out using
transition functions. The model of dynamic planning of decisions on supply chain optimization in the
Chinese automotive industry is described in [9]. Dynamic models that reproduce the information field for
optimizing the organization of grain transportation are described in [12].

Discrete mathematical models are based on the study of the behavior and functionality of the transport
system over time. In this state of the transport system, only the moments of events change, and between these
states the system changes.

The model operates only at discrete time intervals in anticipation of subsequent events in the course of
the analyzed transport process. Such factors in the transport logistics of complex complex movements by
various modes of transport include the moments of loading on the transport, the moments of unloading,
warehousing, clearance and customs clearance [19]. The prospects of this type of models for transport
logistics lie in taking into account the uncertainty and risk caused by possible extreme situations during the
operation of vehicles. System calculation methods with elements of discrete mathematics and graph theory
allow describing the state of the transport system.

Continuous mathematical models are used for continuous monitoring of transport systems that change
in time, exerting operational influences on the management system. The implementation of models is carried
out in terms of derived variables using differential equations [8]. In transport logistics, they can be used for
various types of transport and complex schemes, observing the fast-moving processes of preservation of
perishable goods, temperature, humidity and deformation processes of movement.

A summary of information support for the application of mathematical models for transport logistics
of complex schemes is presented in Table 1.

Table 1 — Adaptation of mathematical models to complex transport logistics schemes
Statistical Determin- Probabilistic Dynamic Discrete Continuous Stochastic
models istic models models models models models models
Optimiza-
S < tion of Accounting for Observation Distribution
o S - Formulas, External and | System state -
= = | logical costs random and . A of cargo functions of
5 S laws, equa- . functional in discrete : g
Q@ for . unpredictable S L handling probabilistic
£ . tions similarities | time intervals .
& operational factors processes variables
activities
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5 Statistical Analytics of Probabilistic . Accounting Integral and
= character- transporta- . Interaction : . . Random
T . . modeling of for risks and differential .
e istics of tion and of cargo . fluctuations of
%) . local states of extreme en- | equations of
= functions transporta- movement : . the external
c . . transport pro- vironmental | fast-moving .
< and pro- tion condi- elements : . environment
= . cesses interactions processes
cesses tions
Accounting -
Study of pos- Develop for uncer- Information Logistic
; . ment of . structures for
% . Use of ro- sible scenarios - tainty and support of .
© Use in the S routing 7 . constructing
@ - botics in for the . risk in the technologi- -
F automation . algorithms . multifunc-
3 " transport implementa- operation of | cal processes .
= of logistics o . for complex . . tional plans
o logistics tion of extreme - vehicles in of cargo
I logistics . along complex
situations emergency handling
schemes modes routes

When modeling complex transport logistics systems, a combination of deterministic, analytical,
probabilistic, stochastic and simulation-statistical methods should be used that reflect multifactorial non-
stationary control processes through the reproduction of transitions from one state to another in accordance
with operational rules. Such modeling is a technically difficult to implement complex task of managing
technical systems characterized by multifunctionality and diversity of the structure of relations. In addition to
the synthesis of mathematical models, its solution and implementation require sequential analysis in control
systems of variable processes under conditions of uncertainty [30].

The real process of moving vehicles in structural-functional modeling corresponds to a sequential
transition from one state to another. Cargo transportation systems in multimodal transportation include
transshipment, and sometimes processing of cargo along the way in transport nodes, stations, terminals. The
peculiarities of modeling such systems are in building a sequence of transport operations that are used during
cargo service.

Optimization of the management structure of complex logistics schemes sets itself the goal of finding
the most rational options for using available resources aimed at achieving the intended goals. This is its
fundamental difference from traditional models and optimization tasks in conditions of uncertainty and lack
of input information, where the search for options is infinite and only some ordering in estimates, criteria and
convolutions is required. Such criteria can be the statistical criteria of Laplace, Wald, Savage, Hurwitz, as
well as additive and multiplicative convolutions.

In the task of optimizing the management structure of complex logistics schemes, the number of
possible management options is strictly unique and only one that satisfies the available resources needs to be
found. Such a task has a unique solution, which can be achieved by a consistent analysis of complex
management systems.

The mathematical description of the management of complex transport logistics schemes should begin
with the establishment of the main tasks to be solved: the organization of transportation and their
implementation.

In the organization of transportation, the information components will be:

- construction of a network organizational structure,

- specification of the passage of stages,

- establishment of controlled subsystems,

- determination of functional relationships between subsystems,

- coordination of interactions with subsystems,

- formation of a management model.

In the direct implementation of transportation, the information components will be:

- number of system components,

- number of discrete states,

- number of transitions of system states,

- transition probabilities,

- number of steps in the transition of the system from one state to another.

To build a network organizational structure, we will introduce the following notations. Let us denote
by M the total number of control subsystems: types of transport, transportation conditions, resource
constraints, speed and delivery time, etc., by U the set of options for solving control problems, and by V" the
set of possible control alternatives. Then, according to the information analysis of the available input data,
the process of modeling complex transport logistics systems will have the form [30].
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szpj(lj)}; J=LN" 1,=15; Nn=1i[3i

where i — number of control subsystems i = 1,M; j — number of stages of the route; n — number of
possible options for routes between control points; | — is the number of possible implementations of the
management system; S — is the number of organisational measures.

The quantitative characteristics of these values are limited by available resources.

Reliability indicator of the selected system option v € V" cognitively through p(v), then 0 < p(v) < 1.
The technical and economic characteristics of this option are denoted by gi(v), gi(v) > 0. The quantitative
values of these characteristics in the overall spectrum of tasks are determined by limiting constraints and
resources. The available resource level of the selected control option for the j-th system characteristic, which,
according to the accepted notation, represents the number of stages of the route, is denoted by g;*. This
parameter is characterised by its minimum and maximum permissible values, which is indicated by the
indices i = 1,n, n < N for the upper level and i = n+1,N for the lower level.

Taking into account the introduced notations, the general mathematical model of the processes of
managing complex logistics schemes of transport will look like:

p(v) - max ;
gi(V)Sgi*1 i:]ﬁ;
g,(v)<g,, i=n+LN;

M
V=V Ve V) eV =T U,
j=1

Here p, g; functions of a discrete argument.

The multiplicative reliability function is called a sequential system, i.e., a system in which the failure
of any subsystem k leads to the failure of the entire system. In this case, partial failures do not affect each
other. In this case.

IO(V)=H pi(vy)

This means that to ensure the reliability of logistics systems, it is necessary to choose a management
alternative v;" € V" in such a way as to ensure the successful completion of all tasks assigned to the system
with probabilities of failure not less than the specified levels p,, k = 1,n.

With this in mind, the mathematical model is transformed as follows

p(v) :ﬂ pj(Vj(m)_’ max ;

M . o
pk(V)zl_[pj(Vjuj))Z P, k=1r,
Jely

M * -
gi(v):Hgij(Vj(lj))Sgi’ I=1n;
j-1
V= (Ve Ve Vy ) €V ZIM[U].
j=1

In the direct implementation of the transportation process, the information component is a dynamic
process of changing the states of transport systems. The real process of moving goods along a route in the
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model of managing complex transport logistics schemes corresponds to a discrete time transition, which is
defined as a Markov process. In this process, the current state of the cargo along the route does not depend
on past states, cataclysms and histories of the cargo being located at the point of the route under
consideration.

When modeling complex logistics schemes of transport, an important aspect is to establish the
interactions of the model components and transport transitions. Events are considered as the state of the
transport system, and the transportation itself is a change in the system over time.

Transition probabilities P; do not depend on the moment of time, but only on j and i and are
represented as a transition matrix P [31].

I:)11 P12--- Pln
P= P21 Pzz-'- P2n
Pﬂl Pn2"' Pnn

where 0<P;<1,%"; P;=1

The Markov chain is assumed to be homogeneous since the transition probability P; systems from the
state of i in a state of j does not depend on the vehicle location number on the route Pji(n).

Probability P;i(n) can be found using the Markov inequality

P;(n)=> P(m)P(n—m)

where m — the number of steps by which the logistics system moves from a state i into a state of j.

Any condition S; can be reached from another state in a finite number of transitions. The probability of
moving from one state to another is the same regardless of the number of intermediate states that must be
passed through to reach the goal.

Conditional probability P;(S) does not depend on the current state, i.e.

Pji (S) = Pji

where i —the number of the previous state,

j — the number of the nastupnogo stanu,

n — number of system components,

The transition probabilities can be represented by the following equations

P(Xo = S) = qO(S)vSEE

where V — quantum of comprehensiveness,

S — discrete states,

go — the probability of finding the system at a given time t, = 0,

Xo— point of reference,

E — the number of possible system states.

The probability of the system passing through the stages of the route is expressed as follows
P(x

S Xn = Sn) = P(Sn ! Sn+1)v(sn+l’ Sn)

nel = “n+l |
Transitions are possible only at points in time corresponding to the route points. By multiplying the
row vector of the transition matrix P by the transition probability matrix, we obtain the probability
distribution at a certain point of the route.
The complex use of intellectual support for organizational activities and transportation processes

themselves in the form of structural and functional modeling is presented in Fig. 3.
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MATHEMATICAL MANAGEMENT TOOLS

TRANSPORT LOGISTICS
v v
Organisation of Performing transport operations
transport
v v v v
Building a network Formalisation of the tasks Building an information
organisational structure to be solved system
A A
Selection of Building Data Synthesis of
subsystems and interaction mining management
controls schemes models
A\ 4
Inventory Intelligent support Integration of new
> of available for transport logistics information <
resources technologies
Routing algorithms / \ Processing of incoming
information
v v v v
Optimal Planning Setting weighting Determining
load distribution and mapping routes factors conditional
probabilities
v v v v
Accounting for expenses Formation of a transient
probability matrix
v v
Setting reliability Computerised data Determination of state
levels i processing l probabilities
v
Coordination of controlling
influences
v
Visualisation of information <
v
Analysing solutions
v
Identification of results

Fig. 3. Structural and functional sequence of complex logistics systems management

The essence of information analysis of processes occurring in transport and logistics systems is to
collect the necessary information, exchange it with subsystems, analyze and process its use. The task of
information synthesis includes substantiation of the necessary volume and forms of information presentation,
methods and means of its processing, inventory and storage. Both of these areas of study are an effective
means of building and researching transport logistics information systems.

The main determining factor in the analysis of a problem situation is the formalization of tasks and the
establishment of the causes of its occurrence. When identifying a problem and ways to solve it, one should
take into account the expansion of the problem and the identification of other related problems, without
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which it cannot be solved. The formulation of the problem usually occurs at the verbal level as logical
statements. Goals can be both formalized and poorly structured. They must be translated into tasks. This
stage is the most important because incorrect setting of goals leads to new problems.

Using simulation modeling as a method of optimizing individual sections of the transport system, we
can obtain the following scheme for implementing mathematical tools for managing complex logistics
schemes (Fig. 4).

MANAGEMENT OF COMPLEX LOGISTICS SCHEMES
[ [ [ [

Decomposition of the Structural and Adequate simulation Summary of the
transport system functional modelling models results obtained

Fig. 4. Implementation of mathematical tools for managing logistics schemes

The components of the above diagram are designed to perform the following operations:

- decomposition is intended for the distribution of the transport system into some structural elements
that affect the performance of the system as a whole.

- structural-functional modeling is intended for the description of complex technical processes of
organizations and the sequence of actions taking into account various random factors (defects in the arrival
schedule, deterioration of weather conditions, breakdowns and accidents).

- adequate simulation models are intended for adjusting control influences in different implementation
options.

- generalization of the obtained results is intended for determining the degree of improvement of the
analyzed logistics schemes.

The presented scheme allows synchronizing the operation of transport operations, based on traffic
intensity, throughput capacity of individual sections of transport routes, optimal number of vehicles, delivery
time, determination of the most loaded sections of the route.

Analysis of Fig. 1 and Fig. 2 allows us to establish the possibility of using specific information models
in modern technologies for integrating artificial intelligence into logistics activities. Using the logistic
concept, description of the mathematical model, limitations and conditions of possible implementation in
complex freight transportation routes, one can obtain new scientific knowledge [33].

The process of system functioning can be imagined as a set of a certain number of sequences of local
processes. The moments of completion of local processes in each sequence form a flow of main events that
change the state of the system.

The prospects for using mathematical models for transport logistics of complex schemes can be
determined by establishing their correlations with the advantages and capabilities of new information
technologies.

CONCLUSIONS

1. The management structure of complex logistics schemes is a computer software system
characterized by multifunctionality and diversity of relations. For its solutions and implementation, a
developed mathematical toolkit for modelling the management of complex logistics schemes based on
sequential analysis and synthesis of mathematical models under conditions of uncertainty is required.

2. It is shown that for solving the tasks of managing complex logistics schemes, the most promising is
using structural-functional modelling based on quantitative and qualitative results using computer models
and algorithms. Structural-functional modelling of processes and individual links of transport according to
complex logistics schemes should be developed by the complete reflection of the existing patterns of
technological connectivity and consistency of functioning both within individual modes of transport and
between them.

3. In order to increase the efficiency of transportation, a set of statistical, dynamic, deterministic,
stochastic and probabilistic models with discrete and continuous time and various details of specific types of
transport logistics schemes with the integration of new information technologies are used for modelling.
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Hlapxo O., Jopowenko O. llinBuieHHs1 e(eKTHBHOCTI TPAHCHOPTY HLISAXOM ONTHMIi3amii
CTPYKTYPH YNPABJIiHHSA CKJIAJHUMH JOTiCTUHYHHUMH CXeMaMHU

Po3BUHYTO MaTeMaTH4HUI IHCTpYMEHTApiii MOJIEIIOBaHHS TPAHCIIOPTHUX TIEPEBE3CHb y AMHAMII X
3MiH 32 YMOB HEBHM3HA4€HOCTI 30BHINIHBOTO OTOUYeHHSA. HaBejeHo iHpopMaliiHMI aHami3 Ta CHHTE3
MPOIECiB, IO BiIOYBAIOThCA B CKJIAIHUX TPAHCIIOPTHO-JIOTICTUYHUX CUCTEMaX, II0 XapaKTepU3YIOTHCS
0araToQyHKI[IOHANILHICTIO Ta  PI3HOMAaHITTSAM BapiaHTIB  CTPYKTYpH  BIJHOCHH. 3alpONOHOBAaHO
kiacu(ikallito OCHOBHHX HaNpsMiIB iHTerpallii HOBUX 1HPOPMAIIIHAX TEXHOJIOTIH Y CTPYKTYpY YIpaBIliHHS
CKIaJHUX CXEM TpPaHCIOpPTHOI Jorictuku. [lpu3HaueHHS Ta ONHMC CTPYKTYPHHUX CKJIaJOBUX CXEMH
knacugikanii 7o3Bosisie TAUOIIEe 3pO3YMITH IXHIO POJNb Y 3arajbHii CHCTEMi KOMIUIEKCHOTO YIpaBIliHHS
TPAHCHOPTHOIO  JIOTICTHKOK. BUKOHAHO MoOjentoBaHHS e()EeKTUBHOCTI  YNpaBliHHS  TPaHCIIOPTHO-
JIOTICTHYHUMHM CXEMaMH PO3MOJUTy BAHTAKOMOTOKIB. PO3riIsiHyTO MaremMaTn4Hi MoOJemi OnTHMizamii
Ipolecy MepeBe3eHb 3a CKIaJHUMU JIOTIYHUMHU cXeMaMu. HaMideHo HUIIXH Ta NepCHeKTHBU MiJABUILIEHHS
e(EKTHBHOCTI MYJIBTUMOJAIBHUX JIOTICTHYHHX CXEM TPAHCHOPTHUX TMepeBe3eHb. OTPUMAaHO TMPaKTHYHI
PEKOMEH/IAINIT 1010 3aCTOCYBAHHSI KOHKPETHHX MaTeMaTHYHHUX MOJEJICH y CKIIaJHAX CXeMax TPaHCIIOPTHOI
norictuku. llokazaHo, 1m0 TOpW BUPILIEHH] 3aBJaHb ONTUMI3alii CTPYKTYpH YHPaBIiHHA CKJIaIHUX
JIOTICTUYHUX CXEM HaMMepCHeKTHBHILIE BHKOPHCTAHHSA CTPYKTYPHO-(YHKIIOHAIFHOIO MOJCTIOBAHHS Ha
OCHOB1 KUTBKICHMX Ta SKICHHX pE3yJIbTATiB 3a JOMOMOTOI0 KOMM'IOTEPHHMX MOJEIECH Ta aJrOPUTMIB.
[ligBuiieHHs: e(EeKTUBHOCTI TPAHCHOPTHHX MEpeBe3eHb i3 OOKY YMpPaBIiHCHKOI CKJIaJOBOI JOCSTa€ThCS
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THE INFLUENCE OF TIRE PRESSURE ON THE DYNAMIC CHARACTERISTICS OF
THE CAR AND RESISTANCE TO MOVEMENT

The main task of car tires is to provide the necessary grip characteristics. When the tire pressure is normal, the
load at the point of contact of the tire with the road surface is distributed evenly and at the same time good
controllability, maneuverability and optimal fuel consumption are ensured. The optimal pressure value for a specific car
brand is determined not by the tire, but by the car manufacturer, because the same size can be mounted on different
models of cars with different weights and other characteristics. Usually, information about the pressure recommended
by the car manufacturer is indicated either in the technical documentation for the car, or on a plate that can be placed on
the end of the driver's door, the side pillar on the driver's side, the fuel filler flap or in the glove compartment. There is
the label indicates the level of cold working pressure for the front and rear wheels, the maximum load on the car and the
recommended tire size. In addition, the pressure value can be affected by such factors as the weight of the car, the size
of the tires, the distribution of the load inside the car and even the time of year. It should also be taken into account that
the pressure can change with climate change. In summer, as the temperature rises, so does the pressure in the tires. For
example, when the temperature rises to 25°C, it increases by about 0.8 bar. And if the load is full, the pressure will be
even greater. That is why car manufacturers indicate the permissible pressure value for a loaded car. This is an
extremely important parameter for ensuring safety, which cannot be ignored. In winter, when the air temperature drops,
the pressure in the tires also drops by about 0.8 bar, which should also be taken into account when pumping up the tires.
The rolling resistance coefficient f of Kleber Viaxer tires 175/70 R13 82T was estimated along the coasting path of a
Lada-112 car. Increasing the air pressure by 0.05 MPa reduces f by 1.3%, decreasing the pressure by 0.05 MPa
increases f by 1.7%.

Key words: tire, car, drag coefficient, friction force, acceleration, pressure, temperature.

INTRODUCTION

The automotive world is currently looking for ways to reduce CO2 emissions.

One of the areas of search is reducing rolling resistance, which takes up a significant share of the fuel
burned (and in the city, the bulk). Tire manufacturers have made significant strides in this area. The task of
operators is to properly operate the car, in particular, the tires. First of all, it is necessary to maintain the
recommended air pressure in them.

ANALYSIS OF LITERARY DATA AND PROBLEM STATEMENT

Tire pressure is one of the important indicators that affect the fuel consumption of any car. When the
pressure decreases, the deformation zone of the tire in the contact patch increases, which leads to a
noticeable increase in rolling resistance. An increase in rolling resistance leads to the engine having to
consume more fuel to maintain the standard driving mode of the car.

A decrease in tire pressure and an increase in the load on the steering wheel lead to a change in the
tension of the steering wheel.

Measuring the pressure on the tire resource determines and also studies the contact patch with the line.

At normal pressure, the contact patch is optimal, the load in the tire is distributed evenly. At low
pressure, a higher load falls on the edges of the tire, i.e. the shoulder area, causing increased wear in this part
of the tread. At high pressure, a higher load in the contact patch falls on the central part of the tread. In this
case, the central part of the tire begins to wear out faster than the side blocks of the tread. Low pressure at
high speed leads to unclear steering reactions (the speed of cornering decreases, the car skids more sharply,
an unpleasant squeal occurs), which is unsafe, to wobbling of the rear axle on the side profile of the tire,
which leads to the risk of unpredictable skidding of the car, to internal heating of the frame and,
consequently, increased tire wear.

In recent years, a tire pressure monitoring system has become a mandatory additional device for
passenger vehicles. Tire pressure monitoring systems can be different depending on the method by which the
tire pressure is measured:

- indirect, when data on the air filling of the tire is obtained by the distance it travels in one revolution;

- direct, when special sensors are installed directly on the wheel itself that measure the pressure.

The most common and frequently used design of the tire pressure monitoring system is the first
option. In essence, it is part of the electronic control unit of the ABS (anti-lock braking system), which are
presented in the form of wheel speed sensors. Thus, the electronic system is able to determine the distance
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traveled by the tire of each wheel. However, it cannot compare the speed of an individual wheel, since the
car rarely moves in a straight line, and on turns the path of the outer wheel will always be greater than the
path of the inner wheels. The control system is designed in such a way that the speed of each two wheels
located diagonally is summed up, the difference is calculated from the obtained results and divided by the
average speed of each wheel. Inside the system, the received data is compared with the set control
parameters and if they do not match, a control lamp (indicator) lights up on the dashboard.

The advantages of such a system are:

- no need to install additional equipment, which significantly reduces the cost of the system as a
whole;

- the ability to adapt it to the necessary changes in pressure parameters associated with replacing tires
or other service work.

However, there are also a number of disadvantages:

- to "remember" normal parameters, the car needs to drive 30-50 km;

- after the indicator signal, the driver must visually inspect all wheels to determine if they are flat;

- the system does not allow you to determine a sharp drop in pressure (for example, if a tire is
punctured);

- the system does not indicate a simultaneous drop in pressure in the wheels;

- the operability of the system is significantly affected by the degree of wheel slippage, vehicle load,
and the condition of the car tires;

- in order for the indicator to light up, the pressure in the wheels must drop by at least 25-30 %;

- the tire pressure is not determined before the vehicle starts moving.

The principle of the control system with direct measurement of tire pressure is that the characteristics
of the oscillatory circuit, consisting of a tire and a disk, directly depend on the elasticity of the tire, i.e. the air
pressure in it.

The direct tire pressure measurement system consists of pressure sensors, a control unit, an antenna
and a screen (display) and operates on the principle of measuring the pressure in each wheel.

Air pressure in a tire affects rolling resistance: with increasing pressure, the rolling resistance
coefficient decreases, with decreasing pressure, it increases. This is a well-known truth, it is written in almost
every article about tires, but often this information is unreliable: different authors report that a decrease in
pressure by 0.01 MPa (0.1 bar) increases the rolling resistance coefficient by 2, 3 and even 5% - without
indicating which tire they are talking about, how the tests were carried out, etc. Finding data on a specific
modern tire is almost impossible. In the best case, the results of tests conducted by different organizations are
published, and most often, as the closest, albeit indirect, indicator, the values of the coasting distance of the
test car with different tires are given - but without changing the pressure.

The test we are interested in is described in [1]. The car is a Lada-112 (VAZ2112) with Kleber Viaxer
175/70R13 82T tires. The load is the driver and the operator of the Vbox Racelogic system, which measures
the car's position using GPS satellite signals. The tests were carried out at a nominal pressure of 0.2 MPa
(average coasting distance from a speed of 80 km/h is 1,175 m), increased to 0.25 (1,232 m, fuel
consumption decreased by 1.6%) and decreased to 0.15 MPa (1,108 m, consumption increased by 2%). The
braking distance was also measured, and other indicators were subjectively assessed. It was concluded that a
slight decrease in fuel consumption with increased pressure and the corresponding savings in money do not
compensate for the deterioration in performance properties.

AIM AND TASKS OF THE RESEARCH

The purpose of this article is to improve the accuracy of calculations of the movement of a car, for
which purpose we derive the dependence of the coefficients of resistance to movement on the air pressure in
the tires. To do this, we need to solve the following problems: 1) clarify the description of the resistance to
the movement of a car by coasting, taking into account the air pressure in the tires; 2) find a solution to the
direct problem - calculating the coasting path using the clarified description of the resistances; 3) find
solution of the inverse problem - calculation of the coefficient of rolling resistance along a known coasting
path.

RESEARCH RESULTS

The deceleration of the car during coasting is created by the forces of resistance to movement -
aerodynamic resistance Pw, rolling resistance Pf and transmission idle resistance. The latter is usually not
considered separately, it is implicitly included in the first two. Aerodynamic resistance depends on the air
pressure in the tires indirectly, through the vehicle clearance [2, 3].
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Cx=Cyo * (1+1,7*Ae), (1)

where C,o is the value of C, at nominal clearance, Ae is the change in clearance compared to nominal,
m (taking into account the sign).

The clearance will change by the amount of change in tire deflection (Ae=At), and the tire deflection
(m) is determined by the load on the wheel G, (N) and the tire stiffness Ct in N/m:

At=G,/C,. 2)

Rolling resistance is conveniently calculated using approximating polynomials [3]. Let us assume that
with a moderate change in tire pressure, the shape of the curve representing the dependence of the rolling
resistance coefficient f on the speed v does not change, but only its ordinates change - with the
proportionality coefficient K. Then

f=K* (AV*+Bv +C), (3)

where A, B, C are the coefficients of the approximating polynomial.
Next, we can formulate a differential equation

dv/dt = (P, + Py) / M = (KF * V2 + K * (AV? + Bv + C) * G,) / My, (4)

where the streamlining coefficient k = p * Cy/2 (p — air density, kg/m* C, — aerodynamic drag
coefficient); F — frontal area of the vehicle, m*; mpr — reduced mass of the vehicle, kg; G, — vehicle weight,
N.

Experience shows that it is more convenient to solve this equation numerically: select the step of
change in speed Av, for each i-th interval find the average speed v,,, assuming that on this interval the
deceleration j; is constant; calculate the resistance forces at this average speed, from their sum find the
average deceleration ji; then you need to calculate the duration of the i-th interval Ati = Av/ ji and the path of
the car on this interval AS; = At; * v,,; summing up the cumulative total, we obtain diagrams of the time and
distance of the coasting from the initial speed to a complete stop. This algorithm is very easily implemented,
for example, in the Microsoft Excel package. Now, by changing the coefficient Ksh, you can select a value
for which the calculated path will be equal to the measured value. The minimum value of the coefficient of
rolling resistance

f=C*K,. (5)

DISCUSSION OF THE RESEARCH RESULTS

Let us apply this method to the results described in [1].

The unladen weight of the Lada-112 is 1060 kg. We will take the weight of the driver and the tester
with the equipment to be 180 kg. The sum of the reduced weights of the wheels and transmission is 37 kg.
The reduced weight of the car m,,, = 1060 + 180 + 37 = 1277 kg.

According to [4], the frontal area is F = 1.944 m?, the coefficient of acrodynamic drag is Cy = 0.335;
we will assume from [5] that on the road it will be 10% greater: C,g = 0.335 * 1.1 = 0.3685. The weather data
are not specified in the article [1], we will assume the average air density to be 1.2 kg/m®. Air resistance in
nominal condition

P, =0,5*12*0,335*1,1*1944v*/12,96 = 0,033165V° . (6)

The dependence f(v) for SR, TR buses at the upper limit of the field of possible values is described by
the expression [3]
f=3,11238 * 10”7 * v* — 1,25429 * 10° * v + 0,013005. (7

The stiffness of 175/70R13 82T tires can be considered approximately 170 kN/m at a pressure of 0.2
MPa, 120 at 0.15 and 220 at 0.245 MPa [6, p. 260]. The corresponding tire deflections At (assuming a
uniform load on the wheels) are calculated using formula (2), the aerodynamic drag coefficients Cy using
formula (1). The results of calculations using the described method are given in Table 1 and illustrated in
Fig. 1, which shows the f(p,,) graphs and the linear and quadratic approximation equations.
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Additionally, the same calculation was performed in a simplified version, without taking into account
the effect of tire pressure on air resistance. The results have remained practically unchanged.

CONCLUSIONS

Note that the given calculation is based on the generally accepted mathematical model of vehicle
motion resistance. The actual picture is noticeably different, especially in the speed zone below 20 km/h
(Fig. 2). However, taking these differences into account forces us to reconsider the accepted model of rolling
resistance, which is not the purpose of this article.

Thus, the effect of changes in air pressure in the tire on rolling resistance is small. However, in high-
precision calculations it must be taken into account, and our analysis provides a guideline for researchers.

Table 1 Results of rolling resistance coefficient calculations

Pressure, MPa 0,15 0,20 0,25
Ay, M 0,0266 0,0188 0,0145
Cy 0,3394 0,335 0,3325
Run-out distance, m 1108 1175 1232
K 1,13882 1,0527 0,98589
Taking into account changes in air resistance
f 0,015489 0,014317 0,013409
Relative +1,64 0 -1,27
change f, %%
Without taking into account changes in air resistance
f 0,015563 0,014347 0,013369
Relative +1,74 0 -1,32
change f, %%
E 0,0156
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Fig. 1. Dependence of the rolling resistance coefficient of the tire 175/70R13 82T Kleber Viaxer on
the internal pressure
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Fig. 2. Dependence j(V) of the Lada-112 (VAZ-2112) car (data processing by "Autoreview")
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10.B. 3ubues, I1.A. Bopowunoe. BnimpB THCKY B IIMHI Ha JAHHAMIYHI XapaKTepHCTHKH
aBTOMOOIN i omip pyxy.

OcHOBHE 3aBJaHHS aBTOMOOUTPHHMX IIMH - 3a0€3MeYdTH HEOoOXiAHI 34imHi XapakTepucTukd. llpm
HOPMQJIBHOMY THCKYy B INMHAX HABAaHTKCHHS B MiICHi KOHTaKTy IOHHA 3 JIOPOXKHIM HOKPHUTTAM
PO3MOIUISETECS PIBHOMIPDHO 1 TPH IhOMY 3a0€3MeYyeThCsl XOpOIla KEepOBaHICTh, MAaHEBPEHICTh 1
onTHUMajJbHa BUTpara mnanuBa. ONTUManbHE 3HAYEHHS TUCKY Ui KOHKPETHOI MapKH aBTOMOOLIA
BU3HAYAETHCA HE IIMHOIO, a BHPOOHWKOM aBTOMOOILNSA, ampKe OJMH 1 TOW Ke THIIOPO3MIp MOXKHA
BCTAHOBITIOBATH HA Pi3HI MOJEN aBTOMOOLTIB 3 Pi3HOI0 Baroko Ta IHIIMMH XapaKTEPUCTHKAMH. 3a3BHYail
iHpOpMallisi TPO pPEKOMEHAOBaHMN BHPOOHHKOM aBTOMOOITSI THCK BKa3yeTbcsi a00 B TEXHIYHIH
JOKyMEHTalii Ha aBToMOO1Ib, a00 Ha TaONW4Ii, Ky MOXXKHa PO3MICTHTH Ha TOPII BOAIMCHKUX IBEpeH,
Oi4Hi cTiiii 3 OOKY BOJIs, JFOUKY MaTMBHOI TOPIOBHHK ab0 B Oapmauky. Ha Tabmudili BkasyeTbes piBeHb
XOJIOJTHOT'O pOOOYOro THUCKY JUIA MEPEAHIX 1 3aJHIX KOJIIC, MAaKCHMaJbHE HaBaHTAXKCHHS HAa aBTOMOOLIb i
pexoMeHoBaHui po3mip muH. KpiM TOro, Ha 3HaUeHHS TUCKY MOXKYTh BIUIMBATH Taki ()aKTOpH, SK Bara
aBTOMOO1JIS, PO3MIp ITUH, PO3MO/IiJ HABAaHTAKEHHS BCEPEeINHI aBTOMOOLIS 1 HaBiTh mopa poky. Ciix Takox
BpaxoOBYBaTH, IO THCK MOXKE 3MIHIOBATHCS 31 3MIHOIO KiiMmary. BIiTKy 3 TiABHIEHHSIM TeMIepaTypu
MiABHIIYETHCS 1 THCK y MMHAX. Hanpukinan, konu TemiiepaTypa miABHILYEThCs 10 25°C, BOHA 301IbITY€ThCS
npubmuzHo Ha 0,8 Oap. A SKII0 HaBaHTAXKCHHs MOBHE, TUCK Oyne me Oinbine. ToMy aBTOBHPOOHHMKH
BKa3ylOTh JIONYCTUME 3HA4YEeHHS THCKY JUIS HaBaHTa)KEHOro aBToMoOiNs. lle Haj3BHYaliHO BaKIIMBHI
napamerp AJsi 3a0e3rmedeHHs] Oe3MeKH, IKUH He MOXKHa irHOpyBaTH. B3MMKy TpW 3HW)KEHHI TeMIlepaTypH
MOBITPSI THCK Y MIMHAX TaKoX Najae npudiam3no Ha 0,8 6ap, 1Mo TaKoX CIIiI BpaxOBYBaTH MPH HaKayyBaHHI
mH. Koedimient omnopy kodennto f mmHm Kleber Viaxer 175/70 R13 82T omiHroBaiM B3IIOBX PYXY
HakaToM aBToMoO1s Jlaga-112. 36inpmenHs Tucky nositps Ha 0,05 MIla 3menmye f va 1,3 %, 3MeHIIeHHS
tucky Ha 0,05 MIla 36inbmmye f Ha 1,7 %.

KaouoBi cioBa: mmHa, aBTOMOOUTh, KOEQIIiEHT OMOpY, CHIIA TEpPTs, NPUCKOPEHHS, THCK,
TeMIepaTypa.
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EFFICIENCY OF DIFFERENT DRIVES AND TRANSMISSIONS

Based on the results of tests conducted by the independent Swedish research institute Rototest, this study
provides a comprehensive statistical assessment of torque losses in automobile transmissions of various types and
configurations. The analysis relies on an extensive dataset comprising over 600 vehicles produced between 1993 and
2010, including cars with manual and automatic transmissions and different types of drivetrain layouts (FWD, RWD,
AWD). Measurements were obtained using hub-mounted dynamometers, which allow for direct torque evaluation at the
wheel hubs and eliminate typical errors associated with traditional chassis dynamometers, such as tire slippage and
rolling radius uncertainties.

The results show a noticeable difference in transmission efficiency depending on transmission type and
production year. For mechanical transmissions, the average efficiency before 2004 is estimated at approximately 0.91,
whereas for vehicles produced after 2005 it reaches up to 0.96—suggesting significant advancements in design
precision, materials, and lubrication systems. Automatic transmissions, on the other hand, exhibit relatively stable
efficiency levels around 0.89, with losses generally higher than in manual systems, regardless of drive layout.

The study also explores the modal and average values of power losses across different configurations,
highlighting that front- and rear-wheel-drive vehicles with manual gearboxes exhibit lower losses compared to their
automatic counterparts. Despite ongoing development in automatic systems, such as torque converter lock-up
mechanisms and multi-speed designs, their efficiency gains remain limited in practice.

These findings emphasize the importance of statistically grounded, independent testing for evaluating drivetrain
performance and provide valuable insights for manufacturers, engineers, and policymakers focused on improving
vehicle energy efficiency.

Key words: transmission, car, manual transmission, automatic transmission, wheel, front wheel drive, rear
wheel drive, full wheel drive.

INTRODUCTION

The automobile transmission is a fundamental component of the powertrain, responsible for
transmitting torque from the engine to the drive wheels. It plays a critical role in determining not only the
vehicle’s dynamic performance but also its overall fuel consumption and environmental impact. As global
regulatory standards for fuel economy and emissions become increasingly stringent, improving the efficiency
of drivetrain systems—including the transmission—has become a central focus for both automotive
manufacturers and researchers [1].

One of the primary metrics used to evaluate the performance of a transmission system is the efficiency
coefficient (EC), which expresses the ratio of useful mechanical power delivered to the wheels to the total
power output of the engine. In other words, the EC reflects how much of the engine's energy is preserved and
used for propulsion, rather than being lost due to internal resistance, friction, fluid dynamics, and other
parasitic effects within the transmission.

Transmission efficiency is influenced by a wide range of factors, including:

oType of transmission (manual, automatic, CVT, dual-clutch),

oDrive configuration (front-wheel drive, rear-wheel drive, all-wheel drive),
eMechanical design and component precision,

el ubrication quality and oil viscosity,

el oad conditions, gear ratios, and driving modes,

eThermal conditions and wear over time.

Traditionally, values for transmission efficiency have been based on standardized estimates or
manufacturer data, often ranging from 85% to 97% depending on the configuration [2]. However, many of
these figures lack transparency and may not reflect real-world conditions. In some cases, values reported by
automakers are optimized for marketing purposes and do not account for variations due to aging, wear, or
temperature-dependent fluid losses.

To address this, researchers have increasingly turned to statistical evaluation methods, which allow for
the analysis of large data sets collected from laboratory tests and real-world vehicle measurements. These
methods provide a more objective and reliable assessment of transmission efficiency, as they can reveal
distributions, identify average losses across different vehicle types, and expose outliers that might indicate
mechanical faults or data inconsistencies (Fig.1).
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Fig. 1. Discrepancy between the passport performance indicators
and the values dependent on the drive wheels [4].

One of the most notable contributors to independent transmission testing is the Rototest Research
Institute, which has developed specialized dynamometer stands capable of measuring power output directly
at the wheel hubs [3]. This testing approach eliminates many of the variables and inaccuracies associated
with traditional chassis dynamometers, such as tire slip or unknown rolling radius, thereby allowing for more
accurate isolation of transmission losses.

This paper aims to explore the principles of statistical evaluation of transmission efficiency, drawing
upon publicly available data and independent testing methodologies. It also seeks to investigate how
different design configurations and operational parameters affect efficiency, and what insights can be drawn
to support future improvements in transmission design and control strategies.

Ultimately, understanding the real-world efficiency of transmissions is essential not only for engineers
involved in powertrain optimization but also for policy-makers, fleet operators, and environmentally
conscious consumers who seek to reduce energy consumption and emissions across the transportation sector.

ANALYSIS OF LITERARY DATA AND PROBLEM STATEMENT

The study of resistance forces in automobile transmissions has a long history: as early as the 1930s
and 1940s [1], the first generalized estimates of the efficiency of mechanical transmissions were formulated.
According to these data, for cars with one driving axle, the efficiency was from 0.9 to 0.95, and for cars with
two and three driving axles - from 0.85 to 0.9. These values are still cited in educational literature and used
in engineering calculations.

Modern sources, especially publications of automobile manufacturers, often report higher efficiency
values - up to 0.97, in particular, for dual-clutch transmissions. However, such data are often of an
advertising nature and are not always confirmed by independent measurements. This creates the problem of
objectively assessing the real efficiency of modern car transmissions.

One of the few independent sources of reliable information is research conducted by the Swedish
research institute Rototest Research Institute. This organization uses specially designed dynamometer stands
that allow precise measurement of torque without the use of tires and rollers, eliminating common errors in
traditional measurements. This allows us to obtain data on losses specifically in the transmission, without the
influence of other factors.

AIM AND TASKS OF THE RESEARCH

The objective of this study is to statistically evaluate the efficiency of automobile transmissions based
on data obtained by bench testing.

To achieve this goal, the following tasks were set:

oto conduct a literature review and evaluate existing data on transmission efficiency;

ot0 analyze an array of open data collected by the Rototest Research Institute in order to identify
average and most probable values of transmission losses;

oto0 evaluate the differences in efficiency depending on the transmission type (manual, automatic),
as well as the type of drive (front, rear, all-wheel drive);
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ot0 analyze the dynamics of changes in transmission efficiency depending on the year of vehicle
production.

RESEARCH RESULTS
During the statistical processing of the data collected by Rototest, the characteristics of more than 600

cars manufactured between 1995 and 2010 were analyzed (Fig.2). The results reflect the real losses in the
drivetrain, defined as the difference between the rated engine power and the power transmitted to the wheels.
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Fig.2. Distributions of deviations of measured torque values from the passport values
Key quantitative results:
oThe average level of losses in the drivetrain was about 7-9% of the rated power.
eThe most probable values of losses (mode) are 7% for torque and 9% for power.
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eAutomatic transmissions show an average loss of 12.3%, and a mode of 10.75%.

eManual transmissions generally show lower losses, especially in newer cars.

oThe type of drive (front or rear) has a minor effect on efficiency; the differences between them
are within the statistical error.

sAll-wheel drive has higher losses, but the sample size is insufficient for reliable conclusions
(Tab. 1).

Table 1 Average differences between measured and passport torque values for different categories
of passenger cars

|Transmission Type|| Drive Type ||Samp|e Size||Mean Loss (%)||Mode Loss (%)|
[Front-wheel drive (FWD)|[396 |[-7.302 |-8.333 |
Manual [Rear-wheel drive (RWD) |[69 |-8.231 |-8.7 |
|All-wheel drive (AWD) |40 ||-7.688 |[-7.222 |
[Front-wheel drive (FWD)||37 |-12.135 |-9.03 |
Automatic [Rear-wheel drive (RWD) |[46 |[-12.444 |[-11.643 |
|All-wheel drive (AWD) |[17 |[-12.285 |[-15 |

e\When comparing vehicles by year of production, a reduction in losses was found only for
mechanical transmissions.

DISCUSSION OF THE RESEARCH RESULTS

The results of the analysis confirm that real losses in the transmission depend significantly on its
design and technical condition. The data obtained cast doubt on the overly optimistic efficiency values stated
in advertising materials.

Despite the active introduction of torque converter locking technologies, automatic transmissions are,
on average, inferior to mechanical ones in terms of efficiency. This is explained by a more complex design,
the presence of hydraulic systems and additional internal friction.

Interestingly, mechanical transmissions have shown a steady trend towards reducing losses over the
past decades. This is probably due to the use of more advanced bearings, improved manufacturing accuracy,
the use of low-viscosity transmission oils and the introduction of new-generation synchronizers.

It is also worth noting that the spread of losses among different car models can reach 25%, which is
due to both design features and the condition of the transmission units. This emphasizes the need for an
individual approach when assessing the efficiency of a particular vehicle.

CONCLUSIONS

Thus, based on the modal values of losses, the following transmission efficiency values can be
considered the most probable:

emanual transmission, front and rear wheel drive, cars produced in 1995-2004 - 0.91; cars
produced in 2005-2010 - 0.96;
eautomatic transmission, all types of drive - 0.89.
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10.B. 3ubues, I11.A. Bopouwunos. EdekTUBHICTH Pi3HUX NPUBOJIB TPAHCMICiH.

Ha ocHOBi pe3ynbTariB BUNPOOYyBaHb, NPOBEACHUX HE3AJICKHUM IIBEACBKAM JOCHITHULBKAM
iHCcTUTYTOM Rototest, 1ie 1oCmiUKEHHS Ja€ KOMIIEKCHY CTaTUCTUYHY OLIIHKY BTPaT MOMEHTY, 1110 KPYTUTh, B
aBTOMOOUTEHUX TPAHCMICISIX PI3HUX THIIB 1 KOH(DIryparliid. AHaJi3 IPYHTYETHCS Ha BEJIMKOMY Ha0Opi TaHUX,
mo BkiIo4ae moHag 600 TpaHcmopTHHX 3aco0iB, BUMymeHHX y mepion 3 1993 mo 2010 pik, BKIIOYa0uu
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aBTOMOOWTI 3 MEXaHIYHOIO Ta aBTOMAaTUYHOIO TPAHCMICIEI0 Ta Pi3HUMHU THUNAaMu cxeM TpaHcwmicii (FWD,
RWD, AWD). BumiproBanus Oy OTpuMaHi 3a JOITOMOTOI0 THHAMOMETPIB, BCTAHOBICHUX HA MAaTOYHHI,
SKi JTO3BOJSIFOTH O€3MOCepeHbO OLIHIOBATH KPYTHHUM MOMEHT Ha MAaTodkKax KOJic 1 yCyBalOTh THIIOBI
MOMWJIKM, TOB'3aHI 3 TpPaAWUIMHMMHU JIWHAMOMETPAaMH IIaci, TaKUMHM SK NOPOCIW3aHHA MIHMH 1
HEBU3HAYCHICTH pajliycy KoueHHs. Pe3yinpTaT moKa3yloTh MOMITHY PI3HHUITIO B €(peKTUBHOCTI TPaHCMICIT B
3aJIe)KHOCTI BiJ| THUITy TpaHCMicii Ta poky Buiycky. s mexaniuamx tpaHcmiciii cepemnin KK/ mo 2004
POKY OLIHIOETBCs pubau3HO B 0,91, Toai sSK Ui TpaHCHOPTHUX 3ac00iB, BulymeHux micist 2005 poky, BiH
nocsarae 0,96, M0 CBIQYATH MPO 3HAYHWN TMPOTPEC y TOYHOCTI MPOEKTYBAHHSA, MaTepiajax Ta CHCTEMax
MacTuia. 3 iHImoro 00Ky, aBTOMaTHYHI TPAHCMICIT IEMOHCTPYIOTh BITHOCHO CTaOlIbHI PiBHI eeKTHBHOCTI
6mu3bko 0,89, mpruuoMy BTpaTH 3a3BHYAi BUILI, HIK Y pyYHHX CUCTEMaX, HE3aJIeKHO BiJl CXEMH MIPHUBOLY.

HocnipkeHHsT TakoX BHMBYaE MOJalbHI Ta cepeqHi 3HAa4YeHHS BTpPAT HOTYXXHOCTI y PI3HHX
KOH(ITYpamisx, MiIKPECIIOYH, 0 aBTOMOOLTI 3 MepeHIiM Ta 3aJHIM MPHUBOAOM Ta PYYHHUMH KOPOOKaMHU
nepeaay JeMOHCTPYIOTh HMKYi BTpaTH B MOPIBHSHHI 3 X aBTOMaTHYHMMH aHanoramu. HesBaxkaroun Ha
PO3BHTOK aBTOMaTHYHMX CHCTEM, TaKMX fAK MeXaHi3MU OJIOKyBaHHS TrifgpoTpaHcopmaTopa i
0araToImBUAKICHI KOHCTPYKIIii, IX PUPICT e(heKTUBHOCTI 3aTUIIAETHCS OOMEKEHIM Ha TPAKTHIIL.

i pe3ymbpTaTd HAaroJOMIYIOTh Ha BaXIWBOCTI CTATHCTUYHO OOTPYHTOBAHOTO HE3AJIEKHOTO
TECTYBaHHsI JJSl OL[HKM MPOAYKTHBHOCTI TpaHCMICii Ta HaJalOTh LiHHY i1HQOpMAII0 BHPOOHHKAM,
IHKeHepaMm Ta TOJITHKaM, 30CepePKeHUM Ha MiABUINEHHI eHeproeeKTUBHOCTI TPAHCTIOPTHHUX 3aCO0iB.

KarouoBi cioBa: TpancMmicis, aBromo0inb, pyuHa KIIII, aBromarmuna KIIII, xomeco, mepemHiit
MIPUBOJI, 3aJIHI{ TIPUBOJI, IOBHUH MPUBO/I.
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AHAJII3 TPAHUYHUX YACOBUX IHTEPBAJIIB HA HEPEI'YJIBOBAHOMY
HNEPEXPECTI 3 IHTEHCUBHUM JIIBOITIOPOTHUM ITIOTOKOM

B poboTti mpoBexeHo aHaTi3 OCHOBHHMX XapaKTEPUCTHK TPAHCIOPTHOTO HOTOKY B 30HI HEPETyIbOBaHOTO
nepexpecTst Ta iX BIUIMB Ha ()OPMyBaHHS TPaHUYHUX YAaCOBHX IHTEPBAJIB Ha TOJIOBHOMY HAIPSIMKY 3 ypaxyBaHHIM
YaCTKH JIIIOBOIIOBOPTHAX TPAHCIIOPTHHX 3aco0iB. Ha mepexpecTi icHye 3HauHa IHTEHCHBHICT PyXy Ha BCIX HiIXolax,
OCKIJIBKH Yepe3 HhOT'O IPOXOAUTH I0pOra HallioHAJIbHOTo 3HaueHHs H17 Ta aBTOMaricTpaib MiXXHapOAHOTO 3HAUEHHS
MO6. ITepexpecTs XapaKTepHU3yeThCs BCiMa T03BOJICHUMH MaHEBPaMHU, BUCOKHM BiZICOTKOM BaHTaKHHX 1 IIOBOPOTHUX
TPAHCHOPTHHUX 3ac00iB 3 TOJIOBHOI JOPOTH.

B pesynbrari gocnimkeHp YMOB pyXy Ta MapaMeTpiB TPaHCIIOPTHOTO MOTOKY Ha IEPEXPECTi BCTAHOBIICHO,
IO IHTEHCHUBHICTH PyXy Ha TOJIOBHIl J0po3i y pi3HI mepioam nobu criamae Outsme 1000 aBTo./rox, a 4acTka
JBOIIOBOPOTHHUX TPAaHCIOPTHHX 3aco0iB konmBaeThes Bif 10 mo 30%. Ha ocHOBI I1bOro Ha rOJIOBHOMY HaIPSIMKY
HEpEeTyJIbOBAaHOTO IEpeXpecTsl BH3HAUCHO TPHBAIICTh TPAHUYHHMX IHTEPBANIB Yy TPAHCIOPTHOMY  IIOTOLI.
BcTaHoBIIeHO, IO MHCHS POCTY IHTEHCHUBHOCTI PyXy HPSIMOINYYOTO TPAaHCIOPTHOTO IOTOKY Ha TOJOBHIH HOpo3i
Heperyap0BaHoro nepexpects monan 700 aBTo./rof. TpaHUYHUIN YacOBHHU iHTEpBal MOYMHATH 3pocTaTh Oinbme 10c.
3’scoBaHO, MO NPH 30UIBIICHHI YaCTKHU JIIBOIIOBOPOTHHUX TPAHCIOPTHHX 3aCO0iB 3 TOJIOBHOI JOPOTH, TPUBAIICTH
TPaHUYHHX IHTEPBaNiB Ha HEPETYIHOBAHOMY IEPEXPECTi y TPAHCIOPTHOMY IIOTOI KOJHMBAEThCA B Mexax 20-25 c.
AHaniz TpaHWYHHX YacOBUX IHTEpBAJiB Ha TOJOBHIM J0po3i BKa3dye, IO Ha OC3MEYHI PEKUMH pPyXy Ha
HEperyJIbOBaHOMY MEepPEeXpecTi BIUIMBA€ PO3MOJLT IHTCHCHBHOCTI PyXy 3a HalpsMKaMH pyXy, HEOIHOPIIHICTH
TPaHCIOPTHOTO HOTOKY Ta YacTKa JIIBOIIOPOTHHUX TPAHCIIOPTHUX 3aCO0iB.

PesysbraTy qOCHiKEHb JOUUTEHO OpaTH 0 yBary IMijJ BAOCKOHAICHHS iICHYIOUMX CXEM OpraHi3allii pyxy Ha
HeperyJIbOBaHUX IHepexpecTsx. [1ix uYac BU3HA4YEeHHs JO3BOJEHHX HANpPSIMKIB PyXy 3 TOJOBHOI JOPOTH, HEOOXiTHO
BpPaxoOBYBAaTH 3aKOHOMIPHOCTI 3MiHM YaCOBHX IHTEPBANiB Y TPAHCIIOPTHOMY IOTOIl, OCKUIBKU 3a MEBHUX OOCTAaBHH
BOHH MOXXYTb IIEPEBHIIYBaTH KPUTHYHI 3HAYCHHS 1 CTBOPIOBATH MOTEHIIII0 HEOE3MEKy PyXy B 30HI IEPEXPECTS.

KurouoBi ciioBa: TpaHCIOPTHHUIT TOTIK, HEPETYIbOBAHE MEPEXPECTs, IHTCHCUBHICTE PYXy, CMyra pyXy,
JI{BOITIOBOPOTHI TPAHCHOPTHI 3ac00H, TPAaHUYHUH 1HTEpBAIl PyXY.

BCTYII

BrockoHanenHs opranizamii pyxy Ha NepexpecTsX MariCTpaJibHHUX BYJIHLb 3a3BHYail MOB’s3aHI
TITBKA 31 3MIHOIO [I03BOJISHMX MaHEBPIB pyXy, ONTHMi3amieo modazHoro po3’izay Ta pobOOToro
cBiToopHOT cUrHaIi3aIil Yu KaHami3amii HanmpsaMKiB pyxy. Taki miaxou B 0OMEeKeHHI TEPMiH 4acy JIar0Th
MOJKJIMBICTh YAaCTKOBO 301IBIINTH MPOMYCKHY 3JIaTHICTh MepexpecTh 0e3 3iiCHeHHs KapAWHAIBHOT 3MiHH iX
reOMETPUYHHUX OCOOIMBOCTEH.

BnockoHaseHHsT cXeM JIOpPOKHBOTO pyXy Ha HEperylbOBaHUX TIEPEXpecTsiX Ta po3poOIeHHs
pPEeXUMIB poOOTH CBITIO(GOPHOI CUrHAi3allii HAa HEperyJhbOBaHUX IEpeXpecTsx O0a3yeThCsl Ha BXIiTHHX
JaHWX, K1 BKIFOYAIOTh JOCIIKEHHS] OCHOBHUX MapameTpiB TpancmnoptHoro notoky (TII). HeogHopinHicTh
TII Ha wMepexi mgopir, OcoONMBO Ha HEPETYJIbOBAaHMX IEPEXPECTIX, HEraTHMBHO BiIOMBAETbCA Ha
e(eKTHBHOCTI X pOOOTH, HAaBiTh i3 POCTOM IHTEHCHBHOCTI pyXy Ha OJHOMY i3 MiX0/iB nepexpects. Pi3Hi 3a
CBOIMHM THIIAMH 1 TMHAMIYHAMH XapakTepucTukaMmu T3 min wyac 3aificHEHHsS MOBOPOTHOTO MaHEBPY B 30HI
NepexpecTh, 3aJEeKHO BiJ J03BOJICHUX HANpPSIMKIB PYyXY, 3HWKYIOTh NPOIYCKHY 3/[aTHICTh NEpEeXpecTs Ta
MIBUIINYIOTh TOTEHIIHY HEOE3MEeKy BChOI0 IIEPEXPECTSL.

JocnipkyBaHa JTUISHKA [IHOTO JIOCII/KEHHSI € HEPEryJIbOBaHE IMEPEeXPECTs JTIOPOTH MIXKHAPOTHOTO
3HaueHHss MO06 1 goporum HamioHaneHoro 3HadeHHss H17, mobnu3y HacenmeHoro mnyHKTy [amarniiBka.
[HTEeHCHBHICTH PyXy Ha JUISHII € JOCTaTHHO BENWKOIO, Y 30HI TepexpecTss Ta Ha WOro MiIXojaax
CIIOCTEPIraeThcsl 3HAYHA YacTKa BAHTAKHOTO TPAHCIOPTY (3 KOPUCHUM HAaBaHTAXKEHHSM IT'SITh 1 OlIbIIe
ToH). IlimoxiaHi MOTOKM Ha HaHOMY mepexpecTi BiacyTHi. Lle cBimuuTh, 1110 3HAYHOTO BIUIMBY Ha 3aTPUMKH
TpaHCHOPTY Oe3MOCEePEeAHbO TMepe] MepPexXpecTsiM BOHM He 3AIHCHIOTH. Ilepexpectsi € HeperyinbOBaHHM,
MpoTe BOHO (PAKTUYHO PO3JiIeHO Ha JBi YyacTuHU. [lepina yacTuHa - 1e TMPsAMOiLydi TPAHCIOPTHI TIOTOKH,
AKI pyXaloThCsl B TOJIOBHOMY HAmpsIMKy 1 BKJIIOYAlOTh YacTKY JIiBOIIOBOPOTHHX TPAHCIOPTHHUX 3acO0iB.
Jpyra yacTuHa — Iie HEBEJIMKE KUIbLE AJISi CAMOPEryJIbOBAHOTO PyXy JiaMeTpoM Bchoro 30M, CTBOpeHe ais
TOr0, MO0 YYaCHUKH JOPOKHBOTO PYXY, SKi 3IMCHIOIOTh PyX 3 APYTOPSIHOTO HAMpsMy, a TaKOX Ti, IO
3’DKIKAIOTh 3 TOJIOBHOI JOpPOTH, Malld 3MOTY OE3IMEepemiKOIHO pPOo3°iXaTHCh 3 MEHIIOI0 KIIBKICTIO
KOH(QJIIKTHIX TOYOK.
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3HaYHO MOHMXKYIOTh O€3MEeKy PyXy Ha IMepeXpecTi JIBOMOBOPOTHI TPAHCIIOPTHI 3aC00M, TOMY B JaHii
poboTi Oyae AOCTIIKYBaTUCh MPAHUYHUK YACOBHMH IHTEpPBaI IJIsA JIIBOIIOBOPOTHHMX TPAHCIIOPTHUX 3ac00iB
Mg 4yac pi3HOI iHTEHCHBHOCTI MPSIMOIMy4YMX TPAaHCIIOPTHHUX 3aco0iB Ha TOJOBHOMY HampsMKy. Lle mactsb
MOKJIMBICTh PO3POOUTH 3aXOAM BIOCKOHAJICHHSI OpTaHi3allii HOpOXHBOTO PyXy Ta MiJBUIIEHHS Oe3meKu
PYXy Ha HEperyJIbOBaHOMY HEPEXPECTI.

AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA IIPOBJIEMHU

I[Tix gac Mirpauii HaceJeHHs Ta MEPEMILICHHS TPOMHCIOBUX 00 €KTIB y 3B’S3Ky 13 BIHHOIO y HaIIii
JepKaBi, OCOONMBO AaKTyadbHHUM CTa€ JOCIHIPKEHHS BIDIMBY pO3MOUTY TPAHCIOPTHUX TIOTOKIB Ha
TpaHcmopTHy iHpacTpykrypy i BJAM [1]. Take 3aBaHTaKCHHS MEpEXi HE TIAbKH MOPYIIYE 3BHUYHI
TPAaHCHOPTHI 3B'I3KHU, ajie i KPUTUYHO BIUIMBAE HA MOOITBHICTH Ta O€3MEeKy pyXy y TPaHCHOPTHHX BY3Jax.
JaHi Ipo iHTEHCUBHICTH 1 CKJIa] TPAHCIIOPTHOTO MOTOKY € AY)K€ Ba)KIMBUM JUIS TMPOCKTYBAaHHS, OLIIHKH Ta
BU3HAYCHHSI IPIOPUTETIB, TOMY BOHH MTOBUHHI OyTH MaKCUMaJIbHO TOYHUMH [2].

Besneka pyxy Ha BJIM 3anexuts Big crocoOy opranizanii pyxy. Ha mepexpectsix i3 cBiTiodopHum
peryJIoBaHHAM MEPEeBAXKAIOTh /1B BUAU AOPOKHBO-TpaHcnopTHUX npuron (JTII): Haizn Ha aBToM006imb, 0
pI3KO 3yNHWHUBCA Ta 3ITKHEHHS 3 aBTOMOOiNeM, I0 pyxaBcs Ha 3abopoHeHHWH curHan cBitimodopy. Ha
HEPETyJThOBAHNUX TIEPEXPECTSX, NI JOPOTH, SIKi IEPETHHAIOTECS, NITIATHCS HA TOJIOBHY 1 IPYTOpSIHY, Oe3neKa
PYXy 3aJEXKUTh Bi NOTPHUMaHHS TNPaBWJI MOYEPrOBOTO IMpPOI3AYy Ta 4Yacy 3HAXO/PKEHHs aBTOMOOLIIB
JIPYTOPATHOTO HAIMpPSIMKY B KOH(MIIKTHIN 30HI. Ha MICPKHX HEperylbOBaHHX NEpexpecTsx Oesmeka pyxy
BH3HAYAETHCA TUIAHYBATBHUAM PIIIEHHSIM TepeXpecTs Ta IHTEHCHBHICTIO PyXy aBTOMOONIB 1 mimoxomiB. Yum
BUIIIE IHTEHCUBHICTH 110 IPYTOPSAHIN A0p03i 1 YiM OJMKYe BOHA 0 IHTEHCUBHOCTI HA TOJIOBHIN 10P0O3i, THM
YacTille Ha MepexpecTi NOPYIIYEThCS MIPABUIIO YEProBOCTI MPOI3/Ay Ta CTBOPIOETHCS KOH(IIKTHA CUTYAIlis
[3]. Tlepetun TpaekTOpiii pyXy ABOX TPAHCIOPTHHUX IMOTOKIB BMMAra€ BiJ BOJIIB JAPYTOPSIHOTO HAMPSIMKY
MOLIYKY NPUHHATHOTO MPOMDKKY Yacy MiK TPaHCHOPTHUMH 3acC00aMH Ha TOJIOBHOMY HAaNpsIMKY IS
BUKOHAHHSI MaHEBpY IEpeTHHY abo 31uTTsa. Ha BeNMYMHY HBOTO MPUHHATHOTO IHTEpBANly BIUIMBAIOTH:
reOMETPUYHI XapaKTEPUCTUKH MepexpecTs (KyT NepeTHHy NPOi3HUX YacTHH, MO3I0BXKHI YXWIH Ha MiAX0ax,
KITBKICTh CMYT PyXy Ha TOJIOBHOMY HAampsSIMKY, BUAUMICTh 30HHU IEPEXPECTS TOIMIO); JOPOKHBO-KIIIMAaTHIHI
YMOBH (THUI Ta CTaH HOKPHUTTS, ONaad, TeMIepaTypa MOBITPsS TOILO); XapaKTEPUCTUKU TPAHCIIOPTHHX
MOTOKIB (iHTEHCHUBHICTh PYXY, CKIaJ TPaHCIOPTHOTO TOTOKY; JO3BOJICHI HIBHIKOCTI PyXy TOIIO); BHOIp
MOAJBIIOTO HAIpsIMy pyXy (NEpeTHH OCHOBHOTO TIOTOKY a0o 3MHTTS 3 HHUM); CHoci0 opranizarmii
MIIIOXiTHOTO PYXY; Mcuxodizionoriuni oco0nmBocTi Bois. KoxkeH 3 IMX YNHHUKIB Ma€ BayKITMBE 3HAUCHHS 1
3a BHU3HAYCHHS MPOIYCKHOT 3[aTHOCTI epexpecTs i He MOXke OyTH 3HeXTyBaHuii [4].

Y poboti [5] BimoOpaXkeHO pe3ynbTaTh MOCIHIHKEHHS, /1€ 3a3HA4Ya€ThCs, MO 30UTBIICHHS YacTKH
JI{BOIIOBOPOTHUX TPAHCIIOPTHUX 3aCO0iB Ha CMY31 pyXy NPHU3BOIUTH A0 POCTY JOBXKWHH YEPru Inepen
nepexpectsiM. Taki pe3yabTaTH CBIIYATh MPO Te, HIO MPH BUOOPI CXEMHU OpraHizallii pyxy Ha MepexpecTsx
HEOOXiZJHO BpaXxOBYBaTH iHTEHCHUBHICTb TPAHCIIOPTHOTO IOTOKY, ajie 1 YacTKy MMOBOPOTHUX TPAHCIIOPTHUX
3aco0iB.

[MpoBeneHi AoCHiPKEHHS, SKI TPUCBSYEHI PO3poOIi MeToxy BHOOpPY palliOHAILHUX PEKUMIB
CBITIIOQOPHOTO pETyNIOBaHHS Ha TMEPEXPECTSIX, BKa3YIOTh IO IHTCHCUBHICTh PYXY Ha MEpeXpecTi 3iiCHIOE
BIUTHB Ha KUIBKICTh HA CXWJIBHICTH MIIIIOXO/IiB MOPYIIYBATH MPAaBUIIA MIEPEXO/ Ly MPOi3HOI YacTHHH [6].

Amnaiz 0e3neKky pyxy Ha HeperyJbOBaHMX MEPEXPecTsX BYJIHIb € aKTyaIbHUM 3aBJIaHHIM Y MicTax,
0CO0JIMBO KOJIM MOBa e mpo 0araToCMyroBi IPOi3HI YacTMHU Ha iX migxonax. Taka HeOesleka B 30HI
nepexpects NoB’s3aHa 13 3HaYHOI0 HEOAHOPIAHICTIO TPAHCTIOPTHOTO MOTOKY 3a CKJIJ0M. ABTOPaMHU y CBOIH
npaui [7] 3amponoHOBAaHO OLIHKA O€3MEeKH JOPOKHBOTO PYXy Ha HEPEryJbOBaHUX IEepexpecTsaxX 3a
JIOTIOMOTOI0 KOH(QJIIIKTYIOUMX TPAHCIIOPTHUX TMOTOKIB 13 ypaxyBaHHSAM IIBUAKOCTI PyXy KOH(MIIKTYHOUOTO
aBTOMOOUIS Ha TOJIOBHIK JOpo3i. OnHAK Taka KOHLEMIIS OLIHKH O€3MeYHUX PEeXHUMIB HE BPaXOBYE CKIIAJ
TPAHCHOPTHHUX MOTOKIB, SIKi KOHQIIKTYIOTb.

Skmo Opatu 10 yBarm yMOBU pyxXy Ha T-momiOHOMY mepexpecTi, TO B JOCHi/pkeHHsAX [8-9], siki
CTPSIMOBaHI Ha OIIHKY KOH(IIKTHUX CHTYyaIlill Ha HEPETyJIbOBAHUX MEPEXPECTSX, PE3YIbTATH MMOKA3aIH, 10
rimoBipHicTh BuHUKHEHHS JTII a6o 3iTkHeHHS T3 CyTTEBO 3al€XKHUTh Bi CKIady TPaHCHOPTHOTO MOTOKY Y
30Hi KoHpuikTyrounx TII. ToOTo MOXXHAa 3a3HAYMTH, IO PiBEHb OE3MEKM Ha TMEPEXPECTSIX CYTTEBO
3MIHIOETBCS 32 YMOB 3Mirranoro TII, a IMOBIpHICTh 3ITKHEHHS B 30HI MEPEXPECTs 3aJICKUTh 3aIEHKHO BiJ
THUILY Ta OEIHAHHS TPAHCTIOPTHUX 3ac00iB, IX IHTEHCUBHOCTI Ta CKJIQAYy ITOTOKY.

VY mpoueci JOPOKHBOTO PyXy pO3paxyHKOBa MPOIYCKHA CIPOMOKHICTH BYJIMIb 1 JOpIr, mompH ii
HOPMAaTHUBHE 3HAYCHHS, 3MIHIOETHCS I11]] BIUIMBOM TaKUX ()aKTOPIB, K KIIMAaTH4YHI YMOBH, PEMOHTHI po0OOTH,
JIOPOKHBO-TPAHCIIOPTHI TPUTOAX Ta HEPIBHOMIPHICTH iHTEHCHBHOCTI TpaHcmopTtHux motokiB [10]. Ha
mifcTaBi IbOro, MeTa YNpaBJIiHHSA 1 3aBAaHHs 3017bIIEHHS MPOIYCKHOI 3JaTHOCTI Ha HEPETrYJIbOBaHHX
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HepexpecTsiX MOJSra€e B y3rOKEHHI peasIbHOI IPOIYCKHOI CIIPOMOKHOCTI KOXKHOTO HIAXOY IEPeXpecTs 3
IHTEHCHBHICTIO Yy Pi3HI ITepioan J00H.

YacTi 3aTOpu 3yMOBIICHI HEOCTATHBOIO MPOITYCKHOIO CIIPOMOYKHICTIO JOPOXKHBOI iHQPACTPYKTypH
Ta HU3bKOIO HIBHIKICTIO PyXy TPAHCIOPTHOTO MOTOKY, IO CHPUYMHEHE BEJHMKOI0 YacTKOK BaHTaKHHUX
aBTOMOOIIIIB, SIKI PyXarOThCA MOBUIBHIIIE, 1 HA BY3bKHUX JUISHKAX OPIT MaHEBP OOTOHY € HEMOXIJIMBHM. Y
el BaXKKUH Tepion BiMHM A0 3aXiAHUX PETiOHIB BHUMYIIEHO IEPEMICTHIIUCS Oarato Jroied, a TaKoxX
NPUBAaTHUX MiANPUEMCTB 3a NPOrpaMor0 peJokamii Bix xgepxkaBu. Lle Bce chnpuumHse Bennve3He
HaBaHTa)XEHHS Ha TPAHCHIOPTHY 1HPPACTPYKTypy perioHy. lIpuMiceki TepuTopii Ta IPOMHUCIIOBI 30HH MiCT
3allOBHIOIOTHCSI BaHTQKHUM TPAHCIIOPTOM, SIKHM, y CBOIO 4YEpry, CIOBUIBHIOE TPAHCIIOPTHUH IOTIK Ha
00’13HUX, KUTBIIEBUX 1 MICBKUX JOPOTaXx.

3 ormsaay Ha Iie, OCHOBHOIO METOI0 IBOTO JOCIHIMKEHHS € BCTAHOBJIECHHS TPHUBAJOCTEH YaCOBHX
1HTepBaiB, sIKI BUHUKAIOTH Ha HEPETYIHOBAHOMY IMEPEXPECTi aBTOJOPOTH MiKHApoAHOTO 3HaueHHs MO6 3
JOpOroro HauioHanbHoro 3HaueHHs H17 moOmu3y Hacenenoro myHKTy [amamiiBka 3a iCHYIOYOi CXeMH
opranizamii pyxy. Tak fK Ha IepexpecTi CIIOCTePIraroThCsl iIHTEHCHBHI TPAHCIIOPTHI OTOKH, 3HAYHY YaCTKY
SIKMX CTAaHOBUTH BaHTAKHUH TPAHCIIOPT.

HIJIb TA 3AJAYI JOCJIIPKEHHSA

Metoro AOCHiPKEHHS € aHami3 TpPaHWYHAX YacOBHUX IHTEpBANiB Ha TOJIOBHIH J0po3i
HEPETyJTBOBAHOTO TEPEXPecTs 13 3HAYHOI IHTEHCHBHICTIO pyXy 3a pi3HOI YacTKH JiBOIMOPOTHHX
TPaAHCIIOPTHUX 3aC00IB.

Lle macTh MOXJHMBICTH OOTPYHTYBAaTH ONTHMAJIbHI MapaMeTpH TPAHCHIOPTHOTO MOTOKY 3a SKHX
HEpEryJIbOBaHe mepexpecTs Oyae QYHKIIOHYBATH 3 HANMEHIINMHU 3aTPUMKAMH PyXy, € IPUCYTHIH 3HAUHUHT
PYyX JBOMOPOTHUX TPAaHCHOPTHHX 3ac00iB. i1 mOCATHEHHS MeTH poOOTH, HEOOXiTHO BUKOHATH BUPILIUTH
Taki 3a7adi: MPOBECTU EKCIIEPUMEHTAJbHI JOCHIIPKEHHS OCHOBHUX MOKAa3HUKIB TPAHCIOPTHOTO TMOTOKY Yy
pi3Hi mepiogM 10O0HM, AOCTIAMTH IUIaHYBalbHI OCOOJMBOCTI TEPEXPecTs, BU3HAYUTH 3MiHY TpaHUYHHUX
4acOBUX IHTEPBAIIB PyXy Ha TOJIOBHOMY HANPSMKY HEPETryIhOBAHOTO MEPEXPECTS, BUSIBUTH 3aKOHOMIPHOCTI
3MIHH TPaHWYHOTO YacOBOTO IHTEpPBANY 3a Pi3HOI YACTKU JIBOMMOBOPOTHUX TPAHCIIOPTHUX 3ac00iB 3
TOJIOBHOI IOPOTH.

PE3YJbTATHU JOCIIIKEHDb

Pyx TpaHcmopTHHX 3ac00iB B MiCBKOMY CEPEIOBHINI Ta 32 MEXKaMH MICTa CyTTEBO BiJPi3HSIIOTHCS.
[To3a MicTOM, OCOONMBO Ha aBTOMOOUIBHUX MATICTpaJIIX MDKHAPOJHOTO 1 HAIiIOHAJBHOTO 3HAYCHHS,
Cepe/iHsl IBUJKICTh PYXY € BHIIOI, a CKJaJ TPAHCIOPTHOTO TOTOKY OiNibllle HACHYEHWIH BaHTaXXHHUMHU
ABTOMOOIISIMM BaHTAXOITHOMHICTIO TIOHa[ 6 ToH. Ha mepexpecTi mpoBeneHO aHali3 IIaHYBAIBHUX
0COOIMBOCTEH, SIKi 300pakeHO HA PUCYHKY 1.

Pucynok 1 — IInanyBanbhi ocobnuBocTi nepexpectst Kinbuesoi goporu-Byin. Kuisceka (H17)
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[Tepexpectss Mae Tpu migxoau Ta € T-momioHOTO THIY. [lepexpecTs € HEeperyJIbOBaHUM, a TOJIOBHUH
HaIPsIMOK TIe TIPSIMOITydi TPaHCIIOPTHI 3acobm 1o Byauili KuiBchkiit. Ha mepexpecrti € BiciM CMyT pyxy, IBi
3 SIKHAX L€ BHi3[ 3 APYTOPAIHOI TOPOTH, SIKOIO B JaHOMY BUNaaky € Kinbuesa nopora.

B koXHOMYy 3 TOJIOBHMX HamnpsMiB € OKpeMi TMOBOpOTHI cmyru. B Hampsamky Kuepa 11
MIPaBOIMIOBOPOTHI TPaHCHOPTHI 3acobm, sKi moBepTaroTh Ha KinmbleBy mopory, a y HampsMmky JIpBoBa -
JBOTIOBOPOTHI TPAaHCIIOPTHI 3aco0M, SIKi CTBOPIOIOTH HAWOIMBINTy HEOE3NeKy Ha MepexpecTi, OCKIIbKH
MEPEeTHUHAIOTH MOTIK TPAHCTIOPTHHX 3ac00iB, SIKi PyXaroThCs TOJIOBHUM HAIIPSIMOM, & TAKOX MEPETUHAIOTHCS 3
JIIBOMOBOPOTHUMH TPAHCIIOPTHUMH 3ac00aMHu, 110 MOBEPTAIOTH JIiBOpyd 3 KinmbiieBoi moporu.

HatypHni mocnimkeHHs iHTEHCHBHOCTI TPAHCTIOPTHOTO ITOTOKY MTPOBEJEHO y Pi3HI JHI TYDKHS Ta MiKOBI
nepionu pyxy. byno subpano: moneainok o 8:00 Ta m’sitaun o 18:00. i aui Oyno BubpaHi He BUIIAKOBO -
MeTa TMoJsraiga B ToMy, o0 sKoMora TOYHIIlle BU3HAYUTH IHTCHCUBHICTH Ta ckian TI1 Ha mepexpecTi min
gac MaKCHUMaJbHOTO HAaBaHTAKCHHS HA HHOTO TPAHCIOPTHUX 3ac00iB. [l MOPIBHSHHSA B HOCHIIKEHHIX
IHTEHCHBHOCTI TPAaHCIIOPTHOTO TMOTOKY Ha MEPeXpecTi Takoxk Oyino obpano cybory, 13:00. Ile namo 3mory
HAOYHO TOPIBHATU MIKOBUH 4Yac moyatky pododoro TwxHs (moHeminok 8:00), mikoBuH yac 3aKiHYEHHS
pobouoro TmwkHsA (1’ stHULE 18:00), a Takoxk MixkmikoBwii epiof (cyoora 13:00). Bei HaTypHI HOCTIIKEHHS
IHTEHCHBHOCTI PyXy Y Pi3HI JHI THXKHS Ta MMepiogu JoO0M 3a HANpsSMKaMH pyXy Ha IepexpecTi 300paKeHo B
Tabmumi 1.

Tabmums 1 - PesynpraTé moctipKeHHS iHTEHCUBHOCTI PyXY TPaHCHOPTHHX ITOTOKIB 32 HANPsIMKaMu Ha
nepexpecTi y pi3Hi nepioau 1oou

Hamypui oocnioocenns cmanom Ha nounedinok 8:00

ITigxim Nel ITigxim Ne2 ITigxim Ne3
1070 aBTO/rOx 1213 aBTo/rox 788 aBTO/TON
[psamoinyui | JliBomoBopotHi | Ilpsmoigyui | IlpaBomoBopotHi | JliBomoBopoTHi | [IpaBomoBopoTHI
729 aBTo/TON 341 aBTo/TON 849 aBto/rox 364aBTo/TO 202 aBTo/TON 586 aBTO/TON

Hamypni oocnidoicenna cmanom na n’ssmuu

yro 18:00

ITigxim Nel
1155 aBro/rox

ITigxim Ne2
1310 aBTo/rox

ITigxim Ne3
850 aBTo/rox

[Mpsamoimyui
787 aBTO/TON

JIiBomoBOpOTHI
368 aBTO/TON

[Mpsamoimyui
917 aBTO/TON

[IpaBomoBopoTHI
393 aBTO/TON

JliBomoBOpOTHI
218 aBTO/TOx

[IpaBonoBopoTHI
632 aBTO/TON

Hamypui oocnioocenns cmanom na cybomy 13:00

ITigxing Nel
835 aBTo/rox

ITigxim Ne2
947 aBTO/TON

ITigxim Ne3
614 aBTOo/TOx

[psamoixyui
569 aBro/roxn

JliBonoBopoTHI
266 aBTO/TOX

[psamoinyyi
663 aBTO/TON

[IpaBomoBopoTHI
284 aBTo/Toxn

JliBooBOpOTHI

157 aBTOo/TON

[IpaBomoBopoTHIi
457 aBTo/Toxn

3rifHo 3BEICHUX JaHUX I1HTEHCHBHOCTI TPaHCIIOPTHOTO TOTOKY VY pi3HI mepiogu J00M MOXKHA
3a3HAYMTH, 110 iICHYIOTh 3HAYHI iIHTEHCHBHOCTI Ha BCiX MiJX0/[aX HEPETyIbOBaHOTO mepexpects. Haibinpmri
IHTEHCHBHOCTI 3a()iKCOBaHO 3a HANPSIMKOM TOJIOBHOI Joporu Ha mepexpecti (migxig Nel ta Ne2). Ha
KO>KHOMY 3 ITiJIXO/IiB 3arajibHa iHTEHCHBHICTh CKJIA/Iaach i3 CyMapHOi iHTEHCUBHOCTI PyXy BCIX JI03BOJICHHX
HanpsMKiB. Haii0inblie HaBaHTa)XKEHHs Ha TNEPEXPEcTi CIIOCTEPIraeThCsl y BEUipHiM MIKOBHM mepion B
I’ ITHULIIO, IHTEHCUBHICTB PyXY Ha 3arajioM IepexpecTi y ueit nepiox cknagae 3315 aBto/roz.

Sxmo Opath a0 yBarMm TOJOBHHA HAampsSMOK JIOPOTH HEPETYJIbOBAHOTO TIepexpectsi, TO Y
TPAHCHOPTHOMY TIOTOII MEPEBAKAIOTH MPSAMOiydl TPAaHCIIOPTHI 3acobu. YacTka nMpaBONOBOPOTHUX MOTOKIB
KonuBaeTbesl y Mexax 10-30% 3anexxHo Bix migxony. Ha roloBHOMY HampsiMKy MepexpecTs TaKOXK iCHye
3HAYHA YacTKa JiBONOBOPOTHHX MOTOKIB, SIKAa 3MIHIOETHCS BiJ POCTY 3arajbHOi iHTEHCHBHOCTI pyXy Ha
X0/ B Pi3Hi Hepioan A00H.

AHati3 MOKa3HUKIB IHTEHCHBHOCTI PyXy 32 HanpsIMKaMH Ha HEPETYJIbOBAHOI'O MIEPEXPECTSI BKA3YE, LI0
HaOIbILI 3aBaHTAXKEHUM HANpPSIMKOM y OyAb-SKUi Nepioll JHs € HAIPSIMOK e pyXaroTbes npsamoinydi TIL
Takox Ha mepexpecTi iCHye 3HA4YHA IHTEHCHBHICThH JIIBOIIOBOPOTHOTO IOTOKY 3 TOJOBHOI JIOPOTH, IO
CBIIYUTH NP0 TPAH3UTHUH Xapakrep pyxy Ounbimocti T3 y TpaHCIOPTHOMY IOTOII].

VY pi3Hi mepioan IOCTiMIKEHHS IHTEHCHBHOCTI pyXy Ha IEpexXpecTi, BCTAHOBIICHO, 110 HalOiIbIIa
YyacTKa JIiBOIIOBOPOTHHX 3ahikcoOBaHA HA T'OJIOBHOMY HANpPsAMKY I0pory 3 miaxomy Nel. 3aiexHo Bij nepioay
JOCITI/DKEHHS, YaCTKa IThbOT0 MaHEBPY B CTPYKTYpPi BCHOT'O TPAHCIIOPTHOTO IMOTOKY KoymBayiachk Bim 10 mo
30%. I'padiune 300paxkeHHs] IHTEHCUBHOCTI PyXYy 3a HalpsIMKaMH Ha MepexpecTi B MIKOBHA Mepiod pyxy y
’staAIo (18:00 rox) 300pakeHo Ha PUCYHKY 2.
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Hatypui nmociimpkeHHs (aKTHYHOI IHTEHCHBHOCTI PyXy TPAHCIOPTY IOKa3ajiM, IO HaWOiibIIa
IHTEHCHUBHICTh pyXy IIpHIANac Ha KiHEeIb TWKHS, y Hanpsamky Kuema (migxim Ne2) i cranoButs 1310
aBTo/ron. HaliMeHIa iHTEHCUBHICTh, CaMe B IMIKOBI TOJIMHY, NpuMiaaae Ha BUi3 3 KinblieBoi goporu (miaxig
Ne3) i cranoButh 788 aBTO/TOn. 3araioM, y TOJOBHOMY HAampsIMKy IHTEHCHUBHICTH pyXy Ha MiAXoJax €
3HAYHO BHUIIOKO.

Pucynok 2 — I'padiane 300paskeHHS IHTEHCUBHOCTI TPAaHCIOPTHOTO MOTOKY B HAMOINBIII TIIKOBUI mepio Ha
nepexpecri

IIpu pyci aBTOMOOGiNiB B HampsMKy JIbBoBa mo Bynuui KwuiBcbkiii (migxim Nel) cmoctepiraerscs
BEJIMKA KUIBKICTH JIIBOIIOBOPOTHHUX TPAHCIOPTHUX 3aco0iB. 3a pe3ynbTaTaMud HATYpPHUX JOCIHiIKEHb
BCTaHOBJICHO, 1110 HAWOLIbIIA TX KIJIBKICTh B I’ ATHUIIIO Y TIKOBHI 1epiof 1o0u 368 aBTo/ro.

INicrorpama iHTEHCUBHOCTI TPaHCIIOPTHOTO MOTOKY (prc. 3) Ha MiAX0/Aax N0 MepexpecTs y pi3Hi JHi,
YiTKO JIEMOHCTPYE, L0 B II'SITHUIIO IHTEHCHBHICTH TPAHCIIOPTHOTO TOTOKY Oysia HAaWBHIOK Ha BCIX
MIX0/1aX JI0 MEePEXPECT.
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0 500 1000 1500
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Pucynok 3 — INicTrorpaMa iHTEHCHBHOCTI TPAHCIIOPTHOT'O MOTOKY HA MIIX0AaX JI0 IEpeXpecTsi

3 ypaxyBaHHSIM JIHS 3 HAWBHINOK IHTCHCUBHICTIO PyXy cepeJl THX, y SKi MPOBOJWINCS HATYpHI
CIIOCTEPEIKEHHS, OYyJI0 BH3HAYEHO BIJCOTKOBE CITIBBIIHOIICHHS MPSIMOIAY4YMX, IPABOMOBOPOTHUX 1
JIBOIIOBOPOTHUX TPAaHCIIOPTHHUX 3ac00iB, a TaKOXK CKIaJl TPAaHCIIOPTHOTO MOTOKY. BcTaHOBIEHO 110 YacTKa
BaHTA)XHOTO TPAHCTIOPTY BAaHTAXOIIiTHOMHICTIO OUTBIIIE 6 TOH € 3HAYHOIO 1 cKianae 27% (pucyHokK 4).
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Pucynok 4 — Pe3ynbTaTsl JOCIDKEHHS TPAHCIIOPTHOTO MTOTOKY 3a HANPSIMKaMH PyXy Ha IMepexpecTi
(a) Ta CKIIaJOM TPaHCIOPTHOTO MOTOKY (0)

3a I0MOMOroK AaHATITHYHOTO PO3PAaXyHKY BH3HAYEHO, IO B MDKMIKOBHM NEpioA iHTEHCHBHICTbH
PYXy TpaHCIOpPTY Opi€HTOBHO Ha 28% MeHIIa HiK y MiKOBI roguHu no0H. Taki KOJUBaHHS HETaTUBHO
BIUIMBAIOTh Ha 0O€3MeKy JOPOXKHBOIO PyXy Ha HEperyjaboBaHOMY mepexpecTi. HepisHomipauii posnoain TII
y pi3Hi mepionu O00M NMPU3BOIATH IO HAKONMMYYBAHHIO aBTOMOOUIIB Ta 301bIICHHS Yacy OYiKyBaHHS Ha
MPOi3]1 30HU Mepexpects ado 3AIMCHEHHS TOBOPOTHUX MaHEBPIB.

3a yMmoB HepiBHOMIpHOCTI 1 HeomHOpigHOCcTI TTI, HaibinbIry Hebe3neky i YCKIagHeHHS B pyci Ha
HEPEryJIbOBAaHUX MEPEXPECTSIX CTBOPIOE JIIBOIIOBOPOTHUN TPAHCIIOPTHUH IOTIK, SIKUH MEpEeTUHAE TOJOBHUI
HaTpSMOK 3 BEIIMKOI0 IHTEHCHBHICTIO. HakomudeHHS deprd 3 JIBONOBOPOTHMX TPAHCHOPTHUX 3aco0iB
CTBOPIOE HeOE3MeKy IS IHIIMX YYACHHUKIB JOPOKHBOTO PYXY, SIKi pyXaroThcs 4epe3 MepexpecTsi.

HeperynpoBane nepexpecTst BYJIULb PO3TALIOBAaHE y NPHUMICBKIH 30HI € TUMOBMM T-moxiOHMM
MepexpecTsiM MariCTpajlbHUX BYJIHILb 3 IHTEHCUBHUM PYyXOM TPAHCIOPTHUX IOTOKIB Ha BCiX HOTro migxonax.
ToMy, I TaKMX yYMOB PyXy, € BaKJIMBHUM, MEPEBIPUTH 32 SKOrO I'PAaHMYHOTO YacOBOTO IHTEpBANIy Ha
TOJIOBHIH 10PO3i Ta 4aCTKH MOBOPOTHUX T3 y pi3Hi nepioau 100H, TpUBATICTh iHTEpBaly OyAe NPUHHITHOO
(HaiiMeHIIIOr0) /17151 6€3MeYHOTo 3/ ICHEHHS JTIBOMTOBOPOTHOTO MAaHEBpY.

Ha HeperynboBaHoMy mepexpecTi Taki Oe3ledHi MOBOPOTHI MaHEBPH (SIKi HE CTBOPIOIOTH aBapiiiHUX
CUTYyaIlill) MOXJIMBI TIJIBKU 32 HASIBHOCTI JIOCTATHHO BEJIMKOTO YaCOBOTO IHTEPBay B OCHOBHOMY IOTOIII Ha
TOJIOBHIHM 10po3i. BuzHaueHHS 4acoBOro iHTepBally MiXkK aBTOMOOUISIMU y MOTOLI 3IiHICHIOBAaBCS Ha OCHOBI
Biteoikcarlii 3 MOJANBIIAM OIPAIFOBAaHHIM 1 BHU3HAUYEHHSIM TPHUBAJIOCTI MK aBTOMOOUISIMH Yy mepepisi
noporu A-b (puc.5).

Touka dikcalii YacoBuX iHTEpBaniBe Mix

Student Version i i aBTOMOGINSIMM Y TPAHCTIOPTHOMY MOTOLi
Not for commercial use. L
JliBONOBOPOTHUIA MaHeBp 3 rONOBHOI AOPOrU 3

oA

A-B - Bigpi3ok goporu, Ae BigdyBanucb JOCTIMKEHHS
PaHUYHUX iHTEPBAiB Ha FONIOBHOMY HaNPSIMKY A0POrU

Pucynok 5 — Cxema IOCIIDKSHHS TPAaHUYHOTO YaCOBOTO iHTEpBaTy Ha TOJIOBHI#H 10p03i ( Aty,,)
HeperyJpoBaHoro nepexpects Kinbresa gopora - Byn. Kuiscska (H17)
3rigHo po3pobIeHoi CXeMH eKCIIEpUMEHTANBHUX JOCHIHKEHb TPAHUYHOTO YacOBOTO iHTEpBaly Ha
TOJIOBHIM [OpO3i AJsl 3A1MCHEHHS JiBOINOBOPOTHOIO MAaHEBPY BH3HAYEHO TPHUBAJIOCTI IHTEPBAJiB MIiX
aBTOMOOUTSIMH 32 Pi3HHUX NapaMeTpiB TPAHCIIOPTHOTO MOTOKY Ha mepexpecTi. Ha 0CHOBI 1bOTO, JIIS PI3HUX
NepioNliB HATYPHUX AOCIiIKEHb, OTPUMaHO TpadiuHi 3aJIe)KHOCTI 3MiHU TPHBAJIOCTI TPAHUYHOTO YaCOBOTO
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IHTEepBay 3aJIC)KHO IHTCHCHBHOCTI pyXy Ha TOJIOBHIM JOpO3i IepexpecTs 3 ypaxyBaHHSM YacTKH
niBormoBopoTHUX T3 (puc.6). 3a pe3ynmpTaTaMd ITOCHIHKEHHS IapaMeTpiB TPAHCIIOPTHOTO TIOTOKY Ha
HEPEryJIbOBAHOMY HEepEXPecTi, BCTAHOBJICHO IWHAMIKY 3MiHM TPAHUYHOTO YacOBOI'O iHTEpBAIy Ha FOJOBHIH
JIOPO31 BiJl YaCTKH JIIBOIIOBOPOTHUX IMOTOKIB, sika ctaHoBmia 10-30%.

Yac ouikyBaHHSI Ha mnepexpecTi JJsi 3AilicHeHH JIiBOro NMOBOPOTY HAa HePeryJbOBAHOMY
nepexpecrti - e MPOMDKOK dYacy, MPOTATOM SIKOTO BOJIN, KWK Ma€ Hamip 3IIHCHATH MaHEBp, OIHAK
3MYILIEHUH OYiKyBaTH Ha YacOBWH iHTepBaJ B MOTOLI 3yCTPIYHOTO TPAHCHOPTY IJIsl 3aBEpIICHHS MaHEBPY
0e3 mopyIIeHHs IPaBWJI JOPOKHBOTO PYXY Ta HE CTBOPIOIOYN HEOE3MEeUHUX CHUTYaIil TSl iHIINX YIaCHHUKIB
pyxy. 3MiHa TPaHWYHOTO iHTEpBaly Ha TOJIOBHIN mOpo3i (puc. 6) HEMOHCTPYE, SIK 3MIHIOETHCS dac
OYiKyBaHHS A7 3A1MCHEHHS MaHEBPY JIIBOTO MOBOPOTY 3a KOJHMBaHHS IHTEHCHBHOCTI PyXy Ha TOJOBHOMY
HarnpsIMKy Ta Pi3HOI YaCTKH JIIBOIIOBOPOTHUX TPAHCIOPTHUX 3ac00iB cTaHOBHUTSH (10%-30%).
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20,00

TONOBHIH A0pPO3i, ¢

10.00

TpHBAMICTh TPAHHYHOTO IHTEPBATY Ha

400 500 600 700 800 900 1000
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——10% ®—20% —8—30%

Pucynok 6 — 3miHa TpuBaIOCTi TPAHUYHOTO YaCOBOI'0 IHTEPBAILY 3aJIeKHO IHTEHCHUBHOCTI PyXy Ha FOJIOBHil
JI0p03i HEePeryIbOBAHOTO IEPEXPECTSI

3a He3HayHOi iHTEHCHBHOCTI pyxy (mo 700 aBTO/rOA) Ha TOJOBHIH JOPO3i HEPEryIbOBAHOTO
nepexpecTs, rpaHnYHuN yacoBuii iHTepBan y TII € He3HAYHMM 1 KOJIMBA€EThCs Big S5 10 10 ¢ HE3aIexKHO Bij
YaCTKU JIBOMOPOTHOTO IMOTOKY. lle TOSICHIOETBCS BETUKUMH PO3PUBAMH Y TPAHCIIOPTHOMY MOTOILI Ta
MOXJTMBICTIO TIOBOPOTHUM ITOTOKaM 3/IHCHUTH MaHEBp 32 HU3bKUX 3HAYCHb IHTEHCUBHOCTI PYXy 3yCTPi4HUX
OpSAMOINTyYnX MOTOKiB. HaiOinblni rpaHWYHiI YacoBi 1HTEPBaJ M ITOBOAMTHCS OYIKYyBAaTH JiBOIMOBOPOTHUM
TPAHCIIOPTHUM 3aco0aM 3a IHTEHCHMBHOCTI 3yCTPIYHOTO PyXy Ha Mmiaxoii o mepexpects Ouibiie 900
aBTO/TOJI Ta YaCTKH JiBOMOBOpoTHUX T3 — monaz 20%.

HaBenenwmii rpadik Ha puc. 6 BKazye, IO TPOCHITKOBYETHCH UiTKa 3aJEKHICTh MK TPUBATICTIO
PaHUYHOI'0 YaCOBOI0 IHTEpPBAy HA T'OJIOBHIM JA0PO3i Ta IHTEHCUBHICTIO PYyXYy 3YCTPIYHOTO TPAHCIIOPTHOIO
notoky. OTpuMaHa 3aJeKHICTh XapaKTepU3y€e YTBOPEHHS 3HAYHMUX YAaCOBUX iHTEPBaJIiB Ha TOJIOBHIN 10pO3i
Ta 3MYyIIYIOTH JIOBIO OYiKyBaTd O€3MEeYHOro 3iMCHEHHS MOBOPOTHOIO MAaHEBPY 3a I1HTEHCHBHOCTI
3ycTpiuHoro pyxy o6inmpire 800 aBTo/roJ1. Ta 4aCTKH JIIBOIIOBOPOTHHX MOTOKIB Oibiiie 20 %.

OBI'OBOPEHHS PE3YJIBTATIB JOCJIAXKEHHSA

PesynpTatu mociiKeHHS MapaMeTpiB TPAHCHOPTHOTO MOTOKY Ha HEPEryJbOBaHOMY IEpEXpeCTi BYIL.
KuiBcrka — KinbreBa mopora mobnu3y HaceneHoro myHKTY ['amaniiBka A€MOHCTPYIOTH UiTKy 3aJ€XHICTh
IHTCHCHBHOCTI PyXy BiJ JA00M 1 JHS TIXKHS, II0 Ma€ BRKJIMBE 3HAYCHHS I IJIAHYBAaHHS ONTHMi3allil
po0OTH mepexpecTs Ta BAOCKOHAIEHHSI OpraHizalii TOpOXHbOTO PyXy.

Ha npaktuni asami3 TpaHWYHHX YacOBUX IHTEpBANiB Yy TPAaHCHOPTHOMY TMOTOLI Yy 30HI
HEPEryJIbOBaHUX MEPEXPecTh B YMOBAaX HACHUEHOTO PyXy 3a JOMOMOTOI EKCIIEPHMEHTAIBHUX JOCIHIPKEHb
JIO3BOJINTH OIIIHUTH O€3MeKy JOPOXKHBOTO PyXy Ta e(pEeKTHBHICTh HOTO pPOOOTH 3a PI3HUX MapameTpiB
TPaHCHOPTHOTO TIOTOKY.

Pesynmbrati mOCHiIKEHP MalOTh CTAaTH OCHOBOIO IS OITHMI3allii CXeM opraHizamii pyxy Ha
HEpETyIhOBaHUX TMepexpecTsx. llpm BU3HAUYCHHI TPIOPUTETHUX HANPSIMKIB pyXy Ha TOJOBHIH I0pO3i
B)XXJIUBO aHANI3yBaTH 3aKOHOMIPHOCTI PO3MOAUTY YaCOBHX I1HTEPBAJIB MK TPaHCIOPTHHUMHU 3aCO0aMH.
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IrHOpYBaHHS MOXJIMBOCTI IIEPEBUILCHHS I'PAaHIYHNX 3HaUCHb YacoBUX iHTepBaiB y TII Moke nmpusBecTn 10
ITIIBUINCHHS PU3UKY BUHUKHEHHS HEOE3MEYHNX CUTYAI ¥ 30H1 TIEpeXpecTsl.

BUCHOBKHU

3a pesynbraTaMH JIOCIIPKEHb OYJI0 BH3HAUEHO, IO MIKOBUH TEpioN 3 HAWOUIBIIOK IHTEHCUBHICTIO
PYXy CIOCTepiraeTbcs y BeUipHi TOAWHM K. 3HAYHA IHTEHCHBHICTD PyXy Ha HEPETYIhOBAHOMY ITEPEXPECTi
B TOE€IHAHHI 3 BEIUKOI YaCTKOIO BaHTAXHOTO TPAHCIOPTY CTBOPIOE HE3HAYHI YaCOBi IHTEpBalM s
npoi3ay mepexpecTsi TPaHCIOPTHUMHU 3aco0aMu, fKi 3AIMCHIOITH JiBUH moBopoT. Lle mpu3BomuTh 10
YTBOPEHHSI JOBTHUX HYePT TPAaHCIOPTHHUX 3ac00iB, M0 MAOTh HaMip BUKOHATH JIIBOITOBOPOTHHUI MaHEBD.
Emtopa iHTEHCHBHOCTI pyXy B TOJIOBHOMY HAIPsIMKY IIOJI0 TPAaHUYHOTO 4Yacy Ha TOJIOBHIHM JOPO3i MOKa3ye,
mo npu iHTeHcHBHOCTI mMmoHax 700 aBTo/rof TpaHMYHMN 4YacOBHH iHTEepBad Ha MpPOI3A MepexpecTs
nepesuirye 20 cekyHI.

Hatypni mocnimkenHs 3adikcyBaiy MiKOBY iHTEHCHBHICTh NPAMOinydnx T3 B TOJIOBHOMY HAINPSIMKY
Ha piBHI 917 aBTo/rOoN, WIO CTBOPIOE HEOE3MEYHI CHUTyallil HA MEPEeXpecTi, SKi YacTO MPU3BOAATH JIO
JOPOXKHBO-TPAHCTIOPTHUX MIPHUTOJ.

Pesymprati mocmimkeHb TPAaHUYHUX YaCOBUX IHTEPBAIIB Y TPAHCIIOPTHOMY IMOTOIl PEKOMEHIOBAaHO
BUKOPHCTOBYBAaTH MiJl Yac BJIOCKOHAIEHHS CXEM OpraHizamii IOpOXKHBOTO pyXy Ha HEperyJbOBaHHX
nepexpectsix. [lix yac opranizamii J03BOJICHHX HAMPSMKIB PyXy 31 CMYTr pyXy, HEOOXiZHO BpaxOBYBaTH
3aKOHOMIPHOCTI 3MiHH T'paHUYHUX YAaCOBHX IHTEPBAIIB HA TOJOBHIN JOPO3i MEPEXpecTsi, OCKITBKHU 32 IEBHUX
00CTaBMH BOHH MOXYTh OYyTH 3HAYHWMH, TEPEBHINYBaTH KPUTHYHI 3HAYEHHs, 10 Oynae IIiBUIIYBaTH
Hebe3MeKy BChOoro epexpecTsl.

OTpumaHi pe3ylnbTaTd BKa3ylOTh Ha Te, IO NPU BIOCKOHAICHHS CXEMH PyXy Ha HEPEryJIbOBaHHX
MEePEexXpecTsX HeOOXiTHO BPaXOBYBATH HE TIIHKU IHTEHCHBHICTH PyXy CaMOTO TPaHCIOPTHOTO MTOTOKY, aie i
YacTKy TPaHCTIOPTHHUX 3ac00iB, sIKi BAKOHYIOTh Pi3HI MAHEBPHU 3 TOJIOBHOI JOPOTH.
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Boikiv R.V. Analysis of limit time intervals at unsignalized intersection with high rate of left-
turning vehicles.

The paper analyzes the main characteristics of traffic flow in the area of an unsignalized intersection
and their influence on the formation of limit time intervals in the main direction, considering the share of
left-turning vehicles. The intersection has a significant traffic volume on all approaches, as the national road
H17 and the international highway MO06 pass through it. The intersection is characterized by all permitted
maneuvers, a high percentage of freight vehicles, and turning vehicles from the main road.

The study of traffic conditions and traffic flow parameters at the intersection found that the traffic
volume on the main road at different times of the day is more than 1000 veh/h, and the share of left-turning
vehicles ranges from 10 to 30%. Based on this, the duration of the limit time intervals in the traffic flow is
determined in the main direction of the unsignalized intersection. It was found that after the increase in the
volume of the direct traffic flow on the main road of the unsignalized intersection exceeds 700 veh/h, the
maximum time interval begins to increase by more than 10 s. It has been found that with an increase in the
share of left-turning vehicles from the main road, the duration of the limit time intervals at an unsignalized
intersection in the traffic flow varies between 20-25 s. The analysis of time limits on the main road shows
that safe traffic modes at an unsignalized intersection are affected by the distribution of traffic volumes by
direction, traffic flow heterogeneity, and the share of left-turning vehicles.

The results of the research should be considered when improving existing traffic management
schemes at unsignalized intersections. When determining the permitted directions of movement from the
main road, it is necessary to take into account the patterns of change in intervals in the traffic flow, since
under certain circumstances they may exceed critical values and create potential traffic hazards in the
intersection area. Keywords: traffic flow, unregulated intersection, traffic intensity, lane, left-hand vehicles,
limit interval of movement.

Keywords: traffic flow, unsignalized intersection, traffic volume, traffic lane, left-turning vehicles,
limit time interval.
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AHAJII3 MTPOXIAHOCTI ABTOMOBUIA 3 AEPOKOMIIEHCATOPOM

[IpoxigHicTIO TOBMHHI BOJOMITH aBTOMOOUTI BCIX THIIB, OCKUIBKH JUIS OYAb-SKOTO aBTOMOOLIS MOXe
BUHUKHYTH HEOOXIIHICTH 3'[31y 3 BHOPSAKOBAHOI TOPOTH, IPOI3My AUITHOK JOPIr, IO 3HAXOAATHCS B HECIIPABHOMY
CTaHi, pyX IO TPYHTOBUX 00'i37aX peMOHTOBaHHMX ab0 OyIOBaHMX MISTHKAX JOPIT 1 MOCTIB, pyX B 3UMOBHI 4ac IO
HEpIiBHUX, 3aCHDKEHHX JOPOTax.

Jlis aBTOMOO1MIB, SIKi CHCTEMAaTHYHO TIPAIIOIOTh B BAKKUX JOPOXKHIX YMOBaX, IPOXiJHICTE Ma€ MEepIIOpsIHE
3HaueHHs. Jlo HHX B TIepuly Uepry BiZHOCATHCS BIMCHPKOBI BaHTaXHI aBTOMOOLNI cepeAHbOi 1 Maoi
BaHTAXOMIAHOMHOCTI, HEBEJIHMKI aBTOOYCH, JIETKOBI aBTOMOOLNI 1 1HIII, II0 BAKOPUCTOBYIOTHCS B CIIIBCHKIN MiCLIEBOCTL
abo micoBUX pailoHaxX, a TaKOoXX aBTOMOOITI-CAMOCKHIM, IIO BHKOPHUCTOBYIOThCS Ha OYHIBHHUITBAX BEIHKUX
TIAPOTEXHIYHHUX CHOPYI, HAa JOPOKHBOMY 1 iHIIMX OyaiBHHLTBax. Big mMpoXigHOCTI WX aBTOMOOLTIB y BEMUKii Mipi
3aJIeXaTh CepeiHi MIBUAKOCTI PyXY, iX IPOIYKTUBHICTD i 30€pe)KEHHS MEXaHi3MiB.

B crarTi mpoaHai30BaHO 3aJEKHOCTI OMOPY KOYEHHS KoJieca BiJi OCHOBHHX MapaMeTpiB Kolieca i TpyHTa.
[MoGynoBano rpadiuHi 3a1eXHOCTI MIMOMHYU KOIii, CHIN 1 KoedilieHTa OIopy PyXOBi Bil BEJIMYUHU YIIUITEHEHHS i
Horo BOJIOTOCTI I MSKUX TpyHTIB. [IpoBeneHo knmacudikamilo Mepemkos i aHami3 MPOXiTHOCTI aBTOMOOUIB 3
BpaxyBaHHAM iX NPO(IIbHUX BIACTHBOCTEH. BM3Haue€HO OCHOBHI OLIHOYHI MOKAa3HWKU MpoxXigHocTi. Ha ocHOBi
aHaJi3y YMHHUKIB, OI0 TOKPALIYIOTh MPOXiJHICTH BCTAHOBJICHO, IO MPOXiJHICTH aBTMOOLUIIB B YMOBaX 0e3I0piIKs
MOXXHa HOKpAlIUTH, 3MCHIIMBIIM BEPTHKAJIbHE HABAHTAKCHHA Ha OIOPHY MOBEpXHIO. PeanizyBaTH Iie¢ MOXKHA
MOEHABINY KOJIICHUHN pyILiii i aepokoMIieHcaTop (TOBITPSIHUI BEHTHIIATOP HampasieHoi aii). Ha ocHoBi mpoBeneHnx
TIOTNIePEIHIX PO3PaxXyHKIB BCTAHOBJIEHO, IO PI3HUIL MiXK HaBaHTa)XKEHHSIM KOJIiC aBTOMOO1LIs 6€3 aepoKkoMIIeHcaTopa i
3 ioro BUKOpHCTaHHAM cKianae 10-15%.

KnrouoBi cjoBa: mpOXigHICTE aBTOMOOLIA, OIIp KOYEHHS Kojeca, BEPTHKAIbHE HaBaHTAXKCHHS
aBTOMOOLIS, a6POKOMIIEHCATOP BEPTHKAIFHOTO HaBaHTAKEHH KoJieca, KilacH(iKallis IIeperIKos.

BCTYII

[poxigHicTIO aBTOMOOLIISI HA3UBAETHCS IOrO MPUCTOCOBAHICTH JI0 3/[IICHEHHS ITepEeBe3eHb B CKPYTHHX
JIOPOXKHIX YMOBaX 10 JIOpOrax, 1o He MalOTh TBEPJIOTO MOKPUTTSI 200 110 € BaXKKO MPOXiJTHUMH, a TAKOXK 0e3
JIOPIT.

[IpoximHicTIO MOBUHHI BOJOAITH aBTOMOOIL BCIX TUIMIB, OCKUIBKH I OyIb-IKOTO aBTOMOOLIS MOXKE
BUHUKHYTH HEOOXIAHICTh 3131y 3 BIOPSAIKOBAHOI JOPOTH, MPOi3ay AIISHOK JOpPIr, IO 3HAXOIATHCS B
HECIPaBHOMY CTaHi, pyX IO IPYHTOBHX 00'137]aX peMOHTOBaHHX ab0 OyJOBaHWX MIJSTHKAX JOPIr i MOCTIB,
PYX B 3MMOBHI1 4ac 10 HEPiBHUX, 3aCHIKEHHX JIOpOTaXx.

[IpoTe crymine MpoXigHOCTI MOTPiOHA pi3HA I aBTOMOOUTIB Pi3HUX THUIIB 3aJIE)KHO BiJ TIOPOKHIX
YMOB, JJIsl pOOOTH B SIKMX BOHU Npu3HaveHi. Hampuknaa, MapmpyTHi aBTOOYCH BETUKOI MiCTKOCTI, JIETKOBI
aBTOMOO1JTi BUIIIOTO KJIACY 1 iHIII THITA aBTOMOOLIIB, IO MPU3HAYAIOTHCS JJI1 BUKOPUCTOBYBAHHS B BEJIMKHX
MicTax a00 Ha aBTOMOOUIBHUX MAariCTpaisix, MPAIfOlOTh MaikKe BUKJIIOYHO B JOOPHUX JOPOKHIX YMOBaX.
Tomy BUMOTH 70 X TIPOXiTHOCTI MOXKYTh OYTH MiHIMATbHUMH.

Jis aBTOMOONIB, SIKI CUCTEMAaTHYHO TPAIIOIOTh B CKPYTHHX JOPOXKHIX yMOBax, MPOXiJHICTE Mae
nepiuopsiaHe 3Ha4eHHs [1]. Jlo HuX B nmepiy uepry BiJHOCATHCS BiICBKOBI BaHTa)XKHI aBTOMOOLIII cepetHbOT i
MaJIol BaHTaXOIIMOMHOCTI, HEBEJMKI aBTOOYCH, JIETKOBI aBTOMOOLTI 1 iHIN, IO BHUKOPUCTOBYIOTHCS B
CLIBCBKIH MiCIEBOCTI ab0 JICOBUX pailoHax, a TaKoXX aBTOMOOUII-CAMOCKHIH, 110 BUKOPHUCTOBYIOTHCS Ha
OymiBHULTBAX BEIMKHX TiIPOTEXHIUYHUX CHOPYA, Ha AOPOKHBOMY 1 iHIIMX OyAiBHUUTBAx. Bin mpoxigHocTi
IIUX aBTOMOOUTIB y BENHKIN Mipi 3aJie)kaTh cepelHi IBUAKOCTI PyXy, X MPOJYKTHBHICTH 1 30€peeHHs
MeXaHI3MiB.

Heski pizHOBHAM aBTOMOOUTBHMX MEpeBE3eHb HEMHHYYE MOBHHHI 3I1MCHIOBATHCA MO OE3I0PIKKIO
a00 B 0COOJIMBO BaXXKHX JOPOXKHIX yMoBaX. J[0o TakMX IepeBE3€Hb BIIHOCATHLCS, HAIIPHUKIIAJ], BUBI3 3 MOJIB
ypoKar KapTomuli, Oypsika 1 IHIIMX KyJbTYp B OCIHHRO-3UMOBWH TiepioJl, BUBI3 Ha TONA JOOpHB,
00CIIyTOBYBaHHS I'€0JIOTOPO3BiyBaJIbHUX POOIT, MPOKIAAKa ra3onpoBOIiB 1 JIiHIM enekTporepeaay i iHmi
nepeBe3eHHs. /i1 aBTOMOOLNIB, IO BHKOPHUCTOBYIOTHCS B TaKUX BHIAAKaX MPOXiJHICTE € OCHOBHOIO
EKCIUTyaTaIlifHOO SKICTIO.

OIHATH TPOXIJHICTh MOXXHa BHKOPHUCTOBYIOUM KOHCTYKTHBHI, TIpO(QiIbHI XapaKTEepUTHKH
aBTOMOOLUISL Ta JOpir, MO SKUX BiH MpHU3HA4YeHUH pyxartucsi. OCHOBHHM KpUTEpiEM BH3HAYCHHS HOTO
MPOXITHOCTI MMOBMHHA CIY)XHTH MOJKIIMBICTH HUM TIOJOJIAHHS pi3HOMaHITHHMX mepemkon [2]. 3a Buximmi
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MMapMETPH IJIS PO3PAXYHKIB Opasics MapMETPH BiICBKOBUX aBTOMOOITIB OCKIIBKH MPOXIMHICTH IS HUX —
OJTHA 3 HAMBAKJIMBIIINX BIACTHBOCTEH.

HIJIb TA 3AJAYI JOCHIIKEHHSA

MerToro cTarTi € aHaji3 3aJEeKHOCTI OMOpy KOUEHHA Kojieca BiJ OCHOBHHX MapaMmeTpiB Koieca i
rpyHTa, o0y M0Ba TpadivHNX 3aIeKHOCTEN TITMONHHN KOTii, CHiIH 1 KoedillieHTa Oopy PYXOBi Bi/i BETUYHHA
YIIUTEHEHHS 1 HOTO BOJIOTOCTI AJIsl MSAKHUX TPYHTIB. [IpoBecTn kimacudikallito mepenrkos i aHali3 MpoXiaHOCTI
aBTOMOOUIIB 3 BpaxyBaHHsIM iX MpOQiIbHAX BIACTUBOCTEH 1 BU3HAYUTH OCHOBHI OIIIHOYHI TOKa3HUKHU
MPOXiAHOCTI. 3amporoHyBaTH CIOCIO TOKpameHHs MPOXiAHOCTI aBTOMOOLIA 1 OOrpyHTYBaTH HOTO
e(heKTUBHICTb.

AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA MPOBJIEMH

OmnpaifoBaHHsl €KCIIEPUMEHTANBHUX JAHUX JJA€ MOXKIIMBICTD YCTAHOBHTH 3aJISKHICTD OMOPY KOYCHHS
KoJIeca BiJi OCHOBHHX MapaMeTpiB Koieca i TpyHTa. [IpukiiagoM Takoi 3amexHOCTi Ayt BU3Ha4YeHHs P Moxke
cnyryBatu popmyna A. E. OmenbsiHosa [3]:

@)

ne C; 1 C, — A0CBiqueHi KoedillieHTH, 10 3ajie)kaTh BiJl KOHCTPYKIII 1 MaTepialdy IIMHU; CepeiHi
3gaueHns ix: C; = 0,065; C, = 0,425;

Gk — HaBaHTa)XKeHHs Ha Koseco, 10 H;

Po — THCK MOBITps B mmHax, 10° ITa;

D — 3oBHimHi# niaMeTp Koneca, 102 M;

C — koedimieHT HeCyUdO0i CIIPOMOKHOCTI TPYHTY.

[Nepmmii noganok y wiid Gopmymi siBise co0o0 Omip KOYEHHIO B pe3ynbTaTi Aedopmarii koieca, a
JpYyTHH - y pe3ynbTari aedopmaiii rpyHTY Tia kKojecoM mo AedopmyeTbes. Ha MinpHUX TpyHTaX APYTHA
JOJIAHOK 3HAYHO MEHIIE TEepIIOoro, i HUM MOXKHa 3HEBRXHTH. Ha M'SKHMX TpyHTaX NMpH BUCOKOMY THCKY
MOBITPsI B IMHAX OCHOBHY POJIb Oy/ie BiirpaBaTH APYruil J10JaHOK.

[pu xoueHHi KoJieca Mo TBEPAOMY TPYHTI PO3Mip MOXKE CKIIaJaTH:

- TSI LIIAH BUCOKOTO THUCKY (po = 0,35 + 0,55 MITa) - (1,20 + 1,45) po;

- JIUISI IIIMH HU3BKOTO TUCKY (po = 0,15 + 0,2 MITa) - (1,10 + 1,25) po;

- JUTS IIUH 13 HAAHU3KOTO THCKY (po = 0,05 + 0,2 MTTa) - (1,05 + 1,10) p.

Pyx mo HemigpHUX 3B'I3KOBUX rpyHTaxX (FPYHTOBA IIJIMHA, OPAHKA) CYMPOBOPKYETHCS YTBOPCHHSIM
Koutii. Buxomsiuu 3i creneneBoi 3anekHOCTI [4] MK HaBaHTaKCHHSAM Ha TPYHT 1 #oro aedopmartito s
YKOPCTKOTO KoJjieca TiiyOrHa KoJIii Moxe OyTH BU3HAUYEHA 110 (hopMyJIi

h= G
= .1 P
Chj1- 3 VD
)
ne: h — ranbuna KoJrii;
G — maBaHTa)XEHHS Ha KOJIECO;
C i p— koedimieHTH, 0 XapaKTEPU3YIOTh IPYHT;
b — mmpuna koneca;
D — miameTp Kxoreca.
Cuiia oropy KOYEHHS JJISl LIUX JK€ YMOB BU3HAYAETHCS 1m0 (hopmydi [5]
h u+l
P, =Cb——.

Toxi koediieHT ONOpPY KOUEHHIO JKOPCTKOTO KOJeca 0 TPYHTY, o Ae(hopMyeThCs
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p P 1 JEf
G, D

<ﬂ+na—§>

(4)

MOoXJIHBICTh TOJOJAHHS M'SKUX TPYHTIB BU3HAYAETHCSA HE TIIHKHA PO3MIPOM OIOpPY KOUYEHHIO, aie i
3YETICHHSM TOJIOBHUX KOIIIC 13 TPYHTOM, JIOCTATHIM JIJISI TOJIOJIAHHS I[HOTO OTIOpY.

[Ipu xoueHHi KoJjieca, HABaHTaKEHOTO BEPTHKAJIbHOIO ciior GK i TaHTeHLialbHOWO cuiol Tk 1o
neGopMyrOuOMy TPYHTI, BilOyBaeThCsl BAABICHHS IIMHU B TPYHT 1 3pYyLICHHS TPYHTY MO IUIOIIMHAX,
00yMOBJIEHHM BiZICTaHAMH ab MK CYCiHIMH BHCTYHaMH HpPOTEKTOpa MIMHUA (PUCYHOK 1) i ITOBXHHOIO
Buctymy bd. Omip rpyHTy 3pyIeHHs BianoBiaHo 10 hopmyin (5) y qanomy Bumnaaky Oymae mopiBHioBatu [6]

T = cF + fBQ* (5)

ne F — cymapHa 1uroma 3pyIieHHs TPyHTY i KOJIECOM.
Q* — BepTHKaTbHE HABAHTAKEHHS.

g S i
v 4
7 7/
~ 7
) /
Y e M e =
LS v
a b ¢

Pucynox 1 — 3auernyeHds IpOTEKTOpa Kojieca 3 TPYHTOM.

IIpu KOUeHHI MHEBMATHYHOTO KOJIECA MO M'SKOMY TPYHTI YTBOPEHHS KOJi1 HOCUTh OiJIbII CKIIQTHUMN
XapaxkTep, TOMY 110 KOJIECO B I[bOMY BHUIMAAKY TEX JehopMyeThes. Y pe3yibTaTi aedopmailii MHEBMATUIHOT
IIMHU KOHTAKT KoJjieca 3 TPYHTOM BiJIOYBAa€ThCS MO MOBEPXHi, IO OMUCYETHCS B TUIOIIUHI KoJieca paaiycoM
OUTBIIMM, HDK pajiyc HeaehOopMOBaHHOTO Kosieca. Ha 1idt mijcTaBi 3ampONOHYBaHO PO3IIISIATH KOUCHHS
MHEBMATUYHOTO KOJieca 10 MPYHTY SIK KOYESHHS JKOPCTKOTO Kojeca, ajle JeKijabka OibInoro aiameTpa (puc.
4.11). diametp D; *OpCTKOrO KoJjieca, 10 YTBOPUThH TAKy K KOO h, sSIK 1 THEBMAaTUYHE KOJIECO JiaMETPOM
D, MOKHa BU3HAYUTH MPUOIH3HO 110 popmyti [7]

D, =D+ l),
h (6)

Tomui xoeditient onopy rpyuty kouenns fIIH nHeBMaTnuHOrO KOseca Oyze JOPIBHIOBATH

h,—i

aHC

mAﬂ+DG—§)

fHH -

(7

ne h,. — rmubuHa Kouii, o yrBopuiacs O pH IPOXO0/i )KOPCTKOTO KoJjteca Aiamerpom D;

i — pamianbHa Aedopmaliis IIMHU.

[epmmii MHOKHUK y LiH GopMyIli siBJIsIE COOOIO OITip KOYEHHIO B pe3yibTati Aedopmarii koieca, a
IOpyTHH - y pe3ynbTati gedopmauii rpyHTY Hix kKosecoM mo Aedopmyerbes. Ha minpHUX rpyHTaX ApYrHi
JOJAHOK 3HAYHO MEHLIE MEepLIOro, i HUM MOXKHa 3HEeBaXHTH. Ha M'IKMX rpyHTax MpH BHUCOKOMY THCKY
TIOBITPS B IIMHAX OCHOBHY POJIb Oye BigirpaBaT OpyTHid TOTaHOK.

PE3YJIbTATHU JOCJILKEHb
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[IpoxiaHiCTh € OJHUM 13 OCHOBHHX CKCIUTyaTalliiHO-TEXHIYHUX SKOCTEH aBTOMOOLIA, 0 BH3HAYAE
MOJKJIUBICTh 3P (EKTUBHOIO BUKOPUCTAHHS aBTOMOOIISA Y BAXKKUX JTOPOXKHIX yMOBaX. L{i€r0 SKiCTIO MOBHUHHI
BOJIOZIITH aBTOMOOUTI BCiX THIIB, aje y 3aJIe)KHOCTI BiJ| iXHBOTO MPHU3HAYEHHS - y PI3HOMY CTyMCHi. Y
3B'A3KY 3 IIUM, CaMme MOHSATTSI MPOXiTHOCTI AJISl aBTOMOO1TIB KOKHOTO TUITY Ma€ CBO€E crieliuivyHe 3HaYCHHSI.
Tak, HampwkiIam, MPOXiTHICTH HAPOAHOTOCIOJAPCHKHX aBTOMOOINIB 3B'A3YIOTH 13 MPOAYKTHBHICTIO iX i
BapTICTIO OJWHUIN TPAaHCIOPTHOI POOOTH y BaXXKKMUX MOPOKHIX ymoBax. J[ms BifichkOBHMX aBTOMOOLTIB
MPOXiJHICTE HaOyBa€ OCOOJMBO BaXKJIMBE 3HAYCHHS, TOMY ILIO BiJ IIi€i SKOCTI OOMOBUX 1 TpaHCIIOPTHHX
aBTOMOO1JTIIB 6araTo B 4OMY 3aJIeXKHUTh YCIiX 3a0e3medeHHss O0HOBHX Aii BIMCHK y Cy4acHid BiffHI.

[lin TpoXigHICTIO BIHCHKOBOTO aBTOMOOLIS BapTO PO3YMITH CIPOMOXHICTH HOTO pyXaTHCSA IIO
MOTaHMWX JOPOrax i 1mo3a JOPOraMu, JOJAa0ud Ha HUIIXY NPUPOAHI 1 IITYYHI MEpemKoan 0e3 JOMOMIXHHUX
3aco0iB. Y 3aJIe;KHOCTI BiJ MpU3HAYEHHsI BIICHKOBI aBTOMOO1JI MarOTh Pi3HY NPOXiAHICTh. 3a i€l 03HAKOIO
BOHU AUTITHCS Ha aBTOMOO1JTI 3BUYAMHO1, T ABUIIICHOT 1 BHCOKOT IMTPOX1THOCTI.

ABTOMOO1TI 3BUYAHOI MPOXiTHOCTI MPU3HAYAIOTHCS AJIS PyXy MO LHIOCEHHUX 1 TPYHTOBHUX IOpOTax.
Jlo HUX BiTHOCSTBCS HAPOAHOTOCTIONAPCHKI aBTOMOOLII 3aralbHOTPAHCIIOPTHOTO MPU3HAYESHHS 3 KOJICHOO
¢dhopmyioro 4X2, i3 3BHUAHIMH TOPOITHUMH IUHAMY, 13 JU(EepeHIiaioM, 0 He OIOKYETHCA.

Jlo aBTOMOOILTIB MiBUIIEHO] TPOXiTHOCTI BIAHOCATHCS BIHCHKOBI aBTOMOOLTI 3 KOJIICHOIO (hOPMYIIOF0
4X4, 6X4, 6X6 i T.A., 13 WHUPOKONPOQINEHUMH IIUHAMH, 13 IIUHAMU PErYJIbOBAHOTO TUCKY MOBITPS, i3
4acTKOBO a00 TOBHICTIO OnokyrounmMu audepenmianamu. Lli aBToMoOLTI mpu3HaveHi st poOOTH 1 Ha
Joporax, 1 Ha MiCIIEBOCTI 11033 JJOPOTaMH.

ABTOMOOUTAMH BHCOKOI MPOXiAHOCTI € MOBHOMPHBIIHI aBTOMOOLTI i3 IIMHAMH HU3BKOTO THUCKY, i3
apoYHMMK MMHAMU abo THeBMoKaTtkaMu. Lli aBTOMOOiINI MOXYTh MaTH CleliaibHe KOMITOHYBaHHS,
JOTIOBHIOKOYI TPHUCTPOI, MO MiABUIIYIOTh MPOXiAHICTE (HAPUKIAN, HOAATKOBI KOB3aHKH JUIS TTOMOJIAHHS
POBIB).

ABTOMOOUTI BHCOKOI TMPOXiJHOCTI MOXYTh OYTH IUIABAIOYMMH, TPAIIOBATH B OCOOJIMBO BaXKKHX
YMOBaX.

[lepemkoan, ki 37MaTHI BUKIUKATH BTPATy MPOXIMHOCTi, MOXKYTh OyTH IyXKe pi3HHMH, i KOXKHA 3
MEPENIKO/I TI0-CBOEMY BILJIMBA€E HA aBTOMOO1UTb. Y 3aJIe)KHOCTI Bifl IIBOTO BC1 MEPELIKOIU MOXKHA PO3OUTH Ha
Tpu rpynu (pUCYHOK 2):

- MEPEeIIKO/IU, 10 CTBOPIOIOTh BEIMKHU OIIp PyXy i BUMararoTh Ha MOJOJIAHHS iX CHIIy TSTH, sKa
ONMU3bKa IO CUJIM TATH TO 3YEIUICHHIO; 0 HUX BIJIHOCSATHCS PO30OMTI TOPOTH, M'SKi TPYHTH (00JI0TO, CUITYdi
MICKH, MTyXKUH CHIT), KPYTi MiHOMH, TPAaHUYHI NIEPEIIKOIN, OpPOIH;

- TIEPEIIKO/IN, 37[aTHI BUKJIMKATH MEPEKUIaHHS aBTOMOOIIS: POBH, KOCOTOPH, KPYTi CITYCKH, CIHM3bKi
TOpPOTH;

- TIEPEeIIKO/HU, 3/1aTHI BUKJIMKATH 3aTOIUICHHS aBTOMOOLIS; O HUX BIJHOCSTBCS BOJSHI MEPEIIKOIH
(Bimkpwri 1 3amep3ii), 6arHucTe 600JI0TO.

| MpoxigHicTb |

v v v

Mepelukoaum, WO CTBOPIOIOTL BENUKUIA Mepelukoam, Wo 3aaTHI BUKNNKATU NepekuaaHHA Mepelukoaum, WO 3AaTHI BUKNMKaTH
onip pyxoBi aBTOMOGinsA 3aTonneHHs aBTomobins
M'siki Po36urTi KpyTi Tpanmuni Koco KpyTi Cnu3sbki Boaami BarHucre
L nepelwu- Bpoau PoBu nepetu-
FPYHTHN aoporun nianomm Kxonu ropu cnycku aoporun Koau 6onoto

Pucynoxk 2 — Knnacuikaitist mepeniko

[lepemkoan, siKi 34aTHI BUKJIMKATH BTPATy MPOXiJHOCTI, AyKE€ Pi3HOMAaHITHI, 1 KO’KHA 3 HUX M€ CBOIO
XapakTeprcTuKy (Koe(illieHT Onopy KOYSHHIO, KYT MiJHOMY, ITUPUHY, BUCOTY 1 T.I1.).

[IpoxigHicTe aBTOMOOLISI OLIHIOETHCS CYKYINHICTIO BCiX mapameTpiB. Y psiii BHIIAAKIB MPOXiTHICTH
aBTOMOOLUISI MOke OyTH OLiHEHa JIMIIe Y MOPIBHAHHI BiJHOCOH IHIIMX MAallWH, IO NPalOITh Y PIBHUX
JOPOKHBO-KJTIMATUYHUX YMOBaX.

[IpoxigHicTh aBTOMOOUIS OIIHIOETHCS 32 PSAJ MOOJWHOKHUX TapaMeTpiB 1 3a y3aralbHEHHMHU
napamerpamu (pucyHok 3). Jlo mapaMeTpiB, 10 BU3HAYAIOTh MOKJIHBOCTI aBTOMOOIIS 10JIaTH MEPEIKOaN
TOr0 4YM IHIIOTO BHUAY, BIZHOCATBCSA: Koe(imieHT BiIbHOI Taru Kt; MakCHMalbHUH KyT Higiomy;
MakcuMaibHa BHcoTa mopora HI1; makcumanbhHa mumpuHa poBY lp, MakcMManbHa TIHOMHA CHIKHOTO
nokpuBy H; MakcumanbsHa rmubuna 6pony K.
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OUuiHOYHI NOKa3HUKK NPOXiAHOCTI
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Pucynok 3 — OmiHOYHI TOKa3HUKX MPOXiTHOCTI

Koedimient BimbHOi Tsiru Kt siBisie co0010 BiTHOIICHS MaKCHUMAJbHOI CHJIM TATH, SKa MOXE OyTH
BUKOPHCTaHA Ha raKky B JIAHUX JIOPOKHIX YMOBaX 0 MOYaTKy OyKCYBaHHS YW 3arjIOXaHHsS JIBUTYHA, JIO
MOBHOI Baru aBToMo0is [8]:

KT=Pkp /G (8)

Tak, sk 3a 3uerieHuaM: Pxp=Po-y G=¢Go-yG, a BigHomenus Go /G=K¢ — xoedirieHT 3araapHol
Baru, To KOeQillieHT BUILHOI TATH 32 34CIUICHHAM MOXKHa BU3HAUUTH 3a Gopmysioro: KTe=pKe-y.

KoeoirrieHT BUIbHOI TATH 3a IBUT'YHOM 3HaieMo 3 Bupasy (8) sikio Bisbmemo Pkp=Pmy-G.

Toni Ktn=pua-y,

ne @n=Pn/G — nuroma cuia TATH 32 JBUTYHOM.

Koedimienr BinpHOI TArm KT omiHOE B OCHOBHOMY MPOXiAHICTH aBTOMOOLTIB uepe3 MEepPenIKo.iu,
noTpedyroun A iX [MOOJaHHS MOBUILEHO! CHIM TATH. BiH 3aleXuTh SK BiJ KOHCTPYKTHBHUX HapaMeTpiB
aBTroMoOist Ko Ta @1 Tak i Big 1opokHixX yMOB (¢, y= fcosa+Sina), y SIKKX BiH PyXa€ThC.

Bci nepepaxoBani mapaMeTpH, B3ATi pa3oM, JOCTATHHO MOBHO OIL[IHIOIOTH MPOXiAHICTH aBTOMOOINS 3
TOYKH 30py MOKJIMBOCTI PyXy. AJie BOHH HE JI03BOJIAIOTH OLIHUTH MPOXIiTHICTh aBTOMOOILIS 3 BpaxyBaHHAM
e(eKTUBHOCTI HOTO BHKOPHCTaHHS y CKJIAJHUX yMOBax pyxy. g mi€i MeTu 3amporoHOBaHi y3araibHEHi
mapaMeTpy TPOXiMHOCTi, SKi BHABIAIOTBECA y pe3yiabTaTi MOPIBHAJIBHUX BUIPOOOBYBaHb Ha
BaKKOITPOXIJTHOMY MapIIpyTi (BKIFOUAIOYM THUITOBI MEPEIKO/IN) Ta Ha II0Ce.

Jlo y3aranpHIOIOYMX TapaMeTpiB BiHOCATHCSA, Hampukian, ¢akrop mnpoxigHocti II, sxwuit
BU3HAYAETHCs 3a hopmyJoro [9]:
H _ GZM LM . Gem Lm
t}li g M tW g u

(9)

ne: Gr — KOprucHe HaBaHTaKEHHS;

L — noBkuHa BUIIPOOYBaIBHOT TIISTHKH;

t—gac pyxy;

g — BUTpaTa NajuBa.

[HIeKC «MY» BITHOCHUTBCS IO BAXKKOTIPOXITHOTO MapUIPYTY, IHAEKC I J0 II0CE.

dakrop mpoxigHocti [l mMokazye, Ha CKUIBKH TOHWXKYETHCS CEPEIHS IIBHIKICTh, KOPHCHE
HaBaHTaXXEHS Ta €KOHOMIYHICTh aBTOMOOLIS MPH MEPeXoJii 3 MIoce Ha BaXKKOIMPOXimHWH mapuipyt. Lle nae
3MOTY OI[IHUTH MPOXiIHICTh HAPOJHOTOCIIONAPCHKUX aBTOMOOIeH. [ BIHCHhKOBUX aBTOMOOLIEH 1S OIliHKa
HENPUUHATHA. SIKIIO BifICHKOBHI aBTOMOOLIb MEPEBO3UTh BAHTAX IITATHOI Baru 4u OYKCHUPYE MPHUYIIN, TO
BiH MYCHTh BHKOHATH ILI0 33[a4dy, PyXalouucCh IO MIOCE i 0 BaXKKOMPOXiJHOMY MapupyTy. B mux ymoBax
Kpallly IpoXiZHiCTh OyJie MaTH TOH aBTOMOOIJIb, IKWH BUKOHAE 3a1a4y IIBUALIE.

3BHUAifHO, MO aBTOMOOWT, SKi MOPIBHIOIOTHCS, TMOBHHI BHUIPOOOBYBATHCh Ha OJHOMY i TOMY XK
MapuIpyTi IpH IHIIKMX PIBHUX YMOBaX (TEXHIYHMUI CTaH, MOroja, Kiacudikalis BOIIiB TOLIO).

Ha mapameTpu OLIHKHM MPOXiZHOCTI, MO SIKMX HOPIBHIOIOTH Pi3HI aBTOMOOUI 1 fIKi 3aIUCYIOTBCS y
TEXHIKO-TEXHIYHY XapaKTepPHCTHKY aBTOMOOLIS, BIUIMBAIOTH Pi3HI (AKTOpH, SKi XapaKTepU3YOTh K
aBTOMOOLUIL (PHUCYHOK 4), TaK 1 PyHT: TATOBO-JMHAMIYHI; TeOMETPUYHI; KOHCTPYKTHBHI.
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YUHHMKM, WO NOKPaLLYOTb NPOXiAHICTb
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Pucynok 4 — UnHHHKHY, 10 TOKPAIIYIOTh IPOXiAHICTD

Ha pucynky 5 MokHa mMO6aYnTH 3aJI€KHOCTI TIMOWMHN KOJii, CHITH 1 KoedillieHTa omopy pyxoBi Bix
BEJIMYMHU YIIUTEHEHHS 1 HOT0 BOJIOTOCTI IJIsl MSIKMX TPYHTIB po3paxoBaHi 3a ¢popmyrnamu (2), (3), (7).

nubuna Konii'y 38'asanmnx rpyxTax Onip pyxosi y 38'asaHuX rpyHTax KoediujieHT onopy KoueHHIO Koneca y 38'AsaHUX rpyHTaxX
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YWiNbHEeHICTb rpYHTY mju npu onoroctiC, MMNa YuiinbHeHicTb rpyHTY mju npu sosnorocti C, MMa YuwiinbHeHictb rpyHTy mju npm sonorocti C, MlMa

a) 6) B)
Pucynok 5 — 3anexxHocTi ruOMHN KOJIi1, CHIK 1 KoeilieHTa Oropy PyXOBi BiJl BETMUMHH YUIUIHEHHS 1
HOT0 BOJIOTOCTI JJIsl MSIKMX TPYHTIB

[IponioHyeTbCS YACTKOBO 3MEHIIYBAaTH BEpPTHKAJbHE HAaBaHTaKEHHS aBTOMOOUMA. Takuid migxin
JIO3BOJINTh ~ MJIBUIIUTH TPOXiJHICT TPaHCIOPTHOTO 3aco0y, 3a0e3NeuuBIIM MpPH [BOMY HOTO
CHEeProoINaJIuBl XapaKTEPUCTHUKU Ta C€KOHOMIYHY JOLIIBHICTH 1 CTBOPUTH aBTOMOOLIb 3 €KOHOMIYHO
e(eKTUBHUM J>KUTTEBHM ITUKJIOM OCOONMBO B Tiepeldiry ekciuryarariii, TOOTO 3pOoOWMTH MaIlIuHy s
LIOZACHHOTO BHKOPHCTAaHHS B IIMPOKOMY Jiana3oHi 3acTocyBaHHA (pUCYHOK 6). PeamizyBatu me MokHa
MO€EIHABIIN KOJIICHUN Pyl i aepokoMIieHcaTop (TOBITPSHUN BEHTUIIATOP HAIPaBICHOT ).

Ko MKW TIepe3BOJIOKEHUH TPYHT MOKPUTHIA MApOM OLIBII MIITHOTO TPYHTY, TO MOXIIUBICTh
MOJI0JIAHHS TAKOT'O TPYHTY OyJie BU3HAYATHCS B OCHOBHOMY TPHBKICTIO BEpXHBOro Imapy. Lle BiiHOCHThCS B
mepiry 4epry 1o 3a00JIoueHHX JUISHOK MicieBocTi i Oosoram. [lomomanHs 3a00j0YeHHX JUISTHOK
BU3HAYAETHCS IMUIBHICTIO MOBEPXHEBOI0 TOp('sHOro mapy. [IpoXifHICTh TaKuX MIJISTHOK ITiJIBUIILY€EThCS
3HIDKCHHSIM TUCKY IOBITpS B INMHAX. [liITBEPKEHHAM LIbOMY MOXE CIY)KHTH Takuil npuknan [4]: gucio
npoxoniB aBTroMo0ist KpA3-5322 no ojHOMY citifly Ha 3a00JI04eHid MiCIIeBOCTI IpH 3HIKEHHI THUCKY 3 0,3
no 0,08 MIla 30inbmryBasiocss B JiBa-Tpu pas. [IpumycTumuid THUCK JJIsl MOAOJIAaHHS OOMNIT 13 pi3HOO
LITBHICTIO TOP(Y MpHUBeeHE B TAOIMULII.

Tabnuis. Hecyua 3mpatHicTs Topdy

CraH rpyHTY Honyctumuii Tuck, MITa
Hyxe yuiinsHeHn# (c1ab0 3BOJI0KEHUI) 0,10
VYiuinsHeHnH (cepeJHbO3BOIOKEHNH ) 0,075
Puxnmii (3BONIOKEHUIT) 0,055
Hyxe puxiuii (CUIBHO 3BOJIOKEHUI) 0,025
Texyunii (piaxuii) 0,012
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Pucynok 6 — KoMmnoHnyBaHHsI OCHOBHHX €JI€MEHTIB aBTOMOOLIS 3 a6pOKOMIIEHCATOPOM

Ha pucynky 7 MoxHa 1O0QUMTH 3MEHIICHHS HAaBAaHTQ)XEHHS HA TPYHT IIPH BHKOPUCTAHHI 1
aepokomreHcatopa. llomepenHi MOCHIIPKEHHS TOKa3ald, IIO PI3HUINSM MDK HAaBaHTQXEHHAM KOIIC
aBTOMOO1JIs1 0€3 aepOKOMIIEHCAaTOpa 1 3 Horo BUKOpHCTaHHAM ckiianae 10-15%.

MpoxigHicTb Ha Topdi

04
03 am am R=—="3 K3 - am - K3 am
03
=@®=—TUCK aBTO
03
© =@ -PisHULUA 3 TPYyHTOM
E
s 03
% =9 AepokomneHcartop (AK)
=
S 03
=
03
03
03

0,012 0,0121 0,0122 0,0123 0,0124 0,0125 0,0126 0,0127

YulinbHeHIicTb rpyHTy, Mla

Pucynok 7 — [IpoxinHicTb aBTOMOOBIISI 3 a6pPOKOMIIEHCATOPOM Ha TOpdi
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OBI'OBOPEHHS PE3YJIBTATIB JOCJIIAKEHHSA

IIpu pyci aBTOMOOLISI IO M'SIKOMY TPYHTI B pe3yJIbTaTi B3aeMOIii MTHEBMAaTUIHHUX KOJIC 13 TPYHTOM,
o AeOpMyeTbCS YTBOPUTHCS KOJMisl, YHACTIJOK YOT0 301MBIIYETHCS OMip KOYeHHs. ToMy 10 M'SKUH TPYHT
Ma€ HU3bKI 34ilHI SIKOCTI, TO HEOOXigHA Uil PyXy CHJa TATH MOXE JOCATTH I'PAaHUYHOTO 3HAYEHHS IO
34eIuIeHHI0. ByKCyBaHHS TOJNOBHHX KOJIIC, IIO MOYAIOCS B IBOMY BHIIAJKY, NPUBENE IO IHTEHCHBHOTO
301BIIEHHS KOJIii, pOCTY JIOOOBOTO OMOPY KOJIIC 1 BTpaTi MPOXITHOCTI.

YTBOpeHHs KOii 1 3YeTIeHHs KOJiC i3 TPYHTOM 3aJiekaTh He TIJIbKH BiJ] MapaMeTpiB aBTOMOOLNI, ane i
BiJl BiacTUBOCTEH TpyHTY. Komisi yTBOPUTBCS B pe3yibTaTi YUIUIBHEHHS TPYHTY 1 3pyIIEHHS TPYHTY B
CTOPOHH, a po3Mmip mmx nedopmariii, ixHiH xapakrep (IpykHa a0o0 IUTACTHYHA) BHU3HAYAIOTHCS
TPaHyJIOMETPHYHUM CKJIaJOM TPYHTY (pO3MipoM HOro TBEpIUX YacTOK), HOro IIiIbHICTIO, BOJOTICTIO,
TTTUOMHOIO 3aIATaHHs 1 T.11.

Omnip KO4YeHHS 1 34YEIUICHHS KOJIC i3 TPYHTOM 3ajieKaTh BiJ TUIONII KOHTAaKTy IIWHU 3 OMOPHOIO
MOBEPXHEI0 AOPOrd (3aIe)KUTh 30KpEeMa BiJl BEPTUKAIBHOIO HAaBAaHTAXXECHHS), MUTOMOTO THCKY B 30HI
KOHTaKTy, pajianbHoi 1 TaHreHmianbHOi Aedopmamii MIMHM, 3UiMHUX SKOCTEH MpoTekTopa i T.4. Bei mi
nmapaMeTpy B KiHIIEBOMY paxyHKY BH3HAUYaIOTHCS TAKMMH KOHCTPYKTHBHUMH XapaKTEPHUCTHKAMH IINH, SK
po3mipH i popma MONIEPETHOTO EPETHHY MIUHHU, KOHDITYpaIlist i pO3MipH MaTFOHKa IPOTEKTOpA.

ABTOMOOITI 3 YacTKOBMM PO3BaHTAKEHHSM Bard 3a JOMOMOTOK TMOBITPSHOI MOAYIIKA
(aepoxomrreHCaTOpa) BUKOPUCTOBYIOTh TEXHOJOTI1, SKi JO3BOJSIOTH 3MEHIIIUTH HABAaHTaKEHHS Ha Koleca i,
BIJIMOBITHO, TIOKPAIIUTH XapaKTEPUCTHKU TPaHCHOPTHOTO 3aco0y. Taki aBTOMOOiN € anbTepHATHBHUM
BapiaHTOM MiJBHUILIEHHS MPOXiTHOCTI TPaHCIOPTHHX 3aco0iB B yMmMoBax Oeszmopixoks. OCHOBHI mepeBaru
aBTOMOOLIIIB 3 aepOKOMIIEHCATOPOM: 3MEHIICHHS HaBaHTAXKCHHs Ha MiJIBICKY, MOKpamieHHs KoM(OopTy mixa
qac 1311, MiABUIIEHHS CTa0IbHOCTI, TOKpalleHa KepOBaHICTh, 3HIDKEHHS BHTPAT Ha MANHWBO, 3MEHIICHHS
3HOCY IIWH, THYYKICTh y TIEPEBE3CHHI BAHTaXIB, 30UIBIICHHS KOPHUCHOT'O HAaBAaHTA)KCHHS, MOKPAIICHHS
0e3reKn, 3MECHIIICHHS! HETATUBHOTO €KOJIOTIYHOTO BIUIMBY.

BUCHOBKHN

Jis aBTOMOOLNIB, AKI CHCTEMaTHYHO MPAIIOIOTh B BAXKUX OPOKHIX YMOBAax, MPOXIAHICTE Mae
nepuiopsgHe 3Ha4eHHs. Jlo HUX B Ieplry 4epry BiIHOCSATHCS BIMCHKOBI BaHTa)KHI aBTOMOOLTI cepeaHboi i
Mayioi BaHTaXOIAHOMHOCTI, HEBEJIUKI aBTOOYCH, JIETKOBI aBTOMOOLII 1 iHI, IO BHUKOPHCTOBYIOTHCS B
CLTBCBKIM MicIIeBOCTI a0o0 JIICOBMX palOHAX, a TAKOX aBTOMOOLIi-CAMOCKH/IH, 10 BHKOPHCTOBYIOTHCS Ha
OyMiBHUITBAX BEIHKHX T1IPOTEXHIYHUX CHOPYJ, Ha AOPOKHBOMY 1 iHIIMX OyAiBHUITBax. Bing mpoximHocTi
IUX aBTOMOOUIIB y BEJHKii Mipi 3ajie)kaTh cepelHi IMIBUAKOCTI PyXy, iX HMPOIYKTHUBHICTH i 30epekeHHs
MEXaHi3MiB.

B crarTi nmpoananizoBaHO 3aNe€XHOCTI OMOPY KOYEHHs KoJeca BiJl OCHOBHHX MapaMeTpiB Kojeca i
rpyHTa. [ToOymnoBano rpadiyni 3aeXHOCTI TIMOWHYU KOJIii, CHIIH 1 Koe(illieHTa OMopy PYXOBi BiJ BEIUYHHU
VIIUTEHEHHS 1 HOro BoJOTOCTI st MSKUX TpyHTIB. lIpoBemeHo kimacudikarito HepenKos 1 aHami3
MPOXITHOCTI aBTOMOOINIIB 3 BpaxXyBaHHSIM iX TPOQLIBHUX BIACTHBOCTeH. BH3Haue€HO OCHOBHI OIIHOYHI
MOKA3HUKH MPOXigHOCTi. Ha OCHOBI aHai3y YMHHHUKIB, IO MOKPAIIYHOTh MPOXIAHICTH BCTAHOBJICHO, IO
MPOXiJHICT, aBTMOOUTIB B yMOBax O€3MOPIXKS MOXHA IOKPAlIUTH, 3MEHIIMBIIN BEPTHUKAIbHE
HaBaHTAXXCHHS Ha ONOpPHY NOBepXHIO. PeamidyBaTw 116 MOXHA TOETHABIIM KOJICHHHA pyInid i
aepoKoMIeHcaTop (MOBITPSHUI BEHTWIATOpP HampaeieHoi aii). Ha ocHOBI mpoBeieHUX TMOIMEpeaHix
PO3paxyHKIB BCTAHOBJICHO, 110 PI3HMIIA MK HaBaHTA)KEHHSAM KOJIIC aBTOMOOLIS 0e3 aepoKOMIIeHcaTopa 1 3
Horo BukopuctaHusM ckianae 10-15%.
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A. Bokhonko. Analysis of the Off-Road Performance of a Vehicle Equipped with an Aero-
Compensator

All types of vehicles must possess off-road capabilities, as any vehicle may encounter the need to
leave a paved road, traverse damaged sections of roads, drive on dirt detours around repaired or constructed
sections of roads and bridges, or travel in winter over uneven, snow-covered roads.

For vehicles that systematically operate under severe road conditions, off-road performance is of
primary importance. These include, first and foremost, military medium- and light-duty trucks, small buses,
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passenger cars, and other vehicles used in rural or forested areas, as well as dump trucks used in the
construction of large hydraulic structures, road construction, and other construction projects. The average
driving speeds, productivity, and preservation of vehicle mechanisms largely depend on the off-road
capabilities of these vehicles.

This article analyzes the dependence of wheel rolling resistance on the main parameters of the wheel
and the soil. Graphical dependencies are constructed showing the rut depth, resistance force, and rolling
resistance coefficient as functions of soil compaction and moisture for soft soils. An obstacle classification
and analysis of vehicle off-road performance considering their profile properties are carried out. Key
performance indicators of off-road capability are identified. Based on an analysis of the factors that improve
off-road performance, it is established that vehicle mobility on rough terrain can be enhanced by reducing the
vertical load on the support surface. This can be achieved by combining a wheeled propulsion system with
an aero-compensator (a directional air fan). Preliminary calculations show that the difference in wheel load
between a vehicle without an aero-compensator and one equipped with it is approximately 10-15%.

Keywords: vehicle off-road performance, wheel rolling resistance, vertical wheel load, vertical load
aero-compensator, obstacle classification.
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Jhyybkuti HayioHAALHUL MEXHIYHUL YHIgepcumem

OCOBJIMBOCTI NOBYJIOBU 3YBYACTHUX KOJIC KOHIYHOI ITEPEJIAYI 3 KPYTOBOIO
®OPMOIO 3YBIB Y IIPOI'PAMHUX KOMILVIEKCAX TPUMIPHOI'O MOJIEJIIOBAHHSA

[IpencraBieHo METOAWKY NPOEKTYBAaHHS KOHIYHMX 3yOuUacTHX KOJIiC 13 KPYroBHMH mpodimsmu 3y0iB y
cucremax 3D CAD. UYepe3 BiACYTHICTh BOYAOBaHHMX IHCTPYMEHTIB AJsI CTBOPECHHS TaKUX THIIIB MEXaHI3MIB Ha
miarpopmax Creo, NX i Catia, 3ampornoHOBaHO CHELiadbHUMA MiIXiZA 10 HapaMeTpUYHOr0 MOJeioBaHH;I. Merox
3aCHOBaHMH Ha TOOYHOBI CepudHOi EBONLBEHTHOI IOBEPXHi, INO CIPONIye MAaTEMAaTHYHHII OIMC TreoMeTpil
3ybuacToro koijeca Ta 3a0e3ledye BHCOKY TOYHICTH MOJICTIOBAaHHS. BHKOpHCTaHHS NapaMeTpUYHHX pPIiBHSIHD
3a0e3mnedye MOBHY acoliaTuBHICTH y cepenosumi CAIIP, cipusroun MBHAKHAM 3MiHaM KOHCTPYKIII Ta iHTerparmii B
O1IIBII MUPOKI iHKeHepHi cucTeMu. OcoOIMBY yBary NpHIIEHO IIOKPOKOBIH IPOIeaypi KOHCTPYIOBAHHS TAKOTO THILY
miecTepHi B mporpamHomy cepenoBuii Creo. Lle 3abe3nedye mpakTHYHY 3aCTOCOBHICTB i BIATBOPIOBAHICTH METOIY
UL IH)KEHepHHX Hiied. Po3poOieHnii miaxin Takoxk I00pe y3ro/KyeThes 3 MpOLECaM aJIUTHBHOTO BHPOOHHIITBA,
JO3BOJISIIOYH Oe3MMocepeIHhO BUKOPHCTOBYBATH 3reHepoBaHi Moeni 1 3D-apyky 6e3 mopanpmmx moaudikamii. Le
3HaYHO INPHUCKOPIOE MPOLEC CTBOPECHHS IIPOTOTUIy Ta BUPOOHMUTBA. EQEKTHUBHICTH 3alpONOHOBAHOI METOAMKH
nepeBipeHa mobynoBor 3ydyactux koiic B Creo. Kpim mporo, naHa MeToauka MOXxe OyTH aJanToBaHa JJIS 1HIIHX
THUIIB 3y0uYacTHX Iepesiad, y TOMY YHCIHi i3 TBUHTOBHUMH, CIIpaJbHUMH Ta €BOJBBEHTHHMH 3yOamu. Bkaszano Ha
HEeOoOXiHICTh aBTOMAaTH3allii 3aIIPOIIOHOBAHOTO IpoLecy Mo0ynoBH 3a gonomororo incTpyMmenTiB UDF, mo nocrymai
y CAD-nporpamax TpUMipHOTO MOJCTIOBaHHA, a0 API ¢pyHKIIiit.

KiwouoBi ciaoBa: mpoekTyBaHHsS, 3yO4yacTe 3auelUieHHs, KpyroBuit 3y0, cdepryHa eBOJBBEHTA,
mapameTpu3aris, 300pka.

BCTYII

[TpoekTyBaHHs 3yO04YacTHX 3a4eIUIeHb y CHCTEMaxX TPHUMIPHOTO MOJEIIOBAHHS IOB’S3aHE 3 HU3KOIO
TEeXHIYHUX TpyAHOIIiB. OCOOIMBO CKJIATHOW € Mo0YyI0Ba KOHIYHUX Mepeaayd i3 KpyroBuM mnpodinem 3yoa,
sKa TOTpedy€e BHCOKOi Fr€OMETPUYHOI TOUHOCTI, CKJIAHOTO MaTEMaTHYHOTO OIUCY Ta 3HAYHUX BHUTpPAT 4acy
mipu peauizarnii B CAD-cepenosui.

VY 3B’s13Ky 3 UM po3poOKa METOAWKH MOOYAOBH MapaMeTPUYHUX MOJelNiell 3yOuacTux mnepeaad i3
KpYyroBuM mpodiieM 3y0da € akTyaJlbHUM Ta MPAKTHYHO 3HAYYIIMM 3aBAaHHSAM. Taka METOJHKa JIO3BOJIUTh
3a0€3MeYnTH TOBHOILIIHHY IHTErpamlil0 CTBOPEHHMX MOJENEH Yy 3aranbHy KOHCTPYKTOPCBKY CHCTEMY,
30epiraTé acoliaTUBHI 3B’SI3KA MK €leMEHTaMH KOHCTPYKIIii Ta iCTOTHO MiJBUIIUTH SKICTh i IIBHIKICTH
MPOEKTYBaHHSA, [I0 € OCOONMBO BAXIMBUM TP «HU3XIZHOMY» MeToAl MojemoBanHi [1]. Takox
3arpoIrIOHOBAaHWH MiAXi] Ma€ OCOOIHMBY MPAKTUYHY I[IHHICT Y KOHTEKCTI PO3BUTKY TEXHOIIOTIH aJUTHBHOTO
BUPOOHMITBA, 30KpeMa 3D napyky. 3aBAsku BHCOKiIH TOYHOCTI TPUBHMIPHOTO MOJIENIOBAHHS, CTBOpPEHI
napaMeTpuyHi Mojieli MOXYTh OyTH Oe3mocepelHbO BUKOPUCTaHI JJIsl BUTOTOBJICHHsS jaertaneil Ha 3D-
npuHTEpax 0e3 HeoOXIMHOCTI MOJANbIIOl JoompaloBaHHsA. lle 3HAYHO CKOpPOYye Yac IiATOTOBKU
BUPOOHHMIITBA, CIPOIIY€E IPOIEC CTBOPEHHS IMPOTOTHINB 1 JO3BOJISE ONEPATHBHO OTPUMYBATH KiHIIEBI
BUPOOU 3 YpaxyBaHHSM iHAWBITyaIbHUX KOHCTPYKTHBHUX BUMOT.

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMHU

Hns monermenHs mponecy noOynoBu 3yddactux nepepad y aeskux CAD-cucremax nepeabaueHo
aBTOMAaTH30BaHi MOAyJi NMoOya0BH 3yOuacTux kojic. 3okpema, y SolidWorks, Autodesk Inventor ta Solid
Edge BuxopucroByerbcst momyib GearTrax [2], sikuii m03BOJISIE IIBHUAKO CTBOPIOBATH 1 pelaryBaTH
napameTpuuHi Mojeni nepemad. OqHaK s TAKKMX MOJYJIIB He nepenbadeHa inrerpaiis 3 Creo, NX, Catia i
TOMY JOBOJUTHCS 3aCTOCOBYBATH IMIIOpTOBaHI Mozeni y (opmarax step, iges. Ilpu nupomy imMmmopt mozeneit
13 30BHINIHIX JDKEPEI MPU3BOAMUTE JIO BTPATH MapaMeTpu3allii Ta 00MeXye MOXKIMBOCTI pearyBanHs. Tomy
pO3po0OKa anropuTMy MoOyZOBH 3yOuacTHX Iepeaad y mporpamHomy cepenoBwuili Takux CAD-cuctem €
BaXJIMBOIO Ta aKTyaJIbHOIO 33Ja4elo.

IcHyIOTH pi3HOMaHITHI METOOMKH PO3paxyHKy Ta NPOeKTyBaHHS 3yOuactux koiic [3...6]. Ilpore
BUKOPUCTAHHS JIAaHUX METOJWK MOTpeOye TPUBEACHHS MaTEeMaTHYHOTO amaparty 10 Takoi Qopmmu, sika
pPOOHUTH MOMKJIMBUM IX 3aCTOCYBaHHsS 3 IHCTpyMEHTaMH IMOOYIOBH IOBEPXOHb 1 KPUBHX, HOCTYIHHUX Yy
Buinesraganux CAD-nporpamax [7].
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OIJIb TA 3AJAYI JOCJITKEHHSA

JocmimkeHHass Ta BUOIp METOIMKHM PO3PaxXyHKY 3yO0UacTHX Iepefad, MaTeMaTHYHUN amapar SKOTO
MOKe OYTH 3aCTOCOBaHUHM 3 IHCTPYMEHTaMH MOOYIOBH KOHCTPYKTHBHHX €JIE€MEHTIB (IIOBEPXOHBb, KPHUBHX
tomio) CAD nporpam.

Po3pobka merommkm mOOYyAOBM KOHIYHOTO 3y0dYacToro 3adeIlbieHHS 13 KpyroBUMH 3y0amMu B
nporpamuux komruiekcax Creo, NX ta Catia.

PE3YJIbTATHU JOCIIIXEHb

Ha mpaktuiii BUKOpUCTOBYIOTH KOHIUHI TIepeAadi K i3 c()epruIHOI0 €BONBBEHTOIO, TaK 1 OKTainanbHi
[4, 5]. Jns cropomieHHst 3ama4i po3poOIEHO METOAMKY MOOYIOBH KOHIUHOI mepemadi i3 chepuuHOIO
€BOJILBEHTHOIO MOBEpXHEK0 3y0iB. Llell BUOiIp MOSCHIOETHCS OLIBII MPOCTO MAaTEMAaTHYHOK MOJECIUIIO, IO
OIIUCYE TEOMETPII0 €BOJIEBEHTHOT'O 3y04YacTOro 3a4erieHHs.

3aranom crnoci6 mobymoBu 3y04yacToro 3aderuieHHs i3 mpsMuM 3yOoM Oyio BimoOpaskeHO B poOoTax
[8, 9]. OnmHak moOym0Ba KOHIYHOTO 3yO4YaTOro Kojeca i3 KPYroBUM 3yOOM € JICIIO CKJIAHIIION 33J1aucto,
OCKUIBKH JIiHis 3y0a (JIiHisS IepeTUHY CIiBBICHOI IUTONIMHY KOJieca 3 MOBEPXHEH 3y0a) B JaHOMY BUTIAJIKY HE
€ TIPSIMO¥O.

s BuBeneHHS GopMyH chepruIHOI €BOIBBEHTH IMiATOTOBIECHO PO3PAaXYHKOBI CXEMHU MpeACTaBIeH]
Ha pucyHkax 1 ta 2. Ha pucynky 1 moBepxHi K; i K, — 1€ BIANOBITHO IITHJILHUN Ta OCHOBHUN KOHYCH
KOHIYHOTO Kouleca. SIKIo Koyieca BUKOHaHI 0e3 3MIIIEHHS, TO AUIMIBHUA KOHYC € TaKOX 1 MOYaTKOBHAM
koHycoM. [lmommHa [I7 OyAayeTbcs HACTYIMHHM YHWHOM: CIIOYaTKy OyIyeThCs TUIONMHA JIOTHYHA JI0
JUIMITBHOTO KOHYCa B310BXK NpsiMoi OA, moTiM noOy0BaHa MJIOMIMHA TOBEPTAE€ThCS HaBKOJIO oci OA4 Ha KyT
o. ITnommHa /7 TOTHKAETHCS IO OCHOBHOTO KOHYca B30BX npsmoi OK [2, 3].

Pucynok 1 — Cdepuuna eBonbBeHTa

[Tpu nepexouyBaHHi 0e3 KOB3aHHS IUIOIUHH /] 0 OCHOBHOMY KOHYCY, Biipi3ok CA, 10 JIGKHTH HA
il MJIONIMHI, YTBOPIOE OOKOBY mMoBepxHIo 3y0a. [Ipu npomy Touka C’ onmcye cepuvHy €BOJIBBEHTY, IO
BIJNIOBiZ]a€ 30BHIIIHEOMY TOPLIEBOMY CiY€HHIO Kojeca. Mawoun cepruuHy €BOJILBEHTY, MO>KHA MOOYIyBaTH
noBepxHio 3y6a. ns mporo B Creo HeoOXigHO 3actocyBatd iHCTpyMeHT «[loBepxHs» i 3’€qHATH KPHBY
cepudHOi €BOJIBBEHTH 3 BEPIIUHOIO KoHyca O.

CucteMa KoopIuHAT XYZ HE3MIHHO 3B’s3aHa 3 KOHIYHUMH MOBepxXHIMU. Bick Ox HampaBiieHa B3J0BXK
oci 004, a mmoutrHa xOy NPoXoAuTh uepe3 Touky C.

B sikocti aprymeHTy Juis BU3HaueHHS ToyokeHb Todok C 1 C’ BHOpaHO KYT ¢ TIOBOPOTY KoJjeca.

JliaMmeTp OCHOBH OCHOBHOT'O KOHyca 0, , T10 SIKOMY IIepeKOuy€eThCsl 1yra AB MO>KHA BU3HAUHMTH i3 MOAIOHOCTI
tpukytHukiB [JOFO, 1 HOOK (puc. 2):
d, =2-OAcosacos(90— &) =m,zcosa, (1)

Je o — KyT 3a4erUICHHS;
0 — KYT JUIHJIBHOTO KOHYCa IIeCTepHi (KoJeca);
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M, — TOPLEBHUIA MOLYIIb;
Z —uwncyo 3y0iB mecTepHi (koieca).

Koopaunatu Touku C; B JIOKaJIbHIi CUCTEMI KOOPAUHAT X1Y:1Z; [8]:

X, = OAcos(zdgAj , Y, =0Asin [ ijgA} , 2,=0. (2)

O

Pucynok 2 — Cxema 10 BU3HAYCHHS TapaMeTpiB cheprUuHOi €BOJIBBEHTH

B po6ori [8] koopauHatu X, Y, Z Touku C’ B cuctemi Oxyz BU3HaYeHO depe3 KOOPAMHATH X1, Y1, Z; Hi€l
XK TOYKH B cuctemi Ox1Y1Z; 3a monoMororo KyTis Eftnepa:
X=X C0SS, y=—XSIiNdsing—Yy,Ccosp, Z=XSINSCoSp+Y,Sing. (3)
Jliis yTBOpEHHSI KpyroBOi OBEPXHi 3y0a OyAyeThes psif chepUUHIX €BOJBBEHT 13 BUOPAHUM KPOKOM,
MOJIOKEHHS SIKMX 33a€ThCs TOUYKO M, 1110 JeXKUTh Ha y3i kona pagiycom R, (puc. 3). TTonoxeHHs TOYKH
M’ 3amaeThes yepes KyT @, Ta JOBXKHHY Binpiska | (puc. 4).

Yo

Pucynok 3 — Bu3HadyeHHs mapaMeTpiB yTBOPIOIOYOTO Pucynok 4 — INonoxensst chepruanoi
KoJieca 3 KpyrOBHMH 3y0aMu €BOJILBEHTH Ha OCHOBHOMY KOHYCI1 KoJieca

Ha pucynky 3 OA=R=L,y,=0N", X,=N'O’, Toni N'O’ 3naxoaurscs i3 popmyu:
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1 '
Soaco = EOA-O'N :
3 iHmoro 0OKy MmIoma S, oo 3HaXOAUThCA 3 BUpasy:

S a00 =y/P(P—OA)(p—00')(p—0'A),

e
p=R,+R +L.
~2.Jp(p-L)(P-R)(P-R,)
X, =
L
yo:\/th_Xé :
MO’2=M’02+OO'2—2MO-OO’COS,B.
3Bigcu
2 2 _p2
/3=arccos—Ie R R, .
21.R,
OCKIJIBKHA
N'O =00'cos #N'OQ’,
TO

/N'OQ' = arccos% .

Tak sk o, = f— 2ZN'OO’, T0 0OCTaTOYHO OTPHMAHO:

2 2 _p2
a, = arccosleJrR‘—Rz - arccosﬁ. 4
HoxwuHa nyru FM piBaa
FM =r.0.,.
Tak sx FM =F'M' =L, Ta 1, =1,sing,, T0

a,
0, =——. 5
° sing, ®)

[MonoxeHHs1 TBOX CycCigHIX OIYHMX MOBEPXOHb BMAAWHH 3y0iB (pHC. 5) 3ama€ThCs KYTOM I/ , SIKUH
BU3HAYAETHCS 32 (OPMYJIOIO:
_m,-180°
VT

R .

Bpaxosytoun, mo r = , TO

(6)

Pucynok 5 — Cxema 10 BU3HaYeHHS TOJIOXKEHHSI JTiHii 3y0a yTBOPIOIOUOTO KoJieca
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[TpakTH4He 3acTOCYBaHHSA PO3pOOJICHOI METOIMKH MOOYNOBH 3y0iB KOHIYHOTO Kojieca 3 KPYrOBHM
3y0OM IOKa3aHO i3 BUKOPHCTaHHSAM MporpamHoro komruiekcy Creo. 3okpeMa, Ha PHUCYHKY 6 HaBeICHO
PiBHSHHS C)epUUHOI €BOJBBEHTH y MapaMeTpuuHiil Gopmi y BikHI iHCTpyMeHTa «KpuBa i3 piBHSIHHD.

w FRelations

O g HEX A2 8 <0 () 32 7 H
+ =

- fht=fk*t

¥1=lcos(db1™fkt/(2*1))
£ y1="sin{db1*fkt/(2*1))

¥=x1*cos(delbk1)

€3 y=-x1*sin(delbk1)*sin(fkt)+y1*cos(fkt)
[1 z=x1"sin(delbk1)*cos(fkt)+y1*sin(fkt)

p Local Parameters

Pucynoxk 6 — [lapameTpuyHi piBHSHHS c(heprUdHO] €BOIEBEHTH

Ha pucynky 7a mokazaHo OOKOBY IMOBEpPXHIO 3y0a, IO YTBOpEHa 3a JOIMOMOTOI iHCTpyMEHTa
«[ToBepxHs» CIPSDKEHHIM C(hEepHUUHUX €BOJBBEHT. 3aBepIleHY MOJIENb 3y0UaToro Koyeca npeCcTaBiIeHO Ha

pHUCYHKY 70.

a)

Pucynok 7 — TpumipHa MoAeIb KOHIYHOT'O 3y0UacToro Kojeca i3 KpyroBuM 3yoom

OBI'OBOPEHHA PE3YJIBTATIB JOCJIAKEHb

OtpumaHi pe3yiabTaTH MiATBEPUKYIOTh €(PEKTHBHICTh NPEACTaBICHOI METOAMKH MOOynoBH OidHOT
MOBEpXHI 3y0a. 3acTocyBaHHS C(HEpHUYHOT €BOJIBBEHTH JI03BOJISIE 3HAYHO CHPOCTHTH MAaTEMaTHYHUH OIHUC
npodiaro 3yba, IO CYTTEBO IMOJIETHIYE HOro peaiizaiilo 3aco0aMyd MapaMeTPUYHOTO MOJICITIOBAHHS.
OTtpuMani MOl € CTIHMKI 10 3MiH T'€OMETPIi, 110 JO3BOJISE IMIBUAKO aJalTyBaTH KOHCTPYKIIIO 0e3 BTpaTH
(YHKI10HaJIBHOCTI.

3acTocyBaHHS KPHBHUX, 33IaHUX MapaMETPUYHUMH PIBHSIHHSAMH, B iHCTpYMEHTI «KpuBa i3 piBHSHHS»
JIa€ 3MOT'Y 13 HEOOX1THOK TOYHICTIO BIATBOPUTH CKJIAJHY F€OMETPIit0 cheprUuHOI €BOJILBEHTH.

[lepeBaroro 3amporNOHOBAHOTO METOIY € MOKIMBICTH MOBHOI iHTerpamnii moOyAZOBaHUX MOAEIeH y
KoHCTpyKTOpchke cepemoBuiie Creo, NX ta Catia 6e3 morpeOu BHKOPHUCTAHHSA CTOPOHHIX IIATiHIB ISt
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IMITOPTY 30BHINIHIX MOJENEH, 10 30epirae acomiaTHBHI 3B’S3KM MK €JIECMEHTAaMH MOJIENI Ta ITiIBHIIYE
TOYHICTH 1 HANIHHICTD MOJATBIITNX €TAITIB TPOCKTYBAHHSI.

[Momanpimi AOCHIHKEHHS MalOTh OyTH CIIPSMOBAHI Ha aJanTarlilo METOINKH ISl MOJICITFOBAHHS KOJIC
i3 KOCUMHU, CIIpaJIbHUMHU Ta €BOJILBEHTHUMH 3y0amu TOINO. BapTo Takok MPOBECTH IOCIIPKEHHS IIOI0
aBTOMAaTH3aIlii 3aIIPOMOHOBAHOTO TpoIlecy modyaoBu 3a momomororo iHcTpyMeHTiB UDF, mo moctymai y
CAD-nporpamax TpuMipHOro MoJientoBanHsl, a00 API QyHkIii.

BUCHOBOK

Po3pobieno MeToauky ans moOymoBH KOHIYHOI 3y0dUacToi mepemadi i3 KpyroBuM mpodinem 3yda y
cepenmoBumi TpuBMMipHOTO MomemoBaHHs CAD-cuctem, ski He MaroTh BOyJZOBaHHMX 3aco0iB
ABTOMAaTHU30BAaHOTO MPOSKTYBAHHS €JIEMEHTIB TAaKOTO TUITY.

st popmyBaHHS npodiso 3y0a 3a TEOMETPUYHY OCHOBY BUKOPUCTOBYETHCS CPEPUUHA CBOJIHBEHTA.
Takuit MeTox CIpoIIye MaTeMaTHYHUI OMHC Ta 3a0e3Medy€e BUCOKY TOUHICTH MOOYIOBH.

3acTOCyBaHHS MapaMETPUYHUX PIBHSHL Ta 3a3HAYCHUX IHCTPYMEHTIB MOOYOBU KPHBHX JO3BOJISE
30eperTy MOBHY MapaMeTpHU3allilo MOJeHl Ta 3a0e3leuye acOIliaTHBHICTh YCiX €JIEMEHTIB MOJENi, Mo €
0COOJMBO BaYKJIIMBHUM ITPH BUKOPHUCTAHHI «HU3X1THOT0Y MOJIEITIOBAHHS.
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Y. Bulik, V. Pavliuk, N. Kuts, V. Onyshchuk. Features of modeling bevel gear wheels with circular
tooth profile in 3d modeling software

A methodology for designing bevel gears with circular tooth profiles in 3D CAD systems is presented.
Due to the lack of built-in tools for creating such types of mechanisms on platforms such as Creo, NX, and
Catia, a special approach to parametric modeling is proposed. The method is based on the construction of a
spherical involute surface, which simplifies the mathematical description of the gear geometry and ensures
high modeling accuracy. The use of parametric equations provides full associativity in the CAD
environment, facilitating rapid design changes and integration into broader engineering systems. Special
attention is paid to the step-by-step procedure for designing this type of gear in the Creo 3D modeling
environment. This ensures the practical applicability and reproducibility of the method for engineering
purposes. The developed approach is also well consistent with additive manufacturing processes, allowing
the generated models to be directly used for 3D printing without further modifications. This significantly
speeds up the prototyping and production process. The effectiveness of the methodology is proven through
implementation in Creo and can be adapted for other types of gears, including helical, spiral and involute
teeth. The need to automate the proposed construction process using UDF tools available in 3D CAD
programs or API functions is indicated.

Key words: design, gear meshing, circular tooth, spherical involute, parameterization, assembly.
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Binnuyvxuil nayionanvhuti mexuivHutl yHieepcumem

orJjisii CYYJACHHMX BIBPOAKYCTUYHUX METOJAIB KOHTPOJIIO IYMY JU3EJIbHUX
JIBUT'YHIB 3 METOIO iX ITOJJAJIBIIOTIO BUKOPUCTAHHS B CUMYJIALIL POBOYOI'O
INPOLECY JIBUI'YHA

s craTTa po3risgae MOKIMBOCTI BHKOPHUCTAHHS PI3HUX BIOPOAaKyCTHYHHX CHUTHANIB, AJSI BH3HAYECHHS
HECIIPaBHOCTEH, MPH MPOBEICHHI NapaMeTpUYHOI J1arHOCTUKH OBHUTYHIB BHYTpiIHBOTO 3ropsHHA ([IB3) . Anami3
Mpalb AOCITIAHUKIB IOKa3aB, mI0 poOOTH 30cepelkeHi Ha KiHIIEBOMY BH3HAYCHHI THUIy HECIPABHOCTI Ta He
BU3HAYAIOTH NEPIIONPUINHY BHHHUKHEHHS HECIPaBHOCTI , @ TAKOXK HE JAIOTh MOBHOTO ONHCY (hi3WYHOI CKJIaIOBOL
MeXaHi3My YTBOPEHHS IIyMy Ta BiOpalliif Tpy BUKOHAHHI IPOIECy AIarHOCTUKHU. B naHii cTaTTi HaBeAeHO KOPOTKHH
OIMC MeXaHi3My IeHepamnii 3ByKy i BiOpamil, sSIki BUHUKAIOTh 0€3M0CepeIHbO NP poO0YOMy IpoIieci BUTYHA, IO B
CBOIO 4epry Moyke OyTH BHKOPHUCTAaHO SK OCHOBHHMH IapaMeTp IIpHM BHUKOHAHHI MIarHOCTUKH Ta BH3HAYCHHIO
TEXHIYHOTO CTaHy MeXaHi3My 30KpeMa Ta JABUTYHa B Iiomy. HaBeaeHo Ormsa cydyacHMX METOJIB BHU3HAYCHHS
HECTIPaBHOCTEH Ta MiarHOCTHKH, M0 0a3ylOThCS HA BIOPOAKyCTHYHOMY METOJI Ta JOCHIIKYIOTh TaKi MapaMeTpH SK
mryM, BiOparii, 0 € OZHUMH 3 KIIIOYOBHX JJIs JaHHOTO METOAY, Ta MAlOTh HAMOULIBII TOYHWHA Ta 00’ €KTUBHHI
pe3yibpTaT y MOPIBHSAHHI 3 iHIIMMH 3aralbHONPHHHATAMH METOJAaMH JiarHOCTHKH TEXHIYHOro cTaHy. B crarti
ONHUCaHi pi3HI THUNU HECNPAaBHOCTEH, SIKI MOXKYTb OyTH BHSBICHHI BiOPOaKyCTHYHHM METOJOM Ta Oe3mocepenHii
XapakTep ix BIIIMBY Ha poboTy JIB3. Buxoasun i3 moTpe0d mIBUAKOrO BU3HAYEHHS XapaKTepy i THITYy HECIPaBHOCTI,
HaBeZICHI JJaHi B CTATTi MOKYTh BUKOPHCTOBYBATHCH SIK aJTOPUTM AJI MOOYIOBH MOJIEN, BCTAHOBJICHHIO HEOOXiTHIX
BXiJJHUX ITapaMeTpiB Ta mojajibliol cuMyisiii po6odoro mporecy npuryna B CAE cepenosumi Ansys. HaBeneni
METOAWKHA MaTeMaTHYHOTO aHaJi3y JAr0Th ONKC KJIIOYOBHX MApaMeTpiB, SKi BIUIMBAIOTH HAa TOYHICTH aHAN3Yy Ta B
MOJANBIIOMY Ha €(eKTHBHICTH AIarHOCTYBAaHHS Ta BHABJIICHHS Ne(eKTiB He 3ainexxHo Bin tumy /B3, Buny nanmsa,
HasBHHUX €JICKTPUYHHUX KOMIIOHEHTIB 0a30BOi cucremu kepyBaHHsA J[B3, mo B CBOI0 4epry € yHiBepCalbHHM Ta
e(QEeKTUBHUM I1HCTPYMEHTOM BHUpILIICHHS MOCTaBJICHUX 3a/a4. bepy4n 10 yBaru MIUPOKHUH CIEKTP Ta Pi3HOBHJ CHCTEM
KepyBaHHS Ta CTYIEHIO EJIEKTPUYHOr0 ocHameHHs J[B3, yHiBepcaabHICTh METOIVKH CIIPOLIYE Ta BHPINIye 3HAYHUH
psix npo6neM. [IpoBenenuii B cTaTTi aHadi3 MIyMy Ta BiOpalliif BiIirpac Ba)kJIMBY PoJib Y BU3HAYCHHI NEPIIONPUIHHI
pi3Horo poxy HecnpaBHocTed. KommonenTtu /B3 4epe3 HasBHICTh TEXHOJIOTIUYHHX 3a30piB Y CHPSDKEHHSX, IUKIIYHOT
3MIiHM HaBaHTA)XEHHS 32 HANPSIMKOM Ta TOYKOIO MPUKJIAJAHHS, He30allaHCOBAHOCTI Ta BIACYTHOCTI ypiBHOBa)KCHHS
OKpEeMHX KOMITOHEHTIB MEXaHi3My, CTBOPIOIOTH HIyM i BiOpamii. ToMy Idy’ke BaXkJIMBO BU3HAYUTH JDKEpeEa BiOparliid,
100 YHUKHYTH BiZIMOB Y pOOOTI OKPEMUX CKIIaIOBUX MEXaHi3My Ta CHCTEMH 30KpeMa.

KiwuoBi cioBa: nu3ensHW [JBUTYH, MOJANBHHWK aHali3, akKyCTHKa [BUTYHa, OOpoOKa CHTHAIB,

JIarHOCTYBaHHS, CUMYJIALLS, TOBroBiuHicTh, CAE cuctemu.

BCTYII

BuMiproBaHHSIM THUCKY B LWTIHJpI, MIyMy, BiOpamii Ta aKyCTHYHHX CHTHAJTIB KOPUCTYIOTBHCS IS
BHU3HAYCHHS TEXHIYHOT'O CTaHy JMU3€IbHOTO ABUTYHA [1]. OfHAK ICHYE CKJIAJHICTh BUOKPEMHTH 3 IIUPOKOTO
CHEeKTPY aKyCTHYHOTO CHUTHAIy HEOOXiMHWH Jiala3oH YacTOT IO BiANOBimae 3a OakaHWI MmapameTp
pobodoro mporecy aBuryHa. lle mOB’s3aHO 3 KOHCTPYKTHBHHUMH OCOOJMBOCTSIMH ABHIYHIB, BEIHMKOIO
KUTBKICTh PYXOMHX MEXaHi3MiB, CIIEKTp CUTHAIY SIKHX HAKJIaJaeThCs OJMH Ha OJHOTO a00 B3araji BCTYIIAE B
pe3onadc. OTpUMaHHSA CHUTHANIB, 1X 0OpoOKa Ta BHAUICHHS iX O3HAK € OCHOBHUMHM €TalaMH JiarHOCTHUKH
HecnpaBHocteid B3 [2]. [IpoBeneHHst mapaMeTpU4HOi JiarHOCTHKH J103BOJISIE €()EKTUBHO KOHTPOJIOBATH
poboumii mporec JBUTYHA a TaKOX BUSBUTH HECHPABHOCTI J0 TOTO, KOJH CTYMiHb 3HOCY KOMIIOHEHTIB
BUIJIE 3a TOMMYCTHMI HOPMH BCTaHOBJICHI BUPOOHUKOM, 1110 3aBAacTh 3Ha4HOI 11ko 1 JIB3. PanHe BusiBiieHHs
HECTIPaBHOCTEH Mae MepeBart, SIK 3 TOUKH 30py BapTOCTI PEMOHTY Tak 1 CKOPOUYEHHS 4acy Ha MPOBEACHHS
PEMOHTY MeXaHi3My, a y BHIAJKy KOMEPIIHHOTO TPAHCIOPTY 1€ € JyXKe BaKIUBUM, OCKIJIbKH 3MEHIIYE
HMOBIPHICTh HE3AIIAHOBAHOT'O MPOCTOI0 TPAHCIIOPTHOT'O 3ac00Y.

AHAJII3 JIITEPATYPHUX JAHUX I IOCTAHOBKA ITPOBJIEMUA

Busnauenns BiOpaunii € eQeKTHBHUM METOJOM Y AiarHOCTHLI, aje 00’ €KTHBHICTb BHMIipIOBaJIbHUX
3HA4YeHb 3HAYHOIO MIPOIO 3AJIEXKHTH BiJl pO3TAlIYBAHHS aKYCTHYHHUX JATYHMKIB y 3B’SI3KY 3 YAM BHHUKAIOThH
npobieMu y iX ONTHMaJbHOMY MicCLli pO3TallyBaHHI Ha JOCTILKyBaHOMY 00 ekTi. CurHan BiOparii MokHa
aHaJi3yBaTH 3a YaCTOTHUM CIEKTPOM, MIKOBUMHU a00 cepelHbOKBaApAaTHYHUMH 3HAaYeHHSIMH curHaiy. [aHi
3HAYEHHS MOXYTh OyTH BHKOPHCTaHI Il BH3HAYCHHS BEIMYUHH JUCOANAHCy, 3a30piB Y CHPSDKCHHSX,
TEXHIYHOTO CTaHy OTOpP KOUEHHs, He CIIBBICHOCTI BaJliB Ta O6araro iHmoro [1].

B cBo10 "epry MOHITOPHHI THCKY B IMJIIHIpax JIBUTYHA HAJa€ PO3YMIHHS IPO CTaH IMIIHAPIB Ta
nopiiHeBoi rpynu B niomy (LIII'), HasBHICTD Ta BiACYTHICTH HpOOJIEM 3 KIIallaHAMH TOJIOBKH OJIOKY
uumnapie (I'BLY), aHami3 MOMEHTY BIOPCKYBaHHS IMajuBa IO Ja€ PO3YMIHHS PO €(EKTUBHICTH 3rOPSHHS
NaJIMBa B JBUTYHI, OJHAK BUCOKI TEMIEpaTypHi YMOBH 3yMOBIIOIOTh BUKOPHCTaHHS CHEIU(DIYHUX JAaTUHKIB
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THCKY, 1[0 B CBOIO YEPTy € JOPOTHMH Ta MalOTh KOPOTKUH TEpMiH CITyK0u [2].

Bukunu mymy npu pobodomMy npolieci JBUTYHa CIPUMMAIOTHCS JIIOAMHOIO B Pe3y/bTaTi KOJIMBAHHS
MOBITPSIHOTO TUCKY IO Oe3MOocepeIHbO BIUIMBAE HA BYIIHI OapabaHu JIIOJCHKOrO opranizmy. Pi3Hi 3ByKOBi
XapaKTePUCTUKU MOXKYTb OyTH IpoaHaji30BaHi 3a JOMOMOrOI0 piBHIB 3ByKOBOTO THUCKY (SPL) i wacTtoT: 3
pIBHUMH KOHTypamH Ty4HOCTi. s Toro mo0 oTpuMaTH piBHI, AKIi MOXYTh OYyTH IpOaHaNi30BaHi
JMOJACHKAMHU OpraHaMH 4yTTS 1X PO3IUIAIOTh Ha TpH 4acToTHI miamazonn A, B, C srigao [3]. [Ipu gomy
YaCTOTHHIA Jiarma3oH A HaWOIBII TOYHO BiAMOBIAE JTFOJICEKOMY BYXY.

Uepe3 BHWINMK CTYMiHb CTUCHEHHS MIW3ENbHI NBUTYHH TEHEPYIOTh OUIbIIE NIyMy IOPIBHSIHO 3
OemsmHOBUMHU nBuUTyHamu [4,5]. Bummuit cryminp ctucHeHHs 30inbinye HaBantaxeHHs Ha LIIIT 1o
3YMOBIIIOE€ KOHCTPYKTHBHI OCOOJIMBOCTI JAeTaliel y MOpIBHAHHI 3 OCH3MHOBMMH JABHT'YHAMH, 301JIbIICHHS
3armacy MIIHOCTI Ta BIAMOBIAHO 1 Macu pyxomux jeraieid. Lle mpuBOmuTH 0 3arajbHOTO 30UTBIICHHS
BiOpariif B cucTeMi Ta BiAMOBIAHO 1 30UIBIIEHAS IIyMY IPU poOodoMy mporeci. Takox citiff 3a3HaYUTH IO
4epe3 BEJHMKY KiNbKiCTh 30BHIIIHIX BIUIMBIB, 3a0pyIHEHHA JeTajel Ta CKIaAHUX YMOB POOOTH AM3EIHHHUX
JIBUTYHIB UYTJIMBICTh BiOpPO aKyCTHUHUX JAaTYUKIB 3HIKYETHCS, B pE3yiabTaTi YOro aHali3 IIyMy
YCKJIaIHSAETHCS, TOMY METOAM OOpOOKHM CHTHANIB aHAM3ylTh iH(opMalio mpo monii y QikcoBaHHiA
MTPOMIXKOK 4acy B 3aJIEIKHOCTI BiJ] MIOJIOKEHHST KPUBOIIUITHO-IATYHHOTO MEXaHi3MYy.

MeToavkn BU3HAYEHHS PO3IUIAIOTE Ha KopoTkoudacHi neperBopeHHst @yp’e ( Short Time Fourier
Transformations STFT), BeiiBner mneperBopennst (Wavelet Transformation WT), OiminifiHmii wacoBo
gactoTHuiA po3nofin (Bilinear Time Frequency Distribution BTFD) [6], po3smonin Biarepa — Bimie (Wigner
— Ville WVD), po3nogin Yos — Binesimca (CWD). fkmio maHi METOIU BUKOPUCTOBYBATH 0 MEPEXiTHUX
CUTHAJIIB CHEKTP YaCTOT SKUX OTMHAE PI3HOTO POAY MEPEIIKOAH, YTBOPIOIOTHCS IMyJbCalii, SKi MOXYTh
Mpu3BeCTH 10 BTpatu iH(opmarii [8]. OgHak gaHi METOAM MArOTh Kpally YacTOTHY Ta YaCOBY PO3ILIBHY
3aTHICTh MOPIBHSIHO 31 3BUYAfHUMU MTepeTBOPeHHAME Dyp’e.

HOIJII TA 3AJAYI JOCIIAKEHD

Mertoro i€l poOOTH € aHali3 HAWNOMIMPEHIIINX METOIIB 0OPOOKH CHTHAIIB 3 MIJUTI0 BUKOPUCTAHHS
00paHOi METOAMKH TSl CHMYJIALT BIOpOaKyCTUIHOTO aHalizy pobodoro nporecy neuryHa B CAE cucremax.
ABTOpaMH OyNu TpeNCTaBleHi Pi3HI Ba)KJIMBI BIACTHBOCTI LUX METOJIB, X €(pEeKTHBHICTh Oyja OIlliHeHa
HUISIXOM 3aCTOCYBaHHs JaHWX OTPHMAaHHX BiJl JIBUTYHA, IO MPAIlOE€ B PI3HUX yMOBax BHIPOOyBaHb. Lls
CTaTTs TMPEACTABISAE€ KOMIUIEKCHE MOCITIDKEHHS IIMX METOJIB Ta MOXe OyTH KepeiaoM iHdopmamii st
po3yMiHHS (Pi3HMUHOT CKI1a0BOT pOOOUYUX MPOIIECIB JBUTYHA, SIKa MOXe OyTH BUKOPUCTaHA JIJIsl TIO/IaIbIIOTO
MOJICTIIOBAHHS Ta CHUMYJAIIT 3 IIJUII0 CTBOPEHHS TEXHIYHUX 3acO0IB HEOOXITHHMX JJIs IPOBEIACHHS
MapaMeTPUYHOI AIarHOCTUKU CTaHy IU3EJIHOTO JBUT'YHA.

PE3YJIbTATHU JOCJILIKEHHSA

AHai3yloun TPOBEACHI JOCTIKCHHS MOXXHA BUAUIMTH 1mo Hambric ta inmm [3] gocmipkyBaiu
crnocoOn omnTHMizamii KOHCTPYKIIH Juis 3MeHmieHHs BiOpamiii. Nuawi Ta iHmi [4] 3anmpomnoHyBaiiu
CTaTUCTUYHUH MiAXiA A7 XapaKTePUCTHKM BTOMHOI MilmHOCTI Metany. Ji ta iHmi [5] posrmsHynn
MOJICJIIOBaHHS EKCTPYAOBAHUX ATIOMIHIEBUX KOHCTPYKIIH JUIsS MPOTHO3YBaHHs BIOPOAKYCTHUHUX PEaKIliid.
Duffor BizcTe:xyBaB MOAYJSIIIO yIbTPa3ByKOBUX KOJIMBaHb 4epe3 3pa3ok 3 TpimuHamu [6]. Aumerich ta
iHOn [8] mociimKyBalii MOIIKOPKEHHST BHACTIIOK YAapiB Y KOMIIO3UTHHUX JamiHarax. Trochidis Ta iHmii [9]
JIOCIIJKYBAIM HENiHIHHI 0co0auBOCTI po3noiny (ZAM) Oyino Bu3HaueHO OiIbII YyTJIMBUI HOBHUH 1HJIEKC,
KU KOpemroBaB 3 po3Mipamu TpimuH. Urban ta inmn [10] mpoBenu aHami3 BiOpOaKyCTHYHHX METOJNIB Y
OloMenumuHi. Jia Ta iHII PO3poOMIM iHAEKC HEUYTIMBHHA 1O HaBaHTaXeHHs mNomkomkeHb (Lidi) mns
BIJICT€XKEHHS pOCTY TpilllMH. Anwar BUMiproBaB BiOpalii Ha KOpoOLi nepeaay y Miclli 3’ €THaHHS 3 IBUTYHOM
[12]. Wanget Ta iami [13] 3anpornoHyBany JAOCHIPKEHHS aKyCTUYHUX ITapaMeTpiB 3B’SI3aHUX CUCTEM Ha
ocHOBI HewiTkux napamerpiB. Gorski Ta iHmi [14] BUKOpUCTOBYBanM aKyCTH4YHI METOOM Ta OOpOOKY
CUTHAJIB JJsl aHali3y 3Hocy iHcTpyMmeHTiB. Hipol BHBYaB CKiHUEHHO-EJIEMEHTHHMH aHali3 A aHaizy
AepOKOCMIYHUX KOHCTPYKIiH [15]. Mohanty Ta iHmi [16] BU3HaYamy Ta MPOTHO3YBAJH MOBEIIHKY OIMIOPHUX
MIIIIAITHUAKIB IBUTYHA 3a JOTIOMOIOI0 aJlalTUBHUX anropuTmiB rrymy. Cheng Ta iHum [17] nporuo3ysanu
MOYaTOK 3TOPSAHHS B JW3EJbHUX JABHIYHAaX, BUKOPHCTOBYIOUM IIBWAKICTH BiOpaliii TonoBKH OJOKY
mutinapiB. Dukas Ta iHm [18] BHKOPHUCTOBYBaNIM METOJM aKyCTHYHOTO EMICIHHOTO 30HYBaHHS JUIS
niarHocTu HecripaBHoctel. Flett ta inmi [19] BukopuctoByBanu metona HaiBa-Balieca amnst miarHOCTHKH Ta
BUSIBJICHHS HECTIPAaBHOCTEH KIIAlIAHHOTO MEXaHi3My.

Haii0inpm nikaBuM € BUBYEHHS 30y/KeHHs Ta BiOpauiidl y mpolecax 3ropsHHS NajiBa Ta PyXy
TIOPIITHSA OCKUTBKY TXHIA CIIEKTP IIYMOBOI €MICif0 BIUTMBAE 3HAYHOIO MIpOIO HAa €MICil0 JBUTYHA B ILJIOMY.
Haii6inbin 3Hauyii poOOTH 3a MOMEePEAHbO HABEICHUM [TapaMeTPOM BifoOpaxeHi B Tabui 1.
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Tabmmst 1 - Orsg HayKoBHUX poOiT

ABTOpH Tun nBuryHa Meton Mera
Jung 1., Jin, J., So H., YoTuphoX ONHITIHAPOBUI 3MiHa Kiracudikarris
Nam C. et al.[19] J3eIb BIIOPCKYBaHHS 1H/IEKCIB TIOB'S3aHUX 3
naarBa [IyMOM
Ingemar Andersson, Tomas llectn numiHAPOBUN Enepris BiOpamiii OrmiHka mapaMeTpiB
McKelvey, Martin IU3€EIb (ha3oBOro ropiHHA
Larsson[20]

Zhen Peng ,Weisong YoTHphOX MATIHAPOBUI Imirtarris CriocrepexeHHs 3a
Xie, Guichang Zhang , IIH3€EITh MOMEPEYHOTO PYXY BILUIHBOM
Zhenyu Hong, Junhong F0OKH MTOPIIHS TCOMETPUYHHIX

Zhang[21] napameTpiB 0OKH

MOPIITHS Ha HOTO
OiuHi mepeMileHHs

N.Dolatabadi, B.Littlefair, OHOIWITIHPOBU I Amnaimis Busnauenus
M.Dela Cruz,S. Theodossiades, JIM3€Th MPUCKOPEHb OJIOKY | HaWOIIbII Iy TIAMBUX
S.J.Rothberg, JIBUTYHA Micis Ha 001
H. Rahnejat[22] JIBUTYHA
Yeow-Chong Tan, Zaidi YoTupboX HUITIHAPOBUN Busuauenus MopenroBaHHs
Mohd Ripin[23] JIA3€Th HEBPIBHOBAKCHUX PE3YIBTYIOUNX
Mac KOJIMBaHb OJIOKY
JIBUTYHA

AHaNI3yl0ud OCHOBHI 1HCTpyMEHTaMH OOpOOKM CHWTHANliB MOXXKHAa BHIUIMTH JEKIIbKa HaWOLIBII
BaXIMBUX. DYHKIS CHEKTPATbHOI miinbHOCTI moTyxHOCT (W?) sika Mo3HAYAE BHIIAMKOBHIl MPOIIEC, KUl
3a0e3nevye 4acTOTHUN CKJIaJ JaHUX 3 TOYKH 30py iX CEpeaHBOro KBaapaTHUHOro 3HaueHHs [9]. Cepenne
KBaJ[paTHYHE 3HAYEHHS YacOBOTO IPOMDKKY B [iama3oHi 4acToT [®, ®+ A ®] MOXHa OTpUMaTH,
MPOIYCTHBLIN 3pa30K uepe3 QiIbTp 3 pi3HUMH YACTOTHUMHU XapaKTEePUCTUKAMHU 3pi3y, a IOTIM 00YHMCIMBIIN
Cepe/IHE KBaIpaTUYHE 3HA4YCeHHS BUXITHOTO curHaimy. CepelqHe KBagpaTHYHE 3HaYeHHs T—oo, TOOTO MpH
30impmeHHi T 110 HECKIHYEHHOCTI CepelHE 3HAYeHHS KBaapaTa HAONMKAEThCA IO CEPeTHBOTO
KBaJpaTUYHOTO 3HAUCHHS.

T
j X (t)dt
2 i 0
vi(oAw)= lim 2———
( ) AX—>0 T (1)
YacroTHuii aHami3 B 4aci, abo mo iHImoMy mnepeTBopeHHss Pyp’e MareMaTHYHO MOXHA YSBUTH Y
BUTJLSAAL:

T
()= f(t)edt
0 )

HaBenenmii anami3 BUKOPHCTOBYIOTh KOJM YaCTOTHHH CKJIaJ CHTHaJI HE 3MIHIOEThCS 3 4YacoMm. B
THIIIOMY BUIAJKy BHKOPHCTOBYIOTH YacOBO — YacTOTHHH aHami3 abo BEWBIET aHali3 SKUH € Ouibir
nigxoasuumM [10]. YacoBO — 4aCTOTHHI aHali3 MiIXOAMTH JJisi OOPOOKHM CHTHAIIB 3 MOBUILHOK 3MiHOKO
YacTOTH, HANIPUKJIAJ TUX L0 T€HEPYIOTHCS i Yac 3MEHIIEHHA 00epTiB ABUTYHA TO/I SIK BEHBIIET — aHaNi3
O1JIBIIIE MIIXOAUTD I MIBUAKKX 3MiH 9acToT [11]. [Ipr yacoBO — 4aCTOTHOMY aHaJIi31 CUT'HAI PO30MBAETHCS
Ha HEBEJIMKI 1HTEpBajM , a MOTIM I KOXXKHOT'O IHTEpBaly BHKOPHUCTOBYIOThCS mepeTBopeHHs Dyp’e [12].
O6csr Bubipku Moke OyTH BUKOPHUCTAHHA AJIS1 3MIHM PO3AUIBHOT 34aTHOCTI BUXigHOTO curaainy. Koporma
3a 00’eMOM BHOIpKa Mae BHIIY PO3AUIBHY 3JaTHICTh Y YaCTOTHIM oOnacti i HaBmaku. Bumma pozmineHa
3IATHICTh Y Yaci Ha BHUIIMX YaCTOTax Ja€ 3MOI'Y PO3PI3HIATA KOPOTKI MOCITITOBHOCTI MOMAIT 3a JOMOMOIOI0
BeBIeT — niepeTBopeHHs. KopoTkouacHnii 4acTOTHUMI aHami3 nepeadadae po3KiIaJaHHA CUTHAITY Ha HaOip
YaCTOTHUX TaycOBHX (YHKLIH i MOXe OyTH MpeACTaBICHUI K MOKAa3aHO HIXKYe, 1e X(t) — BXIIHUM CUTHAI,
a h(t-T) — BubipkoBa (yHKITisI.

.
STFT(, f) = j x(h"(t—T)e "dt
0 3)
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Oynkiis Binepa-Bimie Mae HaCTyImHHM KBaApaTHIHUN 9acOBO - YACTOTHHM PO3MOIII Ta MOXE OyTH
TIpeACTaBICHA Y BUTIIAII [9]:

:
STFT(t,f) =[x oL e[ L et
) 2 2 @

Posrmsmatoun BeWiBneT aHaii3 MOTPIOHO BHIIIUTH, IO BiH TPOEKTYE CHTHAN Ha CHUIBHY IJIOUUHY
4ac-4acToOTa Ta € YYTIUBUM JI0 TEPEXiIHUX MporeciB y curHanax. OJHUM i3 TOJIOBHUX HEJOJIKIB Pi3HHX
METO/1iB 0OpOOKH B 4acoOBi YacCTOTHIA 0OJACTi € yTBOpeHHs Opmk (ripples), mo yCKIaIHIOE BHITyYEHHS
kopucHoi iHdopmarii [13]. [lix gyac BeiBneT aHami3y 4aCTOTHA PO3MiIbHA 3[ATHICTD € BUIIOI0 Ha HU3BKHUX
4acToTax, TOMi K 4acoBa PO3/ASIbHA 3aTHICTh € KPAIIOIO /Ul BUCOKMX YacTOT. TaKuM YMHOM, Pe3yJIbTaTH
BEHBIIET-aHANII3Y € TOYHIIIMMH MOPIBHSHO 3 iHIHMMHU Metonamu [14]. Meron BeWBIeT mNepeTBOPEHHS
JO3BOJISIE TIPEACTABUTH CHUTHAN Yy BUTISAL cimedicTBa (DYHKIIN i3 HyThOBHM CEpEIHIM 3HAYEHHIM, SKi
Ha3UBaIOThCs BeiiBieTaMu. BoHM 3a0e3medyloTh BHCOKY YacOBY PO3IiNBHY 3[AaTHICTh 1 HE CHPUYMHSIOTH
nepexpecHnx mepeukoy. DyHkmig cnekTpanbHOi IiIbHOCTI moTykHOcTi (PSD) € momibnoo mo
KOPOTKOYAaCHOTO YacTOTHOTO aHall3y, TOAI SK BEHBIET TIEPEeTBOPEHHS INpEACTaBIsiec COOOI0 IIiHiiHEe
nepeTBopeHHs. KBaspar Momyss BeiBIeT TepeTBOPEHHsS HAa3MBAETHCS cKajorpamoro. OmHa ckajgorpama
MO’K€ OXOILTIOBATH BECh UyTHHUH JIiala30H YacTOT i3 YaCOBOIO PO3AUILHOO 3AaTHICTIO Tpubmmu3Ho 0,1 Mc s
BHCOKOYACTOTHUX KoMIoHeHTIB [11]. Lle poOuThk ckamorpamy OCOONHMBO MPHIATHOIO UIS aHAJI3y TaKHX
CUTHANIB, SK IIYM TepTS Ta CKPHUMIHHSI, SKi TOTPeOyIOTh IMHPOKOCMYTOBOTO YAaCTOTHOTO aHali3y.
MaremarnyHo aist GyHKIIT f(} KOMIUIEKCHE BEHBIIET MEPeTBOPEHHS BU3HAYA€EThCS [15]:

C\/\rr(a,b)sz(t)ide

o Naa ©)

ne Wit} — maTepuHCHKUI BelBier; f{t} — aHami30oBaHWM CUrHAI;, a — MacmTaOHUI KoedirieHT; b —
koedimieHT 3cyBy; CWT (a,b) BeiiBier — koedimieHTH.

@DyHKIisT MaTepUHCHKOro BeiBiera () IOBMHHA MAaTH HYJIbOBE CEpEAHE 3HAYEHHS Ta
EKCTIOHEHIIIANBHO CIaJIaTH JI0 HYJIsl, MATEeMaTHYHO MOKHA 300pa3uTH TaK :

Tyx(t)dt -0

(6)
®yukis Ta ii neperopenns Oyp'e NOBUHHI 3310BOJILHATH YMOBY JOIyCTUMOCTI, TOOTO:
~+00 2
YO g
= |f] 0

[Mapamerpu aunatamii (MacimiTaOyBaHHsI), [0 BHU3HAYAa€ HACKUIBKH PO3TATYETHCS a00 CTHUCKAETHCS
BEWBIIET Ta MMapaMeTpH TPAHCIALI1 (3CYBY), AKHI BU3HAYAE J€ caMe Ha YacOBiil OCi 3aCTOCOBY€ETHCS BEHBIIET,
y HemnepepBHoMy BeliBieT-nieperBopenHi (CWT) 3a3HaioTh Bapialliii, 110 YCKJIaJHIOE HOTO BUKOPHCTAHHS.
JluckpeTun3allisi CHTHaJIiB MOYKE TEBHOIO MIpOIO JIOTIOMOTTH 3MEHIIUTH IF0 TPOOJIEMY OCKIJIBbKH MapaMeTpH
NepecTaloTh 3MiHIOBaTHCh Oe3nepepBHo. Hemnepepshe BeiiBneT-neperBopenHss CWT anst nuckpeTHoOro
CUrHaly Xm, BU3HAYAETHCS Yepe3 HOro BUOIPKOBI TOUKM AaHUX M, N (TOYKM AMCKPETH3aLii) 1 4aCOBHHA KPOK
JUCKpeTh3alii At, MaTeMaTHYHO 1€ MOYKHA 300Pa3UTH K :

(m—n)At
J' (8)

CWT = Z:j) X P

ne t=MAtD =nAt 'm ra n smimmi 0,1,2...N5, Ny,

OBI'OBOPEHHA PE3YJBbTATIB JOCJJIAXKEHHSA

OcHOBHI JoKepena IMyMy — Ta BiOpamiii y JABHTYHI — BHUKOPHCTOBYIOTHCS JUIS  OIIHIOBaHHSI
MPOJYKTHUBHOCTI aBTOMOOUIFHUX JIBUTYHIB, II0 € HEOOXIAHUM JUIsl TIPOSKTYBAaHHS Ta IUIAHYBAHHS CUCTEM.
Lle BrutoYae TecTyBaHHsS Pi3HUX ABUTYHIB i3 pi3HUMH KOH(]IrypaLisMu 3a 3MIHHHMX YMOB BIOPCKYBaHHS
manuBa [1, 2, 3].OcHOBHUMU JpKepeaMu IIIyMY € CTPYKTYPHHU IITyM Ta TOBITPSHUN 1mryM. [IoBITpstHMIA 1ITyM
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(airborne noise) 1e MIyM IO MOIIUPIOETHCA Yepe3 MoBITps. CTpyKTypHHI 1yM (structure — borne noise) 1ie
HU3bKOYACTOTHUH 3BYK , III0 IIEPENAETHCS Yepe3 KOHCTPYKIIHHI eIeMEHTH.

[IpoBeneHi excrmepuMEHTaJ bHI Ta AaHAJIITUYHI JOCHIDKEHHS MOXKHA OXapakTepu3yBaTH Ta
kinacu(ikyBaTd HACTYIIHUM YHHOM. 3arajbHi BHMIpIOBaHHS PiBHS 3BYKOBOTO THCKY. PaHXyBaHHA Ta
inerTudikamis mxepen. JocmimkeHHs nusaxiB nepenavi mymy. Cy0’ekTuBHA Ta 00’ €KTHBHA OIlIHKA , IO
pO3TIIsiAaeE 0COOIMBOCTI PI3HUX JKEPEN IIyMy, SKi BUHUKAOTh B ABUTYHI. [llyM cipudamHEHU# 3ropstHHAM,
OCKUJIBKM TIpOLIEC 3TOPSHHS € KIIOYOBUM JJIsi TPOCKTYBaHHS Ta HAaJalITyBaHHS MPOAYKTHBHOCTI
aBToM0OimpHOT cuctemu. Illym i BiOpamii, cipuuvMHEHI 3rOpPSHHAM, MEPENalOThCA 4Yepe3 CTIHKH TiJb3U
HWTHPA, CTIHKY [MUJIIHAPA Ta MIATYH Y HABKOJHIITHE CEPETOBUIIIE.

CTpyKTypHE 3aTyXaHHsI TAKOK BIUIMBA€E Ha IIyM, 10 BUIPOMIHIOETbCSA JBUTYHOM. BinbIna ®OpCTKiCTh
ONOKY UWITIHAPIB TNPU3BOJUTH A0 IMiABHLICHHS pEe30HAHCHUX 4YacTOT. CKOpOUYeHHS Nepiofy 3aTpUMKH
3TOPSIHHSA BeZ€ 10 3MCHILIECHHS IIyMy Bia 3ropsiHHA. Tako)x Ha piBE€Hb LIyMY BIUIMBAIOTh CTYIMiHb CTHCHEHHS,
TUCK TIOBITPs Ha BITYCKY, PEUUPKYJIALIS BUITyCKHUX T'a3iB, CTPYKTypHE 3aTyXaHHs pi3HUX Aetanei [20].

OCHOBHMMH JDKepelaMH WHIyMy Y TOpPLIHEBOMY MeEXaHi3Mi € ynmapu Big mameis (pin tickling),
BTOPUHHUI pyX mopmiHs, cTykit (rattling). Illlym Bim 6igHOrO pyXy MOpHIHS € HAWOUIBII 3HAYYIIUM Y
MTOPITHEBOMY BY31Y, 0COOJIHBO IIPH XOJIOAHOMY 3aIyCKy Ha XOJIOCTOMY X0y [21].

SKIO po3risAaTH MiICUCTEMY Ta30pO3MOJIIBHOIO MEXaHi3My KIIalaHiB TO MOXHA BUIUIUTH TPH
OCHOBHHUX mkepena mymy. [Ipuckopenns kymauka (CAM), BIAKpUTTS Ta 3aKpHUTTS KJIalaHIB BUKIUKAE
BHCOKOYACTOTHI BiOpamii. [Ipu ymapax xmamaHiB criocTepiratoTbCsi iIMITyIbCHI CTPUOKOMOIOHI pyXH, KOIH
BiJOYBAa€ThCSI KOHTAKT MK KyJauKOM, IITOBXaueM i CiAJIOM KJanmaHa Ha BHUCOKHUX HIBHIKOCTAX . TpeTriM
JDKepesioM IyMy € (pUKLiiAHI BiOpalii, 10 € HU3bKO — IIBUAKICHUMH BiOpallisiMi, 0 BUHUKAIOTh Yepe3
MIKpO KOHTaKT HEPIBHOCTEH MiXK KyJIAYKOM i IITOBXAaueM.

Hlym 3yOuactoro mpuBofdy (rattle noise) cpuYMHEHWH HEPIBHOMIPHUM KPYTHHM MOMEHTOM BiJ
KPUBOIIMITHO — IIATYHHOTO MEXaHi3My [0 HPUBOJIY, CIOCTEPIraeThcs IiJl Yac Iepeiadi MOMEHTY Ta €
OJIHIE€I0 3 OCHOBHHX Mpobnem [22]. 3a3opu Mix 3yOIsIMH 3adeIUIeHHS BHUKIMKAIOTH BiOpariiiHi ymapu
3yO0UacTHX KOIliC Ha HM3BKHX o0eprax ABuryHa. Koco3yOe 3aueruieHHsS € OCHOBHUM JDKEPEIOM BHIOYOTO
myMmy (whining noise). PiBeHb mbOro mymy 3aJIe)KHTh Bifl KIIBKOCTI Ta po3Mipy 3yOLiB y 3aderlieHHi,
KPYTHIILHIX HaBaHTa)KeHb, pO3TallyBaHHA 3yOuacToro npusoay [23].

[lym moroxy nanuBHOI cyMinti. HU3pK04acTOTHUH IIyM Ha BIYCKY CIPHYMHIOETHCS TYpOYJIEHTHICTIO
y BIYCKHHMX KaHajaX, 3aJeKUTh BiJ IUIOIII KJIallaHa Ta MBUAKOCTI MOTOKY [24]. [Iporiecu HarmoBHEHHS Ta
BUIYCKY Y BUXJIONHOMY KaHalli BUKIMKAIOTh BUXJONHHUU mrym [25]. TypOoHamIyB TakoX € Ba)KIIMBUM
JDKEPEIIOM aepoINHAMIYHOTO LIyMY.

[ym y migmunHukoBuX By3nax. OMOpHI MiAIIMIHAKKA KOYEHHS KOJIHYAaCTOro Bally Ta HIATyHHI
MiAMUITHAKA KOYEHHS! MalOTh 3a30pH, SKi COPUYMHSIOTH MIyM [26]. KpyTHibHI MOMEHTH MPH3BOASATH IO
BUHUKHEHHS myMmy (rumbling noise) [27]. Jns 3HWKEHHS [BOTO THUITY IIYMY BUKOPHUCTOBYIOTHCS METONH
onTHUMI3alii 3a30piB, 3aCTOCYBaHHA JAeMII(DepiB KOJIIHYACTOrO Bally, BHECEHHS KOHCTPYKTUBHUX 3MiH B
KUTBKICTB OTIOp JIJIsl OLTBII PIBHOMIPHOTO HABaHTAXKEHHS Ha OTIOPH.

Takox ciij BUAUIMTH IIyM B NPUBOJHHUX PEMHSX Ta JIAHIIOTaX Ji¢ BiIOYBalOTbCA YAapH TpU
3a4eIUIeHHI Ta TONIrOHAIbHUN e(eKT, IO 3aJeXKUTh B HATATY, MIBUAKOCTI Ta KIJIBKOCTI 3yOIiB Yy
3a4eryIieHHi. 3araJbHUi piBeHb HIyMY IO3H.8 , poO0YOro mporecy JIBUTYHAa MOXKHA PO3KIIACTH HA CKIIAJIOBI
no3H.1 — 7, sk mokazaHo Ha puc.l. BumiproBaHHs 3IiiCHIOBANINCEH HA BijcTaHi | M. B 3aKpUTiii Kamepi st
IM3eBbHOTO ABUIYHA, Je | 1e IIyM Bif 3ropsHHs MajuBa, 2 IIyM BiJ yaapiB MOPIIHS, 3 UIyM BEHTUWIATOpA,
4 myMm poboTH 3y0UaToro mpuBOLy, 5 IIyM poOOTH HalMBHOTO Hacocy, 6 mrym poOOTH KiamaHiB, 7 iHII
JDKEpena Irymy.
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Pucynox 1 — PiBHi mrymy po60o90ro0 Mporecy Au3eIHHOT0 TBUTYHA

PieeHb wymy dB
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MexaHi3MH yTBOPEHHS ITyMy Bill Pi3HUX MIiACHCTEM IBUTYHAa MOJKHA TIPEICTABUTH Yy BHUTIISAII OJOK
CXEMH TIPEJICTABICHOT HA PUCYHKY 2

JLEEpETI0 Iy [MenepyEamHa Bif pamii Ulnmm nepegasi B maipoEAHET LTIy
Bifpami e [BL]

THCK B UHTHTM THeE rasE < . .
Bibpamii bnoxy —— B aMiploEaBEL UTyIy

Y mapH Dopima
[Hepia mopima

Bifparia matyaa Bifparii ¥on-eamy

Pucynok 2 — CxemaTn4He BiioOpaskeHHsI MEXaHi3MiB YTBOPEHHS LIyMY

BUCHOBKHA

Ha puc. 1 ta 2 mpencraBneHo MexaHI3M YTBOPEHHS IIyMY BiJ Pi3HHX JKEepeN y IBUTYHI, a TaKOX
rpadiky piBHIB IIyMy MiJICHCTEM IBUTYHA. SIK BUIHO 3 HABEIEHNX PHUCYHKIB, IIyM 3TOPSHHS Ta IIyM yIapiB
MOPILHS CKIaJat0Th OCHOBHY YacTKy 3arajbHoro mymy (6imseko 80%). ToMy criix 3ocepeautu yBary came
Ha [MX aCHeKTaX aKyCTUKU JBHUTYHAa Ta BHUKOHYBAaTH IMOJAJbBIII JOCHIDKEHHS came Uil L€l miacucTeMu
neuryHa. [loganeini qociiKeHHs JOLIBHO BUKOHYBATH 3a JornoMoror Bukopuctanus CAE nporpamHoro
3abe3neuenHss ANSYS Ta momatkoBux monymiB ANSYS Fluent mms mopentoBaHHS MpoleciB TOpiHHA i
rizponuHamiku, ANSYS Mechanical mist BUBUEHHS TMHAMIYHHX XapaKTePUCTHK (BiOpamiid Ta aKyCTHKH) 3
nojanemM aHamizoMm B ANSYS Acoustic s BUBYEHHS aKyCTHYHHX XapaKTepHCTHK. [IpoBeaeHuit
MojanbHui anamiz cucteMd B ANSYS Mechanical no3BonuTh BH3HAYMTH BJIACHI YacTOTH Ta (QOpMHU
KOJINBaHb KOMIIOHEHTIB JBUTYHa. B CBOIO uepry mpoBedeHMI TapMOHIYHHMNA aHai3 J03BOJUTH OTPUMATH
BIITYK CHUCTEMH Ha NWHAMi4YHI HaBaHTaeHHs. lle H03BONWTH BU3HAYMTH BiOpalliiiHi XapaKTEpHUCTHUKU
nBuryHa. OCKiNbKH HaBeEHI pe3ysbTaTH JOCIiKEHHs Mmoka3ytoTh mo mryM LTI BHOCUTh HaWOIMbIINI
BKJIJ] B CIIEKTP LIYMYy TOMY B MOJAIBIIIOMY, TONUIFHO BUKOPHUCTATH AoAaTkoBui Moxyis ANSYS Acoustic,
IO JI03BOJIMTH JOCIITUTH SK 3MiHW 3a30piB B LIIII" BmmBaroTh Ha reHeparmito mymy Ta BiOpamiid. Ilicms
MPOBENEHHsI CUMYJISIIIi OTpHUMaeMO BiOpalliiiHi 1 aKyCTHYHI Jiarpamu, siKi B MOJAlbIIOMY MOXYTb OyTH
BUKOPHUCTAaHI JJIsl CTBOPEHHS TEXHIYHUX 3ac00iB HEOOXIJHWX Ul BUKOHAHHS MapaMeTPUYHOI JIiarHOCTHKH
IU3EbHOTO JBUTYHA, & TAaKOK MOXKYTh OyTH HampsiMy BUKOPUCTaHI JUIS AOCIIKEHHS TEXHIYHOTO CTaHy
JBUTYHA, TUITXOM TIOPIBHIHHS NMapaMeTPUYHHX JIAHUX JIBUTYHA 0e3 mpoliry (€TajoHy) Ta JOCHiKYyBaHOTO
00’ €KTYy.

HEPEJIIK JKEPEJI IOCUJIAHHSA

1. Kaisan M.U., Yusuf L.O., lbrahim U., Narayan S.(2020). Effects of propanol and camphor blended
with gasoline fuel on the performance and emissions of a spark ignition engine. ACS Omega, vol. 5, No.41
26454-26462.

2. Sheng G.(2012). Vehicle noise sound vibration and sound quality. Warrendale Pennsylvania USA,
ISBN- 978-0-7680-3484-4.

3. Hambric ta inmm. (2016). Engineering vibroacoustic analysis, methods and applications. ISBN:
978-1-119-95344-9.

4. Nuawi Tta immi. (2013). Time domain analysis method of the impulse vibro-acoustic signal for
fatigue strength characterization of metallic material. Procedia engineering volume 66539-548.

5. Delvecchio S., Bonfiglio P., Pompol F. (2018). Vibro-acoustic condition monitoring of internal
combustion engines, a critical review of existing techniques, mechanical systems and signal processing.
Volume 99-661-683.

6. Philippe D. (2006). A study of the vibro-acoustic modulation technique for the detection of cracks
in metals. The Journal of the Acoustical Society of America, volume 119 1463

7. Creixell M. (2018). Computational reduction techniques for numerical vibro-acoustic analysis of
hearing aids. Technical University of Denmark, department of electrical engineering.

8. Aymerich Ta inmi. (2010). Experimental study of impact-damage detection in composite laminates
using a cross-modulation vibro-acoustic technique. Volume 9, issue 6, 541-553.

, 2025, Nel (24) 143



© biniuenko B.B., Matsiituyk .M. 2025

9. Trochidis ta ixmi. (2014) Analysis of vibroacoustic modulations for crack detection, a time-
frequency approach based on Zhao-Atlas-Marks distribution, shock and vibration. Volume article id 102157,
8 pages, https://doi.org/10.1155/2014/102157.

10. Urban M.W., Alizad A., Aquino W., Greenleaf J.F., Fatemi M. (2011). A review of vibro-
acoustography and its applications in medicine, current medical imaging. Volume 7, issue 4, 350-359.

11. Jun J. (2017). Analysis of load effect on nonlinear vibro-acoustic modulation used in on-line
monitoring of fatigue cracks, smart materials and structures. Volume 26, number 9.

12. Ahmaida, Anwar M. (2018). Condition monitoring and fault diagnosis of a multi-stage gear
transmission using vibro-acoustic signals. Doctoral thesis, University of Huddersfield.

13. Yue W., Di W., Lei W., Xiaojun W. (2018).Statistical energy analysis for vibro-acoustic coupled
system with fuzzy parameters. Engineering computations, volume 35, issue 2, 565-579.

14. Jarostaw G. Ta immi. (2019). Use of cutting force and vibro-acoustic signals in tool wear
monitoring based on multiple regression technique for compreg milling. Bioresources, vol.14.

15. Hipol, Philip J. (1989).Finite element prediction of vibro-acoustic environments. SAE transactions,
volume 98, 1881-1889.

16. Mohanty Ta inamri. (2015). User identification of keystroke biometric patterns with the cognitive
RAM weightless neural net, advances in machine learning and signal processing. Proceedings of MALSIP,
springer international.

17. Yong C., Juan T., Shaobo J., Minli H. (2012).Combustion timing determination based on vibration
velocity in HCCI engines. Mechanism and machine theory, volume 58, 20-28.

18. Brian D., James H. (2017). Acoustic emission characteristics of a single cylinder diesel generator
at various loads and with a failing injector. Mechanical systems and signal processing, volume 93,397-414.

19. Jung 1., Jin J., So H., Nam C. (2013). An advanced method for developing combustion noise
through the analysis of diesel combustion. SAE Technical Paper 2013-01-1901.

20. Andersson ., McKelvey T., Larsson M. (2009). Combustion parameters estimation and control
using vibration signal , application to the diesel HCCI engine. Proceedings of the IEEE conference on
decision and control.

21. He Z., Xie W., Zhang G., Hong Z., Zhang J. (2014). Piston dynamic characteristics analyses based
on FEM method part I, effected by piston skirt parameters . Advances in engineering software, vol 75, 68—
85.

22. Dolatabadi ta inmii. (2015). On identification of piston slap events in internal combustion engines
using dynamic analysis. Mechanical Systems and signal processing, vol 58-59, 308-324.

23. Mohd Ripin Z., Chong Tan Y. (2013). Analysis of piston secondary motion. Journal of sound and
vibration, vol 332,5162-5176.

24, Justin F., Gary M. (2016). Fault detection and diagnosis of diesel engine valve trains. Mechanical
systems and signal processing, volume 72-73, 316-327.

25. Narayan S. (2014). A review of diesel engine acoustics. FME Transactions, vol. 42, No. 2, 150-
154,

26. Narayan S. (2015). Correlation between in cylinder pressure and noise emissions from engines.
Journal of kones power train and transport, vol. 22, No. 1, 243-254.

27. Mahroogi F., Narayan S., Gupta V. (2018). Acoustic transfer function in gasoline engines.
International journal of vehicle noise and vibration, vol. 14, No. 3, 270-280.

REFERENCES

1. Kaisan M.U., Yusuf L.O., Ibrahim U., Narayan S.(2020). Effects of propanol and camphor blended
with gasoline fuel on the performance and emissions of a spark ignition engine. ACS Omega, vol. 5, No.41
26454-26462.

2. Sheng G.(2012). Vehicle noise sound vibration and sound quality. Warrendale Pennsylvania USA,
ISBN- 978-0-7680-3484-4.

3. Hambric et al. (2016). Engineering vibroacoustic analysis, methods and applications. ISBN: 978-1-
119-95344-9.

4. Nuawi et al. (2013). Time domain analysis method of the impulse vibro-acoustic signal for fatigue
strength characterization of metallic material. Procedia engineering volume 66539-548.

5. Delvecchio S., Bonfiglio P., Pompol F. (2018). Vibro-acoustic condition monitoring of internal
combustion engines, a critical review of existing techniques, mechanical systems and signal processing.
Volume 99-661-683.

144 , 2025, Ne1 (24)


https://doi.org/10.1155/2014/102157

© biniuenko B.B., Matsiituyk .M. 2025

6. Philippe D. (2006). A study of the vibro-acoustic modulation technique for the detection of cracks
in metals. The Journal of the Acoustical Society of America, volume 119 1463

7. Creixell M. (2018). Computational reduction techniques for numerical vibro-acoustic analysis of
hearing aids. Technical University of Denmark, department of electrical engineering.

8. Aymerich et al. (2010). Experimental study of impact-damage detection in composite laminates
using a cross-modulation vibro-acoustic technique. Volume 9, issue 6, 541-553.

9. Trochidis et al. (2014) Analysis of vibroacoustic modulations for crack detection, a time-frequency
approach based on Zhao-Atlas-Marks distribution, shock and vibration. Volume article id 102157, 8 pages,
https://doi.org/10.1155/2014/102157.

10. Urban M.W., Alizad A., Aquino W., Greenleaf J.F., Fatemi M. (2011). A review of vibro-
acoustography and its applications in medicine, current medical imaging. Volume 7, issue 4, 350-359.

11. Jun J. (2017). Analysis of load effect on nonlinear vibro-acoustic modulation used in on-line
monitoring of fatigue cracks, smart materials and structures. Volume 26, number 9.

12. Ahmaida, Anwar M. (2018). Condition monitoring and fault diagnosis of a multi-stage gear
transmission using vibro-acoustic signals. Doctoral thesis, University of Huddersfield.

13. Yue W., Di W., Lei W., Xiaojun W. (2018).Statistical energy analysis for vibro-acoustic coupled
system with fuzzy parameters. Engineering computations, volume 35, issue 2, 565-579.

14. Jarostaw G. et al. (2019). Use of cutting force and vibro-acoustic signals in tool wear monitoring
based on multiple regression techniques for compreg milling. Bioresources, vol.14.

15. Hipol, Philip J. (1989).Finite element prediction of vibro-acoustic environments. SAE transactions,
volume 98, 1881-1889.

16. Mohanty et al. (2015). User identification of keystroke biometric patterns with the cognitive RAM
weightless neural net, advances in machine learning and signal processing. Proceedings of MALSIP,
springer international.

17. Yong C., Juan T., Shaobo J., Minli H. (2012).Combustion timing determination based on vibration
velocity in HCCI engines. Mechanism and machine theory, volume 58, 20-28.

18. Brian D., James H. (2017). Acoustic emission characteristics of a single cylinder diesel generator
at various loads and with a failing injector. Mechanical systems and signal processing, volume 93,397-414.

19. Jung 1., Jin J., So H., Nam C. (2013). An advanced method for developing combustion noise
through the analysis of diesel combustion. SAE Technical Paper 2013-01-1901.

20. Andersson ., McKelvey T., Larsson M. (2009). Combustion parameters estimation and control
using vibration signal , application to the diesel HCCI engine. Proceedings of the IEEE conference on
decision and control.

21. He Z., Xie W., Zhang G., Hong Z., Zhang J. (2014). Piston dynamic characteristics analyses based
on FEM method part |, affected by piston skirt parameters . Advances in engineering software, vol 75, 68—
85.

22. Dolatabadi et al. (2015). On identification of piston slap events in internal combustion engines
using dynamic analysis. Mechanical Systems and signal processing, vol 58-59, 308-324.

23. Mohd Ripin Z., Chong Tan Y. (2013). Analysis of piston secondary motion. Journal of sound and
vibration, vol 332,5162-5176.

24. Justin F., Gary M. (2016). Fault detection and diagnosis of diesel engine valve trains. Mechanical
systems and signal processing, volume 72-73, 316-327.

25. Narayan S. (2014). A review of diesel engine acoustics. FME Transactions, vol. 42, No. 2, 150-
154.

26. Narayan S. (2015). Correlation between in cylinder pressure and noise emissions from engines.
Journal of kones power train and transport, vol. 22, No. 1, 243-254.

27. Mahroogi F., Narayan S., Gupta V. (2018). Acoustic transfer function in gasoline engines.
International journal of vehicle noise and vibration, vol. 14, No. 3, 270-280.

V.Bilichenko, D.Matvijchuk Review of modern vibroacoustic noise control methods for diesel
engines with the aim of their further use in engine operation simulation.

This article examines the potential use of various vibroacoustic signals for fault detection in
parametric diagnostics of internal combustion engines (ICE). A review of previous research indicates that
most studies focus on identifying the type of fault but do not determine the root cause of the malfunction.
Moreover, they do not provide a comprehensive description of the physical mechanisms responsible for
noise and vibration generation during the diagnostic process.
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This paper presents a brief description of the sound and vibration generation mechanisms that occur
directly during the engine’s operation. These mechanisms, in turn, can be used as key parameters for
diagnostics and assessing the technical condition of both individual components and the engine as a whole. A
review of modern fault detection and diagnostic methods based on the vibroacoustic approach is provided.
These methods analyze parameters such as noise and vibration, which are among the key indicators for this
technique and yield more accurate and objective results compared to other widely accepted diagnostic
methods.

The study describes various types of faults that can be detected using the vibroacoustic method and
their direct impact on ICE performance. Given the need for rapid identification of fault type and nature, the
data presented in this paper can serve as a basis for developing models, establishing necessary input
parameters, and further simulating engine operation in the Ansys CAE environment. The mathematical
analysis methods provided in the study define key parameters influencing diagnostic accuracy and,
consequently, the effectiveness of defect detection, regardless of engine type, fuel type, or the presence of
electrical components in the basic engine control system. This makes the proposed approach a universal and
effective tool for solving diagnostic challenges.

Considering the wide variety of control systems and degrees of electrification in ICEs, the universality
of the proposed method simplifies and addresses numerous technical issues. The analysis of noise and
vibration conducted in this study plays a crucial role in determining the root cause of various faults. Due to
technological clearances in component couplings, cyclic load variations in direction and application point,
imbalance, and the lack of compensation for certain mechanical components, ICE components inherently
generate noise and vibrations. Therefore, it is essential to identify the sources of these vibrations to prevent
failures of individual components and the system as a whole.

Keywords: Diesel engine, modal analysis, engine acoustics, signal processing, diagnostics,
simulation, durability, CAE systems.
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JOCJIIUKEHHS BINVIMBY TEXHOJIOI'TYHUX ®AKTOPIB XOHIHI'YBAHHA
CUIIKATHUMMU BPYCKAMH HA TAPAMETP HIOPCTKOCTI IIOBEPXHI
JAETAJIEM ABTOMOBIJIBHOI'O IBUT'YHA

BaxumBa ponb y BHpINIEHHI 3aBJaHb TEXHOJIOTIYHOTO 3a0e3MedeHHs 3HOCOCTIMKOCTI NMOBEpXOHB JeTaieit
aBTOMOOUIPHOTO JBHTYHA HAIEXUTHh (DIHIIIHAM MeToxaM abpa3HBHO-alMa3HOi 0OpOOKH, OJHHM 3 METOMIB SKHX €
XOHiHTyBaHHS. ToMy y TemepiliHii dYac IpPOJOBXKYETBCS pPO3pOOKAa HOBUX, OLIBII JOCKOHAIMX KOHCTPYKIIH
IHCTPYMEHTIB (XOHIHTYBaJIbHUX TOJIOBOK, aOpasMBHHX OpYCKiB, 3 OUIBII IPHBAaOIMBIMHU XapaKTEPUCTHKaMH), IO
JNO3BOJIUTh 3HAYHO MOKPAIUTH SIKICTh TOBEPXOHb JeTaleil 1 MiABHIIMTH IX pecypc Ta eKCIUTyaTaliiiHi
XapaKTePUCTHKH. BUKOpHCTaHHS HOBITHIX aOpa3MBHUX MarepianxiB pOOWTh XOHIHTYBaHHS HE3MIHHUM IIPOLECOM Yy
MaIIMHOOYIyBaHHi, 0COOIMBO y BUPOOHUITBI aBTOMOOITBHUX ABUTYHIB.

B poGoti HaBeneHO pe3ydbTAaTH IOCTIMKEHHS BIUIMBY TPHBAJIOCTI MPOLECY XOHIHTYBaHHS, TBEPAOCTI i
3EPHUCTOCTI a0pa3uBYy Ha MapaMeTp MIOPCTKOCTI MOBEPXHi IJIb3U ITIHAPIB aBTOMOOIFHOTO IBUTYHA.

BcraHoBIeHO, 110 MpY 36iIbLICHH] Yacy XOHIHIYBaHHS SKicTh moBepxHi (R,) MOKpaIyeThes K micis 00poOKu
alMa3HUMH, a0pa3MBHHMHM TakK 1 cWiikaTHUMH Opyckamu. Cralimizamiss (opMyBaHHS OCTaTOYHOI LIOPCTKOCTI
TOBEpPXHI TiJIb3M LWIIHJIPIB BiAOYBAa€ThCs NMPH XOHIHTYBaHHI Ha mpoTs3i 2,0 XxB. 30UIbLICHHS Yacy XOHIHT'YBaHHS
CHIIIKATHUMH OpyCKaMH HE BIUTHBAE Ha SKICTb MOBEPXHI 1 ckinanae Ry = 0,12 MxMm.

BinzHaueHo, 1m0 BUCOKA SKICTh MOBEPXHI Micisi 00poOKU CHIIIKATHUMH OpyckaMi O0OyMOBIIEHa YTBOPEHHSM B
nporeci XOHiHTyBaHHsS amopdroro kpemuesemy (SiO,), skuii mix Jier0 aOpasMBHHUX 3€pEH MOTpAIUIse y 3araiuHd
00po0II0BaHOT OBEPXHI Ta 3YIIUIETHCS 3 IOBEPXHEIO 1 TAKMM YHHOM OOpOOIIOBaHA MOBEPXHS HACUIYETHCS OKCHIOM
KPEMHIIO.

BcraHoBiieHO, 1m0 mpH 30UTBIIEHHI Yacy XOHIHI'YBAaHHS SK aJMa3HMMHM, aOpa3sMBHUMH TaK 1 CHJIIKATHHMHA
OpycKaMu 3HIMaHHS MeTaTy 301IbITYEThCS.

BcTaHoBIIeHO, 10 3HIMaHHS MeTally Iicis 0OpoOKM CHIiKaTHHMH Opyckamy B 1,7-2 pa3u MEHIIE HiX Iicis
XOHIHTYBaHHS aIMa3HUMH Ta aOpa3uBHUMH OpyCKaMH.

3anpornoHOBaHO Uil YUCTOBOTO XOHIHTYBAaHHS TiJIb3 IMJIIHIPIB aBTOMOOUTEHUX IBHUTYHIB BHKOPHUCTOBYBATH
CHITIKaTHI OpYCKH 3 aOpa3uBOM KapOily KpeMHiro 3eJIeHoro 3epHUcTicTio 40/28.

3ampornoHOBaHO TpPH3HAYATH TPHIYCK Ha JiaMeTp NpPH YHCTOBOMY XOHIHTYBaHHI  CHJTIKATHAMH
XOHIHTYBaJIbHUMH Opyckamu 3 abpa3suBoM KapOiny KpeMHito 3eneHoro 3epHucrictio 40/28 y mexxax 0,01-0,015 mm.

KorouoBi cioBa: aBTOMOOINBHMH [JBHIYH, Tib3a IWIIHAPIB, XOHIHI'YBaHHS, LIOPCTKICTb ITOBEPXHI,
CHJIIKaTHUH OpYyCOK, alnMa3HHUi OpYCOK, TBEpicTh a0pa3uBy, 3epHUCTICTh, aMOP(HUIA KpeMHE3eM.

BCTYII

[ligeumienHss 1 3a0e3neueHHs HaIiHHOCTI 3aco0iB aBTOMOOUILHOIO TPAHCIOPTY € OJHIE€ 3
HaWBAXJIMBIIINX MEPEIYyMOB iX €(QEeKTUBHOrO BUKOpUCTaHHA. OCHOBHA BJACTHBICTb, SIKA XapaKTEpHU3YeE
HaJiiHICTE 3ac00iB aBTOMOOIUTFHOIO TPAaHCHOPTY — JOBIOBIUHICTh, BU3HAYAETHCS TOKA3HUKAMH: TEPMiH
ciry:k0m 1 pecypc. Ha maHuii MOMEHT psii JBUTYHIB aBTOMOOUIHLHOTO TPAHCIIOPTY, IO €KCILTYaTyOThCS B
PI3HUX YMOBax, MalOTh HEJOCTATHIN TEPMiH CIyKOH, 10 IPU3BOJUTH J0 BEMYE3HUX 30UTKIB [1]. Y 3B’s13Ky
3 MM MOIIYK HOBUX HECTAHAAPTHUX TEXHOJOTIYHUX pIlIeHb MiABUILEHHS 3HOCOCTIMKOCTI MOBEPXOHb
neranell aBTOMOOITBHUAX JBHTYHIB, 32 PaXxyHOK TOKpamleHHS (i3UKO-MEeXaHIYHUX BIIACTHBOCTEH POOOYHX
MOBEPXOHB € aKTyaJbHOO 33]1a4uelo.

BaxuimBa ponb y BHpilIEHHI 3aBJaHb TEXHOJOTIYHOrO 3a0e3NeueHHs 3HOCOCTIMKOCTI MOBEPXOHBb
neTaneil aBTOMOOUTPHUX JBUTYHIB HAJICKUTHh (PiHIIIHUM MeToJaM aOpa3suBHO-aIIMa3HOI 0OPOOKHU, OJTHUM 3
METO/IB, SKWUX € XOHIHTYBaHHs. XOHIHTYBaHHS — II€ BHCOKOTOYHa OOpoOKa MOBEPXOHb JieTajel 3a
JIOTIOMOT'010 a0pa3UBHOTO IHCTPYMEHTY (XOHIHTYBaJIbHOI FOJIOBKH) JUIS JOCSTHEHHSI HEOOX1IHOI IIOPCTKOCTI,
¢dbopmu Ta po3mipy. TexHomoriuHi (hakTopH, MO BIUIMBAIOTH HA MPOIEC XOHIHT'YBaHHS, MOXKHA TOIINTH Ha
KiJIbKa OCHOBHHUX T'PYII:

1. Marepian 06poOrOBaHOT neTati:

-TBEPIICTh: YMM TBEPAILINIA MaTepiajn, TUM Oifibllie HABAaHTAKEHHS Ta 4acy MoTpeOye XOHIHTYBaHHSI.
Hanpuxnan, crans, 4aByH abo0 CIIJIaBH MarOTh Pi3HiI BUMOTH A0 MPOLECY;

-THUI Marepiany: JISTOBaHi CTajl Ta CIJIABH MOXYTh BHMAaraTd CIEIliallbHUX PLKYYUX MarepiamiB i
TEXHOJIOTIYHUX PEKHUMIB.

2. Marepian XOHIHTYBaJIbHOTO IHCTPYMEHTY:
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-a0pa3uB: BUKOPUCTOBYIOTBCS Pi3HI TUIIH aOpa3uBiB (KOPYH, KapOil KpeMHit0, aiMa3Hi abo KyOi4HO-
OOpHI HITPUAN) B 3aJICKHOCTI BiJl TUITY MaTepiaay JeTalli;

-TBEPIICTh 1 3EPHUCTICTh aOpasWBy BHM3HAYAIOTH IIBUAKICT 3HATTA MaTepiany W TOCATHEHHS
0a)XaHOTO Pe3yNbTaTy.

3. TexHOMOTIYHI TapaMeTpH MPOIECY:

-IIBUIKICTH Pi3aHHS: BUOIp MIBHAKOCTI 3aJIeKHUTH BiJl MaTepialxy JeTalli Ta IHCTPyMEHTy. 3aHaaTo
BHCOKA MIBHJKICTh MOX€ MPU3BECTH 10 MEPETPiBY, 3HOCY IHCTPYMEHTY Ta BTPaTH TOYHOCTI;

-THCK XOHIHTYBaJJbHUX KaMEHIB: ONTHMAaJIbHHHA THUCK BAXXIWBUHN I 3a0e3ledeHHs pPIBHOMIPHOTO
3HSATTS MaTepiary Ta yHUKHEHHS AeQOopMalriii;

-KIBKICTh XOIiB 1 TPUBAIICTh MPOLECY: BiA KUIBKOCTI TOBTOPHHUX MPOXOMIB 3aJICKHUTH SKICTh
00pOOKH, a TaKOX JOCSATHEHHS MOTPiOHUX MapaMeTpiB TOYHOCTI Ta MIOPCTKOCTI MOBEPXHi.

4. 3acTocyBaHHS OXOJIO/IKYIOUO-MaCTHIFHUX PiIUH:

-TUM PiAWHU: Macia abo eMynbcii BAKOPHCTOBYIOTBCS JUIS OXOJIO/XKEHHSI 30HM 00pPOOKH, 3MEHIICHHS
TEpTs 1 BUBEJCHHS CTPYKKHU;

-TIOJ]aBaHHs PIAMHM: AKICHA IMOJa4da OXOJOKYBAIBHUX PIAMH BXKIHBA ISl YHUKHEHHS ITIEPETPIBY
IHCTPYMEHTY Ta JETai.

i cdakTopy BIIMBAIOTH HA PE3YNbTAT MPOLECY, TOMY BXKIMBO iX BPaxOBYBaTH JJISl JOCSTHEHHS
MOTPiOHOI STKOCTI 0OPOOKH.

AHAJII3 IITEPATYPHUX JI’KEPEJI TA IOCTAHOBKA ITPOBJIEMH

AHaui3 BiJoOMHX MyOJIiKaIii MMoKasye, o s 3a0e3MeueHHs] HeoO0XiJHOI MIOPCTKOCTI MOBEPXHI MpHU
YHCTOBOMY XOHIHryBaHHI B Mexax R,=0,14-0,16 MkM, HEoOXigHO BUOWpATH ONTHMAJbHI MapaMeTpu
XOHIHTYBaHHS, a TaKO)K CTBOPIOBATH HAIICKHHUA MIKpopenbed MOBEPXHi, HEOOXiTHUHN [UIsl yTpUMaHHS Ha
MOBEPXHI TiNlb3 IMJIIHApa MIapy Macia i 3MEHIIEHHS 3HOIIYBaHHS B mpoleci podotu. PekomeHayeTbcs
ONITUMAJIbHE CITiBBITHOIIEHHS KOJIOBOI Ta OCHOBOI IIBUAKOCTEH B Mexax 2-4, 110 3abe3neuye KyT NepeTHHy
MacJI0yTPUMYIOUYHX PHCOK 0. B Aianma3oni 45°-60° [2].

B pobGorti [3] BcTaHOBICHO, IO PEXHUMH Pi3aHHS MPU XOHIHTYBaHHI CYTTEBO BIUIMBAIOTH SIK Ha
nmapameTp IOPCTKOCTI TMOBepxHI R, Tak 1 Ha MPOAYKTHBHICTH Ipolecy aOpa3uBHOTO XOHIHTYBaHHSI.
JoBezneHo, 1m0 HaWOIMBIMIMK BIUIMB Ha MapameTrp R, MarOTh KOJOBa 1 OCbOBa HIBHIKOCTI PYXy TOJIOBKH i
MUTOMUN THCK OpYCKIB Ha MOBEpXHIO 00pobneHHs. Taki TexHOJOTiYHI (haKTOpH, SIK KiTBKICTh OpYCKIB y
XOHI, TYCTHHA Ta CKJIaJ] MAaCTHJIbLHO-OXOJIO/PKYIOUOi PiIMHU TaKoX MaloTh BIUIMB Ha Mpoliec adpa3uBHOIO
XOHIHT'YBaHHSI, aje X 3HaYeHHS HEBHCOKi Y MIOPiBHSAHHI 3 HABEJICHUMH OCHOBHUMH PEKUMaMH Pi3aHHSL.

B po0Gorti [4] po3rnsHyTI TapaMeTpaMH IMPOIeCy XOHIHTYBaHHS: KOJIOBA 1 OCbOBA INBHIKOCTI PyXy
TOJIOBKM, BEJIMYMHA pafiaibHOl moxjadi OpyckiB (muToMuil THCK). ONTHMI30BaHO PEKUM XOHIHTYBAaHHS
CUIIiKaTHUMHU Opyckamu. BcraHOBIEeHO, MO Mmicis OOpoOKM anMa3HHMH, aOpasMBHUMHU Ta CHIIKATHUMH
OpyckamMH SIKICTh TIOBEPXHI TOKpAIIYEThCS TPH 30UIBIIEHHI KOJOBOI MIBHAKOCTI 1 MOTIPIIYETHCS TPHU
30ibIIeHHI OCHOBOI MBUAKOCTI. Bim3HaueHo, 1m0 micis o0poOKH anMa3HUME, a0pa3uBHUMU Ta CHITIKATHUMU
OpyckaMu 3HIMaHHS MeTary 3011bIIYEThCS IPU 301IBIIEHH] OCHOBOI IIBUJIKOCTI OPYCKIB 1 3MEHIITY€EThCS ITPH
301IbIIEHH] KOJIOBOI MIBUAKOCTI. [linTBEpKEeHO, MO Micis OOpPOOKH ajiMa3HUMH OpycKamMH 3HIMaHHS
MeTalry 30UTBIIYEThCS 1 AKICTh MOBEPXHI MOTIPIIYETHCS MPH 301IbIIEHHI KOHTAKTHOTO THUCKY OpYyCKiB. 1
MOKPAIILY€EThCsI Micis 00poOku abpa3sMBHUMU Ta CHIIIKaTHUMU Opyckamu. [licnst XOHIHTYBaHHsI aOpa3uBHUMU
Ta CWIIKaTHUMHU OpycKaMHu 3HIMaHHS METally IUIaBHO 3MEHINYETHCS IMPH 30iJbIIEHI KOHTAKTHOTO THCKY
OpyCKiB.

TakuMm 4MHOM, 3araJiIbHUMU NPOOJIEMaMHt € MiABUILIEHHS PECypCy 1 eKCIUTyaTaliiHuX XapaKTepHCTUK
Jeranell aBTOMOOIUTLHOTO JIBUTYHA Ta 1X SKOCTI MOBEPXHi 32 PaXyHOK ONTHUMIi3allil TEXHOJIOTIYHUX (haKkTopiB
XOHIHI'YBaHHS 1 PO3pOOKH HOBHX, OLIBII JOCKOHATIMX CKJIaiB aOpa3suBHUX OPYCKiB, 3 OLIbII NpUBaOIMBUMHI
XapakTepucTUKaMHu. BUKOpHCTaHHS HOBITHIX aOpa3WBHUX MarepiaiiB poOOMTH XOHIHT'YBaHHS HE3MiHHUM
MPOLIECOM Y MalIMHOOYAyBaHH1, 0COOJIMBO Y BUPOOHMIITBI aBTOMOOUILHUX JBUTYHIB.

Onrtumizallisi TEXHOJOTIYHUX MapaMeTpiB XOHIHTYBaHHS, TAaKUX SIK HMIBHJKICTh PyXY TOJOBKH, BHOIp
MaTepialy Ta 3€pHUCTOCTI a0pa3WBHHX OpYCKiB, a TaKOXX KIHEMaTH4YHI XapaKTEpUCTUKU MpOIECY, €
KIFOYOBUMH JIJIsI JIOCSITHEHHST BUCOKOI SIKOCTI 0OpoOJieHoi MOBEpxHi jeranedl aBTOMOOUTBHUX JIBHTYHIB.
[omanpini MOCHIPKEHHS B LiH Tady3l COPUATAMYTh YJIOCKOHAJIEHHIO TEXHOJOTIYHUX IPOIECIB Ta
MiABUIICHHIO eKCIUTyaTalliiHUX XapaKTepPUCTHUK ABUTYHIB.

BpaxoByroun BuIlle HaBeleHE, BUHWKAaE HEOOXIJHICTh JOCHIJUTH BIUIMB TEXHOJOTIYHHX (DaKTOPIB
XOHIHTYBaHHS CHJIIKATHUMHU OpYyCKaMH Ha IapaMeTp MIOPCTKOCTI 00po0IeHOT TOBEPXHi.

OIJIb TA 3AJAYI JOCJILIKEHHS.
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MeTor0 JOCTIIKSHHS € MOJCIIOBAHHS BIUIUBY TEXHOJOTIYHMX (PAKTOPIB XOHIHITYBAaHHS CHJIIKATHUMH
OpyckaMu Ha TIapaMeTp MIOPCTKOCTI MOBEPXHI JIeTale aBTOMOOUIHFHOTO ABUTYHA. 3a1adaMu JOCTIHKCHHS €
HACTYMHIi: 00paTH Ta MiArOTYBAaTH TiNb3HM IIIIHAPIB aBTOMOOIIBHOTO ABHIYHA; 3alpPONOHYBATH PEKUM
00pOOKH MOBEPXHI CHIIIKATHUMH OpyCKaMH; BU3HAYUTH BIUIUB Yacy XOHIHTYBaHHS Ha SAKicTh 00poOIroBaHol
MMOBEPXHi; BU3HAYUTH BIUIMB 3€PHUCTOCTI a0pa3uBy Ha SIKICTh OOpOOIIOBaHOI MOBEPXHI; BU3HAYUTH BILTHB
TBEpAOCTI a0pa3mBy Ha SIKICTh 00pOOIIOBAHOT TOBEPXHI.

PE3YJbTATHU JOCIIIKEHHS

B po6orTi, sfika IpomOHYETHCS MPOBEINCHO MOCIiKEHHS BIUIMBY TPHBAJIOCTI MPOIECY XOHIHTYBaHHS,
TBEPAOCTI 1 3epHUCTOCTI aOpa3uBy Ha MapaMeTp MOPCTKOCTI 00POOIIEHOT TOBEPXHi.

Hocnigyn mpoBOOWIM Ha XOHIHTYBalbHOMY BepctaTi mozemi 30833, skuili  npu3HaueHWid a0
OCTaTOYHOTO O03700JICHHS OTBOPIB y TiNib3aX JBUTYHIB BHYTPIIIHHOTO B3TOPSIHHS Ta I1HIIUX JETaNsX.
MexaHi3Mu BepcTaTa 3AIHCHIOIOTH 33 IIMKJIOM OJHOYACHUH 3BOPOTHO-TIOCTYTMAJIBHUNA 1 00epTambHUN pyXu
XOHIHT'YBaJIbHOT TOJIOBKH 1 pafiajibHy mojady OpyckiB, mo 3a0e3mnedye 301NbLICHHS MO AiameTpy podouoi
YaCTUHH 1HCTPYMEHTY B Iporeci 00poOku. KoHCTpyKIis XOHIHTYBaJIbHOI TOJIOBKH SIBJISE COOOI0 LUTIHAD, Y
SIKOMY BMOHTOBaHI XOHIHTYBaJbHI OpYyCKH, IO mepeMimaroTses 3 TogicTio 10 0,01 mM. bpyckun MoxyTh
OyTH K aOpa3uBHUMH, TaK 1 aAIMa3HUMHU.

Jlis mpoBeACHHS JAOCHINIB Oynu BifiOpaHi Tiib3d LWIHAPIB aBTOMOOIIBHOTO JIBUI'YHA, SIKi
BUTOTOBJIEHI i3 ciporo JieroBaHoro yaByHy TBepaictio HB 217-250 (ICTY 8851:2019). ITigroroBka rijin3
JUTS JOCIHIJIIB TIPOBOJWIIACS Yy JIBA €Talll: PO3TOYKA i YOPHOBE XOHIHTYBaHHS allMa3HUMH OpyCKaMHu Ha
MeTtanononimepnid 3B'13ui BC12 3eprucrictio 125/100 (ABX 125x12x6, 125/100, BC12) 3 BuXigHOO
MIOPCTKICTIO MMOBepxHi Tinmb3 R;=0,8 MxMm [4].

B po6ori [4] 3anponioHOBaHO PEKUM 00pOOKH CHITIKATHUMHU OpyCKaMH JUIsl TOCATHEHHS MIHIMAaIbHOTO
3Ha4YeHHs mapamMerpa mopcTtkocTi (R,) oOpobmoBanoi moBepxHi. [lpuitmatoun 11e 10 yBarw, JOCIIIHKEHHS
MTPOBOIMIIN Ha HACTYITHOMY PEXHMi: THUCK XOHIHTYBaJILHOTO Opycka Ha 00pobmtoBany 3arotoBky 0,25 Mlla,
KOJIOBA IMIBUJKICTh XOHIHTYBasibHOI ronoBkd — 0,5 m/c (30 M/XB), ocbOBa IIBUAKICTh XOHIHI'YBAIBHOL
rojoBku — 0,3 M/c (18 M/xB).

[Ipu BU3HAUEHH] BIUIMBY Yacy XOHIHTYBaHHS Ha AKICTh 00pobmtoBaHoi moBepxHi (R;) dWac oOpoOku
3miHtoBaBcs Bix 0,5 x6. 1o 3,0 x6. 3 inTepBasiom 0,5 x6. Y sikocTi OpyCKiB JiJIsl YUCTOBOTO XOHIHTYBaHHS OyIIn
BurotoBieHi cuiikatHi Opycku CbX 100x8x7 3 abpa3uBHUX MIKpOIOPOIIKiB KapOiTy KPEeMHI0 3eJIEHOTO
Mapku 63 C 3epuucrictio M40/28. JIns TOpIiBHSHHS Tpane3laTHOCTI CHIIIKATHUX OpYCKiB BHKOPHCTAIN
anMa3Hi OpycKH, sIKi BUTOTOBIIEHI Ha TOMiIMEpHil 3B’s31i B2-04 3 MiKpOMOpOIIKIB CHHTETHYHOTO anMasy
Mapku ACM 3epuucrictio 40/28 (ABX 100x8x5, 40/28, B2-04) Tta abpa3uBHi OpyCKH XOHIHTYBaJIbHI Ha
OCHOBI KapOiny kpemHiro 3eneHoro Mapku 63C 3epnucrictio M40/28 (ABX 100x8x7, K3-40), mo
MPOIMOHYETHCS [l YACTOBOTO XOHIHTYBaHHS [5].

[Ipu BU3HauYEHHI BILTMBY 3€pPHHUCTOCTI abpa3uBy Ha SKiCTh 00poOroBaHoi moBepxHi (R,) 3epHHCTICTH
aOpa3uBy 3MiHIOBayIacs Bijx 28 mxm 10 80 mrm. J{j1s 4MCTOBOrO XOHIHTYBaHHS OyJIM BUTOTOBJICHI CHJIIKATHI
opyckun CbX 100x8x7 3 aOpa3uBHHX MIiKpOIIOPOIIKIB KapOigy KpemHiro 3eneHoro 3epHHUcTicTO 80/63,
63/50, 50/40, 40/28, 28/20. JIns mOpiBHSAHHS Mpame3JaTHOCTI CHJIIKATHUX OPYCKiB BUKOPHCTAIN aliMa3Hi
OpycKH, sIKi BUTOTOBJIEHI Ha TOJiMepHil 3B’s3mi B2-04 3 MiKpOHOpOIIKIB CHHTETHYHOTO ajiMa3y MapKu
ACM (ABX 100x8x5, B2-04) 3epuucrictio 80/63, 63/50, 50/40, 40/28, 28/20 Ta abpa3uBHiI Opycku
XOHIHI'yBaJIbHI Ha OCHOBI KapOixy KpemHiro 3eneHoro mapku 63C 3epaucrictio 80/63, 63/50, 50/40, 40/28,
28/20.

[lpn BU3HAYEHHI BIUTMBY TBEPJOCTI abpa3uBy Ha sKicTh 00pobiroBanoi moBepxHi (R,) TBepmicTh
abpasuBy 3MimmoBamacs Bim 1500 xec/um® 0o 4500 xec/mm®. J{ns UHCTOBOTO XOHIHTYBAHHS Oyid
BurotoBieHi cumikatHi Opyckm CBX 100x8x7 3 aOpasMBHHX MIKPOIOPOINIKIB EIEKTPOKOPYHIY
(mikpoTBepmicts 1000-2200 xec/mm®), kapbiny kpemHiro 3eneHoro (2850-3600 xec/um®), kapbiny TuTamy
(2980-3300 kec/mm®), xapbimy Gopy (4000-5000 kec/mm®) 3epructictio 40/28. Jlns mopiBHSHHS
Mpane3aaTHOCTI CHITIKATHUX OpYCKiB BUKOPHCTAIU ajlMa3Hi OpYCKH, sSiKi BUTOTOBJICHI Ha MOJIIMEPHIil 3B’ s311i
B2-04 3 MiKpOMOPOIIKIB CHHTETHYHOr0 anMasy (8425-10000 kec/um’) mapxkn ACM (ABX 100x8x5, B2-04)
Ta abpasuBHi GPYCKHU 3 aGPA3HBHIX MIKPOITOPOIIKIB eIeKTPOKOpyHIy (MikpoTBepmicts 1000-2200 kec/um’),
kapGiny kpemuito 3emnenoro (2850-3600 kec/mm®), kap6iny turany (2980-3300 xec/mm®), xapbiny Gopy
(4000-5000 xzc/mm®) 3epuucticTio 40/28.

OmiHka Benacs 3a SIKICTIO MOBEPXHI Ta 3HIMaHHIO MeTtany. JlOCHiKeHHS HIOPCTKOCTI TOBEPXHIi
3IIHACHIOBAJIM 3a IOTIOMOTOI0 TIpodinorpada-npodinomerpa moxeni 201. Haiikpamoro mpame3aaTHICTIO Mal
Ti OpYyCKH, micis 00poOKHU SKUX 3pa3KH MaJIM HAUMEHIITY IOPCTKICTb.
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3HIMaHHS MeTally BH3HAYalld BarOBHMM METOJOM, TOOTO 3BaKYBAaHHSAM Ha aHATITUYHHX TEpPe3ax THILY
Sartorius CPA 224S (puc. 1) 3 Tounictio + 1-10™ 2 (xmac Tounocri srigmo JCTY EN 45501-1) 1o Ta micis
BUNPOOyBaHb. [Ticist 00poOKH 3pa3Ky MPOMHUBAIIKCS BOJIOKO 1 alleTOHOM |[6].

Ha puc. 2-4 HaBeneHO pe3ynbTaTH NOCHIKeHb. AHaNi3ylOYM pHUC. 2, MOXKHA BiAMITHUTH, IO HpPHU
30i/bIICHH] Yacy XOHIHTYBaHHs sKicTh moBepxHi (R,) mokpamryerscst micis OOpOOKH alMa3sHHUMH,
abpa3VBHMMH Ta CHIIIKAaTHUMH Opyckamu. IIpm xomninryBanHi Big 0,5 x6. mo 3 x6. amMa3HUMHU OpycKaMu
AKICTh TIOBepXHi Nmokpamyerbes 3 Ry = 0,40 mxm 1o Ry = 0,32 mxm; abpasuBaumu Opyckamu — 3 R, = 0,44
mrm 110 Ry = 0,34 mrm; cumikataumu Opyckamu — 3 Ry = 0,20 mxm 1o Ry = 0,12 mxcm.

Pucynox 1 — 3oBHimHi# Burisin repes tTumy Sartorius CPA 224S

IIpu o00pobui anma3HuMu 1 aOpa3sMBHUMH Opyckamu crabimizamiss (OpMyBaHHS OCTATOYHOT
IIOPCTKOCTI MOBEPXHI T3 IWIIHIPIB MOYMHAETHCA 3 2,5 x6. ABTOpU poOOTH [7] CTBEPUKYIOTH, IO
cralimizanis mpouecy OOyMOBIIEHO pi3albHUMM BJIACTHBOCTSAMH aOpa3sMBHHUX XOHIHIYBalIbHUX OpYCKiB,
BHACHIIOK 4YOro dYepe3 neskuid dac (t, ¢.) BiOYBa€eThCs NPHUIIPAIIOBAHHS 1HCTPYMEHTIB 3 TOBEPXHEIO
00pOO0JICHHSI.

Raamem
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0,44 S
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040 | o bee -] 2
““’n:“*n 2 O,35 s —
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70 05 1015 2,025 3,0t 8. 0 05 1,015 2.0 25 3,0t x8.
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PucyHok 2 — 3mina mopcrkocti oBepxHi (R, min) (a) Ta 3Hauenns suivanns merany (Q, me/en®) (6) mpu
XOHIHTI'YBaHHI T'JIb3 IMJIIHAPIB 13 ciporo seroBanoro yaByHy IUI'-33M TBepaictio HB 217-250 Bix uacy (¢, x6.) micis
00pobOku Opyckamu: 1 — anma3sHuMU; 2 — aOpa3sUBHUMH; 3 — CHITIKATHUMH

KpiM 115010, MOXKHa BiIMITUTH, IO Mg yac 0OpoOKM crilikaTHUMU Opyckamu mnpotsrom 2,0, 2,5 Ta
3,0 xs. mopctkicTh moBepxHi JHopiBHIOE R, = 0,12 mxm. MoxHa CTBepIDKyBaTd, OO crabimizallis
(opMyBaHHS OCTATOYHOI NIOPCTKOCTI MOBEPXHI TiTb3W HWIIHAPIB BiJOYBA€ThCS TPU XOHIHTYBaHHI Ha
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npots3i 2,0 xg. 30UTBITICHAS Yacy XOHIHTYBaHHS CHJIIKATHUMH OpyCKaMH HE BIUIMBAE Ha SKICTh MOBEPXHI 1
ILOTO Yacy JOCTATHBO JUTS 3aBEPIICHHS OTeparlii.

PesynbraTti AocCmipKeHHs, SKi HaBeleHI Ha puc. 1, 6 TMOKa3yrTh, IO NpU 30UIBIICHHI Yacy
XOHIHT'YBAHHS aJIMa3HUMH, aOpasMBHHMM Ta CHIIKATHHMH Opyckamu 3uiManms Metamy (Q, me/em®)
30unbIyeThes. [Ipu XOHIHTYBaHHI anMmasHuMu Opyckamu mpoTsiroMm 0,5 x6. 3nimanHs metany Q = 0,28
Mme/em? i mpw 36inbieHH] Yacy o6pobku 10 3,0 x6. 3HiManHS Meramy 3poctae 10 Q = 0,39 wme/enm’. Tlpn
XOHiHryBaHHi abpasuBHMMHE Opyckamu mpotsroM 0,5 xe. 3HimamHs Metanry Q = 0,24 me/cv® i mpm
36inbmennHi gacy 06po6kn 10 3,0 x6. 3HiMamHHs Metany 3poctae 10 Q = 0,32 me/ea’.
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PucyHok 3 — 3mina moperkocti moBepxHi (Ry, mkwm) (@) Ta 3Hadenns 3uiManns metany  (Q, me/cv’) (6) npn
XOHIHT'YBaHHI T'iJ1b3 LHJTiHAPIB i3 ciporo neroBanoro yayHy [4YI'-33M (HB 217-250) Bix 3epHucTOCTi abpasuBy (M)
micist 00poOku Opyckamu: 1 — anma3HuMy; 2 — aOpa3suBHUMM; 3 — CHIIIKATHUMHU

Ipu xoHiHryBauHi crtikatHuMu 6pyckamu t = 0,5 x6. 3HiManns metany ckiagae Q = 0,15 me/en® i
pu t=3,0 x6. 3HiMaHHs MeTany cranoBuTb Q = 0,19 me/cm?. MoxHa 3po6UTH BUCHOBOK, IO MiCIIsi 06pOOKH
CHWJIIKATHUMHU OpycKamH 3HIMaHHS MeTtany B 1,7-2 pa3u MeHIIEe HDK Hicis XOHIHT'YBaHHS aJIMa3HUMHU Ta
abpa3uBHUMH Opyckamu. Lleli BHCHOBOK 10MOMOKE y BU3HAUCHHI IPUIYCKIB HA XOHIHTYBaHHS CHITIKATHUMHU
Opyckamu.

Amnanizyroud puc. 2, a, BiJ3Ha4a€eMO, 110 Micyisi OOpOOKH Tillb3 NUIIiHIPIB anMa3HUMH OpycKaMH Ipu
3MEHIIEHHI 3EpPHUCTOCTI abpa3uBy MIOPCTKICTh TMOBEpXHi 3MeHIIyeTbess 3 R, = 0,44 mxm (3epHHUCTICTH
aopasuBy 80/63) mo R;=0,32 mxm (3epuucricTh aOpasuBy 28/20). Ilpu XOHIHI'yBaHHI aOpa3sMBHUMH
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OpycKaMH IIOPCTKICTh MOBEPXHI 3MeHIIyeThes 3 Ry = 0,48 mxm 10 Ry = 0,36 mrm. Ilicns oOpoOKu rinb3
CHUJTIKATHUMHK OpyCKaMH IIOPCTKICTh MOBEPXHI 3MEHIYeThes 3 Ry = 0,22 mxm (3epHUCTICTh abpasuBy 80/63)
10 R, =0,12 mxm (3epumcticts abpasuBy 40/28) (puc. 2, a, xpusa 3). Ilicas XOHIHTYBaHHS CHIIIKATHUMU
Opyckamu 3 a0OpasuBoM 28/20 MOPCTKICTh MOBEPXHI HE 3MIHIOETHCS 1 ckiamae R, = 0,12 mxm. Husbke
3HAYeHHs] TMapaMeTpy IIepOXOBaToCTi 00poOIeHOI TOBEpPXHI BiNOYBaeThCS 3a pPAaxXyHOK HACHYCHHS
00po0enoi moBepxHi okcuaoM KpemHil0 (Si0;), SKH MOTparuiae y 3amaJrHA MIKPOHEPIBHOCTEH i
3’€IHY€ETHCA 3 IOBEPXHEI0. 3aCTOCYBAaHHSI CHIIIKATHIX XOHIHTYBaJIbHUX OPYCKIB 10 YHCTOBOTO
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PucyHok 4 — 3mina moperkocti moBepxHi (Ry, k) (@) Ta 3Hadenns 3uiManns metany  (Q, me/cv’) (6) npn
XOHIHTYBaHHI Ti7Ib3 IUJIHIPIB 13 ciporo seroBadoro yaByny [UI'-33M (HB 217-250) micnst 06poOku Opyckamu 3
abpasuBoM MikpoTBepaicTio: 1 — enexrpokopyrz (1000-2200 kec/um?); 2 — kap6in kpemHito 3enenmuii (2850-3600
rkec/mm?); 3 — kap6in Tutany (2980-3300 kec/um?); 4 — kapGin 6opy (4000-5000 kec/um?); 5 — anma3 cHHTETHUHMIT
(8425-10000 xec/um?)

XOHIHTYBaHHS ~ JO3BOJIUTH 3MIHUTH CTPYKTYpY IIOBEPXHEBOTO IIapy oO0poOieHoi MOBEpxHi, IO
Y3rOKYEThCs 3 poboToro [8].

Ha mijgcraBi Buille HaBeJCHUX PE3yJIbTATIB BiJI3HAYAEMO, 110 HEMA CEHCY BUKOPHUCTOBYBATH a0Opa3uB
3epHHCTICTIO 28/20 111 BUTOTOBIICHHS CHIIIKATHUX XOHIHTYBaJbHUX OpyckiB. IIponoHyemo ajsi yucToBOro
XOHIHTYBaHHS TilIb3 IHJIIHPIB aBTOMOOUTFHHUX JIBUTYHIB BUKOPHCTOBYBATH CHITIKATHI OpycKH 3 abpa3uBom
KapOimy KpeMHit0 3eJeHOro 3epHucTicTio 40/28.

Amani3 3anexHocti 3HiManHsa Metany (Q, me/cm®) Bin 3eprucTOCTI abpasuBy (puc. 2, 6), TOKa3ye, MO
OpY 3MEHIICHHI 3€pHHUCTOCTI abpa3suBy 3MEHIIYETHCS 3HA4YCHHS 3HIMaHHS Mertaiy. [lpum 3meHmieHHI
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3epHHUCTOCTI abpa3uBy aiMazHoro opycka Bix 80/63 mo 28/20 3uimanHs MeTany (Q) 3MeHInyeTbes Big Q =
0,73 me/em® mo Q = 0,48 me/em®, aGpasuBroro 6pycka — Bim Q = 0,56 me/em® mo Q = 0,32 me/emd?,
CHITIKaTHOTO 6pycka — 3HiManHs MeTany (Q) 3smenmyersest Bix Q = 0,34 me/em® 1o Q = 0,25 me/er’. Takum
YMHOM MOJKHa BIIMITHTH, IO NpPU XOHIHI'YBaHHI YaBYHHUX TUIb3 LWIIHAPIB CHIIKAaTHUMHU OpyKamu
3HIMaHHA MeTay B 1,7-2 pa3u MeHIIIe HiX micist 00poOKH aTMa3HUME OpyCKaMHu.

AHami3yrouu puc. 3, ¢ BHIHO, IO NIPH XOHIHTYBaHHI T'iIb3 IIUIIHAPIB i3 CIPOTO JIETOBAHOTO YaBYHY
[UI'-33M TtBepaictio HB 217-250 mapamerp R, MmOpCTKOCTI MOBEpXHi 301MbLIYETHCS TpH 301IBIICHH]
MikpoTBepAocTi abpasuBy. Haiimenmie 3HauenHs mopctkocti R,=0,11 (puc. 3, a) mpu o00pobui
CIWJTIKATHAIMH XOHIHTYBAJIPHAMHU OPYCKaMH CIOCTEPIraeTbes 3 abpa3nBOM eNeKTPOKOPYHAY (MIKPOTBEPIICTh
1000-2200 kec/mm?) Ta Kapbixy KpemHiio 3emeHoro (Mikporsepaicts 2850-3600 kec/mm’) — R, = 0,12 mxnm.
Huspke 3nauenns R, napamerpy mepoxoBatocTi 00po0ieHoi MoBepXHi BiIOYBAEThCS 32 paXyHOK HACHYECHHS
okcuaoM kpemuiro (Si0O,).

Haiibinbme 3HaueHHs R, crocrepiratoThesi MpU XOHIHTYBaHHI CHJIIKATHUMHU Opyckamu 3 abpa3suBoM
kapGimy Gopa (mikporBepmicts 4000-5000 xec/mm®) i mopiBHioe R,=0,18 mxm. Ilpu XoHiHTryBaHHI
aNMasHEMH Opyckamu (MikpotBepaicts 8425-10000 rec/mm®) mapamerp R, mropctkocti 06pobieHoi
moBepxHi ctraHoBUTHh R,= 0,22 mxm. BpaxoByroun pe3ynbTaTH IOCTiKeHb (puc. 3, @) i pekomeHaamii [5],
MPOTIOHYEMO YHCTOBE XOHIHTYBaHHS BUKOHYBaTH CHJIIKATHUMH OpycKamMH 3 aOpa3uBOM KapOily KpeMHiro
3e/1eHoro. Moro 3epHa MaroTh HaitrocTpimy GopMy (MiHIMANbHUH KyT 3arOCTPEHHS IPH BEpIIHHI 3epHa) Ta
HaliMeHIWH (y TOPIBHSHHI 3 €JIeKTPOKOPYHIOBHMH Ta MOHOKOPYHAOBHMH 3€pHAaMH) PajiyC OKPYTJICHHS
onuHUYHOTO 3epHa. Came mi (akTopw i € TMMHM HAWBIUIMBOBIIIMMH CEpell IHIIUX, SKi Oe3mocepeaHbo
MOJINIIYIOTH YMOBU TEXHOJIOTIYHOTO MPOIIECY Pi3aHHs MaTepiaiiB i 3pi3aHHs CTPYXKKH [7].

Amnami3 puc. 3, 6 moka3as, o MpH 301UTBIIEHHI MIKPOTBEPAOCTI aOpa3uBHUX 3epeH 3HIMaHHS METaTy
(Q, me/cm®) 36inbIIyeThCs i HAMOIMBIIE 3HAUCHHS Q CIIOCTEpIraeThes MPH XOHIHTYBAHHI TiNb3 LITIHIPIB
CHITIKATHUME XOHIHTYBaJIbHHME OpyCKaMH 3 aOpa3uBoM Kap6ixy Gopa (MikpoTsepaicTs 4000-5000 kre/mm?)
i nopiBaioe Q = 0,39 wmr/cm’. Hajimenmi 3madenns Q = 0,21 wme/em® crocTepiraroThesi mp 06poOLi
CIIIIKATHIMH XOHIHTYBaJIbHUMH Opyckamu 3 abpa3uBOM eNeKTpoKopyHmy (Mikporeepaicts 1000-2200
krc/Mm®). TIpH XOHIHIYBAaHHI CHTIKATHHMM XOHIHIYBaTbHHMH OpyCKaMH 3 aOpa3smBOM KapOily KpeMmHiio
3eeHoro (Mikporsepmicts 2850-3600 kec/um®) Ta kap6igy TuTany (MikporBepaicts 2980-3300 kre/mm?) Q
=0,26 me/em® Ta Q=031 MZ/CMZ, BIJIITOBITHO.

[NopiBHrotoun 3HavyeHHss Q mpu oOpoOIi CHIIIKATHUMHU OpycKaMy i aqMa3HHUMH XOHIHTYBaJbHUMHU
Opyckamu, BiJ3HaYa€eMo, IO HaWOLnble 3HA4YeHHs Q crocrepiraeThest y anmasuux OpyckiB — Q = 0,55
me/em®. Lle BinbyBaeThCs, HA HANTy JYMKY, 32 PaXyHOK BHCOKOI TBEpHOCTi ammasy (8425-10000 xec/mwm?).
TakuM 4MHOM MO’KHa CTBEpIPKYBATH, IO 3HIMAHHS METaly IPH XOHIHTYBaHHI CHIIIKATHUMH OpyCKaMH B
1,7-2 pasu meHe, HiX pu 00poOIi anma3sHuMu Opyckamu. Lli pe3ynabpTaTi BpaxoByeMO MpH MPU3HAYCHHI
MIPUITYCKY HA YACTOBY OOPOOKH CHIIIKATHUMH OpyCKaMH..

BinnosinmHo pobotu [4], mpumyck Ha AiaMeTp NpW XOHIHTYBaHHI alMa3HUMHU OpyCKaMH YaBYHHUX
noBepxonb (HB 240) 3epuuctictio 40/28 cxiagae 0,02-0,03 smm. Ockigbkd 3HIMAHHS METaly NpU
XOHIHT'YBaHHI CHJIIKAaTHUMH Opyckamu B 1,7-2 pa3u MeHIe, HiX mpu o0poOli anmMazHUMHU OpycKamH, TOi
MpH YUCTOBOMY XOHIHTYBaHHI CHJIIKATHUMH OpyckamMu 3 aOpa3uBOM KapOiy KpEMHII0 3eJIeHOTo
3epaHCTiCTIO 40/28 TIPOTIOHYEMO MPHU3HAYATH TPUIYCK HA 00pOOKY Tiib3 IHMIIHAPIB i3 CipOro JIErOBaHOTO
yapyHy TBepaicTio HB 217-250 y mexax 0,01-0,015 aum.

OBI'OBOPEHHA PE3YJBTATIB JOCJJIIAKEHHSA

PesynpTat mOCHiIKEHHA AAal0Th MOXIIMBICTH CTBEPIKYBAaTH, IO 301IBIICHHS Yacy XOHIHTYBaHHS
CHJIIKATHUMHU OpycKaMM He BIUTMBAE€ Ha SIKICTh MoBepxHi i ckimagae R, = 0,12 mxu. Ha mamy nymky,
OTpPUMaHHS BUCOKOT SIKOCTI MOBEPXHi rinb3u muitinapiB (R, = 0,12 mxm) popMyeThest B pe3ynbTari B3aeMOAil
JIBOX CKJIAJIOBHX: BOAHOI MACTHIIBHOI 0XOJIO/DKYBAJIBHOT PiZIMHH, Ka HEOOXigHa sl OXOJOKEHHS eTali Ta
BUBEJICHHS CTPYXXKHU 3 30HH pi3aHHS, 1 CHIIIKATHOI KOMITO3HIIii, SIKa € OJHUM 3 KOMITOHEHTIB CHJIKATHOTO
Opycka. [1ix yac XOHIHTYBaHHS Ha TIOBEPXHI, sIKa 00pPOOISAETHCS, BiIOYBAIOTHCS XIMIUHI 3MIHU B PE3yJIbTaTi
4Oro yTBOPIOEThCs okcua kKpeMHiro (SiO;). 3a paxyHOK KOJIOBOTO 1 OCLOBOTO PYXY XOHIHI'YBaJIbHOT FOJIOBKH
Ta KOHTaKTHOTO THCKY OpYyCKIB Ha IMOBEPXHIO TUTBb3M IHJIIHIPIB BiJIOYBA€ThCsl 3pi3aHHS aOpa3suBHUMU
3epHaMU HaAWBHIIMX BEpIIMH HepiBHOCTEH. B 30HI KOHTaKkTy aOpa3WBHUX 3epeH 1 BEpIIMH HEPIBHOCTEH
BiOyBa€ThCS MIABUILEHHA TEMIIEPAaTypH, a OCKUIBKM HaBKoNO alpa3uBy 3Haxogutbess Si0,, To mpum
MO JaHHI OCTAaHHBOT'O B 30HY 3ITKHEHHS BiI0OyBaeThcs yTBOpeHHsS amopdHoro kpemuesemy (SiO,) [8]. Ilix
niero adpasuBHUX 3epeH SiO, moTparuise y 3anagdHu 00poOIF0BaHOI ITOBEPXHI Ta 3UIIIISETHCS 3 MOBEPXHEO.
IIpu Oararopa3oBoMy BILUIMBI aOpa3uBy BiAOyBa€ThCs IIiIbHE «makyBaHHS» SiO, rIMOOKHX 3amaguH
HEPIBHOCTEH 1 MOBEPXHSI HACUYYETHCSI OKCHAOM KPEMHIIO, L0 T03BOJISIE OTPUMATH BUCOKY SIKICTh MTOBEPXHI.
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AHaji3 BIUTMBY TEXHOJIOTIYHUX (PaKTOPIB XOHIHTYBaHHS CHITIKATHUMH OpycKaMH Ja€ MOXKIIMBICTbH
MIpU3HAYATH MPUITYCK HA JiaMeTp MPHU YMUCTOBOMY XOHIHTYBaHHI CHIIIKATHUMH XOHIHTYBaJIbHUMHU OpyCKaMu
3 abpa3uBOM KapOiay KpeMHito 3eeHoro 3epHucTictio 40/28 y mexax 0,01-0,015 am.

OTtpumaHi pe3ynbTaTu AOCTIIKEHHS MOXYTh CIIPHUATUMYTh YIOCKOHAJICHHIO TEXHOJIOTTYHIX MPOLECiB
BIIHOBJICHHS Ta TIOKpameHHS (Pi3WKO-MEXaHIYHMX BJIACTUBOCTEH poOOYMX IMOBEPXOHL JAcTalieh
aBTOMOOITFHOTO JBUTYHA.

BUCHOBKH

1. BcTaHOoBJIE€HO, IO MpH 30UIBIIEHHI Yacy XOHIHTYBaHHS sKicTh moBepxHi (R,) MOKpamryeTbes sk
micas oOpoOKM anMa3HWMH, abpa3WBHUMHU Tak 1 cuilikaTHUMH Opyckamu. Crabimizamis ¢opmyBaHHS
OCTaTOYHOI IIOPCTKOCTI MOBEPXHi T'iJIb3U LWMIHAPIB BiIOYBA€THCS MPHU XOHIHTYBaHHI Ha mpoTsizi 2,0 xe.
30ibIIeHHS] Yacy XOHIHTYBaHHs CHJIIKATHUMHU OpyCcKaMu He BIUIMBA€ Ha SIKICTb MOBEPXHI 1 ckiamae R, =
0,12 mrm.

2. BimzHayeHo, 10 BUCOKA SIKICTh MOBEPXHI Micias OOpPOOKM CHIIIKATHUMH Opyckamu 0OyMOBJICHA
YTBOPEHHSIM B TIpOIieci XOHIHI'yBaHHS amopdHoro kpemuesemy (SiOy), skuit min miero aOpa3uBHUX 3epeH
MOTpaIuIsie y 3amafuHu 00pOOIIOBAaHOI MOBEPXHI Ta 3HIMIISETHCSA 3 TOBEPXHEIO 1 TAKMM YHHOM 0OpOOIFOBaHa
MOBEPXHSI HACUYYETHCSI OKCHJIOM KPEMHIIO.

3. Bcranopneno, mo mnpu 30UIBLICHHI 4Yacy XOHIHTYBaHHS $IK alMa3HUMH, aOpa3sMBHUMH Tak i
CUIIIKATHUMH OpyCKaMy 3HIMaHHS METaTy 301bITy€THCS.

4. BcTtaHOBIIEHO, IO 3HIMAHHS METAIly ITiciisi OOPOOKHM CHIIIKATHUMHU Opyckamu B 1,7-2 pa3u MeHIie
HIXK ITiCJIs XOHIHTYBaHHS alIMa3HUMU Ta aOpa3suBHUMH OpyCKaMu.

5. 3anpornoHOBaHO JJIsl YHMCTOBOTO XOHIHTYBaHHS Tilb3 IWIIHAPIB aBTOMOOUIBHUX JIBUTYHIB
BUKOPHCTOBYBATH CHITIKaTHI OpyCKH 3 abpa3uBoM KapOiTy KpeMHito 3e1eHoro 3epHucTicTio 40/28.

6. 3anponoHOBaHO TPHU3HAYATH MPHUIYCK HAa JAiaMeTp NMPH YHUCTOBOMY XOHIHTYBaHHI CHIIIKATHHUMH
XOHIHTYBaJIbHUMHU Opyckamu 3 abpa3uBoM KapOimy KpeMmHito 3eieHoro 3epHuctictio 40/28 y mexax 0,01-
0,015 wmm.
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M. Vynogradov, T. Makarova, M. Mastepan, D. Savenok Study of the influence of technological
factors of honing with silicate bars on the surface roughness of automobile engine parts.

Finishing methods of abrasive diamond processing, one of which is honing, play an important role in
solving the problems of technological support of wear resistance of the surfaces of automobile engine parts.
Therefore, the development of new, more advanced tool designs (honing heads, abrasive bars with more
attractive characteristics) is currently underway, which will significantly improve the quality of the surfaces
of parts and increase their service life and performance. The use of the latest abrasive materials makes
honing an unchanging process in mechanical engineering, especially in the production of automotive
engines.

This paper presents the results of studying the effect of the honing process duration, abrasive hardness
and grit on the surface roughness parameter of the cylinder liner of an automobile engine.

It has been established that with an increase in honing time, the surface quality (Ra) improves both
after processing with diamond, abrasive, and silicate bars. Stabilization of the formation of the final surface
roughness of the cylinder liner occurs when honing for 2.0 minutes. An increase in the honing time with
silicate bars does not affect the surface quality and amounts to Ra=0.12 pm.

It is noted that the high quality of the surface after honing with silicate bars is due to the formation of
amorphous silica (SiO,) during honing, which, under the action of abrasive grains, falls into the depressions
of the treated surface and adheres to the surface, thus saturating the treated surface with silicon oxide.

It was found that with an increase in the honing time with both diamond, abrasive and silicate bars,
metal removal increases.

It was found that the metal removal after honing with silicate stones is 1.7-2 times less than after
honing with diamond and abrasive stones.

It is proposed to use silicate stones with a green silicon carbide abrasive with a grain size of 40/28 for
the finishing honing of automobile engine cylinder liners.

It is proposed to assign a diameter allowance for finishing honing with silicate honing bars with a
40/28-grit green silicon carbide abrasive within 0.01-0.015 mm.

Keywords: automobile engine, cylinder liner, honing, surface roughness, silicate block, diamond
block, abrasive hardness, grain size, amorphous silica.
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1Xapl<i60b7<uit HAYIOHANbHUL A8MOMOOITLHO-00POIICHIN YHIBEpCcUmem
2JyybKuil HayionanbHull mexniuHuil yHigepcumen

THTET' PAIISA THOOPMAIIMHO — TPOTPAMHOI'O KOMILJIEKCY B BIPTYAJIBHE
HIANPUEMCTBO ABTOMOBIJIBHOTI'O TPAHCITIOPTY

Y crarti BHUCBITIEHO pO3pOoOJNeHHA Ta  iHTerpamilo  iHGOPMamifHO-IIPOrPaMHOTO  KOMILIEKCY
«IdenMonDiaOperCon HNADU-16» y cTpyKTypy BipTyaJbHOI'O aBTOTPAHCIIOPTHOTO IiIIPHEMCTBA, IPHU3HAYEHOTO
JUISL TUCTAHIIHHOTO MOHITOPHHTY, IiarHOCTYBaHHS W IIPOTHO3YBaHHS TEXHIYHOTO CTaHY TPAaHCIOPTHHX 3aco0iB
Mastoro aBtonapky. Kommiekc nmoenuye nani OBD-I1, GPS-TpekiHry Ta H0p0KHBOI 0OCTaHOBKH, IO HAIXOJSTH BiJI
Mo6ineHNX MoxyniB CarLife i Torque, y pemsmiiiHiii 0a3i qaHUX, CTPYKTYpOBaHIH 3a CEMaHTHYHUM KIIIOUEM «dac
HAJAXOKeHHS iHpopMarii». Mopdonoriunuil aHani3 BUKOPUCTAHO AJISI CHHTE3y apXiTEKTYPU CHUCTEMH, sIKa OXOILTIOE
ciM rpyn 1 mictaecaT iH(GOpPMALiHUX eNEeMEHTIB; Le 3a0e3ledyye aganTHBHICTh KOMIUIEKCY 1O Pi3HHX YMOB
excrutyatanii. I1in yac monapoBux BUIpoOyBaHs Ha 200-KiTOMETPOBOMY MapIIpyTi OTPUMAaHO KPUBI BUTPATH MalUBa
Ta cepelHbOl MBUAKOCTI, IO AAIX 3MOTY BU3HAYHTH CHEPTrOCe(EKTHBHI PEXKUMHU PyXy. 3alpOIOHOBAHUA KOMILIEKC
3MeHIIye BUTpaTtd nainuBa Ha 8—10 %, ckopodye 4ac BUSBICHHS KPUTHYHHUX BiJIMOB CHJIOBOTO arperary i Jae
MOXJIMBICTh IUIAHYBaTH TEXHIYHE OOCIYroByBaHHS 3a ()aKTUYHHM CTaHOM, IO OCOOJIHMBO BaXJIMBO UISI IIPHBATHUX
NepeBi3HUKIB 13 mapkoM 1-5 aBromoOimiB. HaykoBa HOBM3Ha poOOTHM THoOJISITac B TIOEIHAHHI BipTyaubHOL
OpraHi3aliifHOl CTPYKTYpH 3 MYyJBTHIDKEPEIbHUMH ajrOPUTMAMH MOHITOPUHTY, 30CEpeKEHHMH Ha YacoBIiH
KOMITOHEHTI, [0 3a0e3leuye y3TOMKEHE 3JIUTTS NaHUX y pealbHoMy daci. [IpakTHuHi pe3yapTaTH MOXYTh OyTH
BUKOPUCTAHI TP CTBOPCHHI CHCTEM KEpyBaHHS MaJHWX AaBTOMIJIPHEMCTB 1 BIPOBAKCHHI KOHIICHIIL
IHTENEKTyaJIbHUX TPAHCIIOPTHHUX CHCTEM y MIiCBKY JIOTICTHKY.

KurouoBi cjioBa: iHTeNneKTyallbHI TPaHCHOPTHI CHCTEMH, MOHITOPHHI, AiarHOCTHKA, TElEMaTHKa, Oas3a
nanux, OBD-II, BipTyansHe mianpreMcTBO.

BCTYII

OcTaHHE JECATUINITTS XapaKTEePU3y€EThCsI CTPIMKOIO MU(PPOBOIO TPaHCPOPMAIIEI0 aBTOTPAHCIIOPTHOL
ramys3i: Ha 3MiHy ()parMeHTapHUM CHCTEMaM KOHTPOIO0 TEXHIYHOTO CTaHy TpaHCHOpTHHX 3acoliB (T3)
MPUXOJIATh KOMIUICKCHI PIIICHHS, 110 0a3yIOThCsA HA KOHIICMIIi iHTENEKTYaJIbHUX TPAHCIOPTHUX CHCTEM
(ITS). CeiTOBiI JOCHIKEHHS MiATBEP/UKYIOTh, IO IMOETHAHHS TEIEMAaTUKUA, OOPTOBOI JiarHOCTUKHA Ta
XMapHHX CEpBICIB Ja€ 3MOTYy CKOPOTHTH eKCIUTyaTaliiiHi BUTpaTu aBTomiampuemMcts Ha 10-15 % i
MiJBUIIATH piBeHb Oe3nekn TmepeBe3eHb. [IpoTe OUIBIIICTh YKpaiHCBKAX TIEPEBI3HUKIB — 1€ Maui
MiANPUEMCTBA 3 TTApKOM 1—5 aBTOMOO1IB, IS IKUX BUCOKOBAPTICHI KOMEpLiHHI IaTGopMHu 3aIHIIaloThCs
HETOCSHKHUMU. BinCyTHICTh aganTHBHHUX iHCTPYMEHTIB MOHITOPDUHIY CHPHYMHSE HECBOEYACHE BHSBICHHS
BiIMOB CHJIOBOT'O arperaTa, HepeBUTPaTH NajiBa Ta HEMOXIIUBICTD TUIAHYBAaTH TEXHIYHE 00CIYrOBYBaHHS 3a
(aKTHYHUM CTaHOM.

AKTyanbHICTh MPOOJIEMH MOCHIIIOETHCS BUMOTAMH JI0 €HEProe)eKTHBHOCTI W €KOJIOTIUHOI Oe3reKn
TPaAHCIIOPTY, IO 3aKPIIUICHI Y HU3MI MIKHAPOJIHUX TUPEKTHB Ta BITYM3HAHWUX HopMaTwBiB. s mammx
aBTOIIANIPUEMCTB KPUTHYHUMH CTAIOTh JBa B3a€MOIIOB’A3aH1 YMHHUKH: TiIBUILIEHHS BAPTOCTI €HEPrOHOCIiB
1 3pocTarouya KOHKYPEHIlisi HAa PHHKY JIOTiCTHYHHMX mociyr. CydacHi HayKoBi Tpali MPOMOHYIOTh HU3KY
QITOPUTMIYHUX Ta amapaTHUX PILICHb Il BEIUKUX aBTONAPKiB, OJHAK MUTAaHHS MaciuTabOBaHOCTI Ta
THYYKOTO HAJNAIITyBaHHS MiJ MOTPeOM HEBEIMKUX IMEPEBI3HHUKIB 3aJMIIAIOTHCA Clab0 JOCHiKEHUMH.
HasBHull po3pHB MiXK HAyKOBUMH PO3pOOKaMU U MPAaKTUYHUMHU TOTpeOaMH Majoro Oi3Hecy 3yMOBIIOE
HEOOXIJHICTh CTBOpeHHS iH(popmariiiHo-nporpamanx komruiekciB (I[TIK), siki © inTerpyBanu naHi pizHHX
mxepen (OBD-II, GPS, nopoxHs cuTyauis) Ta HajaBald KOpUCTyBayaM IHCTPYMEHTH AJISI TPUHHATTS
OTIEPATUBHHX PIllICHb.

Came nuM BUMOTaM BijmoBinae 3anpononopanuii y podori IITK «ldenMonDiaOperCon HNADU-16y,
IO peatizye MPUHLMI MYJIbTHKEPEIHHOT0 MOHITOPHHTY Y BIpTYaJbHOMY CEPEAOBHILI aBTOTPAHCIIOPTHOTO
nianpuemcTa. Kommiekc opieHTOBaHMI Ha MOTPeOM MajMX MEpEeBi3HUKIB, 3a0e3neuye BiaganeHui 30ip i
0OpOOJICHHST TeJIeMaTHYHHUX JIAHWX Y PEKHUMI pealbHOro 4acy Ta MiATpuMye (QYHKIIl JiarHOCTyBaHHS,
MPOTHO3YBaHHSA 1 Bizyasi3alil mapameTpiB TexHiuHOTrO cTany T13. 3 ornsay Ha BUILE3a3HaueHe, po3poOKa Ta
anpoOallis Takoro KOMIUIEKCY CTaHOBUTHb 3HAUHMH HAyKOBUH 1 NpaKkTHYHHNA iHTEpec, amKe CHpUsE
MiZBUINCHHIO €(EeKTUBHOCTI YIpaBIIHHS pecypcaMy HEBEIHKUX aBTOMAPKIB 1 MOXKe cTaTH (yHIaMEHTOM
JUIst ToAasbioro po3BuTky ITS B YkpaiHi.

AHAJII3 JITEPATYPHUX JAHUX TA IOCTAHOBKA IMTPOBJIEMU

Ha mincraBi pe3ybpTaTiB aHANI3y Cy4acHOTO CTaHy aBToMOOUIBHOTO TpaHctopTy (AT) 1 ii mimcucreMu
— TexHiuHOoi ekciutyaramii aBToMo0uI1iB (TEA) BHsBIEHO, 110 OCHOBHA YacTHHA aBTOMOOLTIB B YKpaiHi
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30CepePKeHa B HEBEIMKHX 3a PO3MIPOM 1 KUTBKICTIO MmiampueMcTBax. Tak 3a maaumu [ omoBHOI
nepxkincnekiii Ha AT [1], yacTka mepeBi3HHUKIB, IO MalOTh B €KCILIyaTallii TUIBKHA OJMH TPAHCIOPTHHI
3acib (T3) cranoButs 61%, 10 TpHOX T3 - 22,4%, no n'stu T3 - 7%, no necstu - 5,4, 6ineiie 10 T3 - 4,3%.

CraHOBIIEHHS pUHKOBUX BiTHOCHH B CUCTEMi aBTOMOOUILHOTO TPAHCTIOPTY 3arajbHOTO KOPUCTYBAHHS
(AT3K), npuBaTH3aiiist manpueMcTB aBToMo0LbHOTO TpaHcmopty (ITAT) mepikaBHOT BIACHOCTI, TPHIOAHHS
TpancrmopTHUxX 3aco6iB (T3) 3a BmacHi KomTH ab0 MPUAOAHHS iX Y OPCHIY MPHUBEIH 10 MOSIBU HA PUHKY
TPaHCHOPTHUX Mocayr Oinbiie 30 THC. Maca)kKMPCHKUX MEPEBI3HUKIB [2], sSKi OTpUMANH JIiLeH31] Ha MpaBo
TOCIIOIaPCHKOI AiSUTBHOCTI 3 HAJAHHS TOCTYT 3 TIEPEBE3CHHS MacaXHpiB

Crmig 3a3Ha4MTH, IO MACAKUPCHKI aBTOMOOUTBHI ITEPEBE3CHHSI € TEXHOJOTIYHO IEHTPATi30BAHOIO
cucreMolo, B skii koxHud T3 Mae mepeOyBaTu Mix AMCIETYEPCHKUM KOHTPOJEM 1 yNpaBmiHHSAM. Sk
CBIIYUTH JOCBIN BITUYM3HSHHUX 1 3apyODKHHX KOMIIaHIH-TIEPEBi3HMKIB, HalBHIIA €(QEKTHBHICTb, SKICTH 1
0e3mneKa JoCATaroThCS TOMI, KOJu T3 oTpuMyroTh He0OXiTHE TeXHIUHE, a BOJIl - MEIUIHE OOCIyTOBYBaHHS,
aBTOOYCH 3HAXOISThCA B CHUCTEMi MOCTIHHOTO CHOCTEPEKEHHs, KOJIHM Yepe3 IEBHI BiAPI3KK yacy cucrtema
yIpaBIiHHS TIEPEBE3CHHAME OTpUMY€e iH(OpMaIilo PO MicLe3HAXOHKEHHS aBTOOyca 1 MOXe BTPYTUTHCS B
IpOLEC MIePEBE3CHH.

Y 3B'I3Ky 3 3aCTOCYBaHHAM Ha aBTOMOOUIAX BOyqOBaHOI OOpPTOBOi CHCTEMH [iarHOCTYBaHHS,
PO3BHUTKY CYMYTHHKOBHX CHUCTEM HaBiraimii i MOOLTBHOTO 3B'SI3KYy, Cy4acHUX iH(OpPMaliiHUX TEXHOJOTiH
3'SBUJIACS MOMIIMBICTh 3MIMCHIOBATH AWCTAHIIMHUI MOHITOPHHT 3 OIIHKOIO pPIiBHSA TEXHIYHOTO CTaHy
aBTOMOOIJIA, IO MIJKOM JO3BOJIIE pealli3yBaTH NPAaKTHYHO Oynb-iKi 3aBJaHHS IO BUSIBICHHIO Ta
MPOTHO3YBAaHHIO TEXHIYHOTO cTaHy aBToMOOiNs. Lle B cBOro uepry I03BOJISIE TIEPEHTH A0 aJanTHBHOL
cucremu TO 1 P aBTOMOOiNIB, KIFOUOBMM MOMEHTOM $KOi € po3poOka iH(opMamiiHO-KOMYyHIKaIiifHOT
cucteMn 1 0a3u TPOTHO3HWX Mojenel [3], mo 3a0e3meuyroTh NOUISXOM MOHITOPHHTY TUCTAHIIIHHE
OTpUMaHHS HeoOXimHoi morouHoi iHdopmarii Bixg pyxomoro ckiamy (PC), ii oOpoOky i BupoOJeHHS
KOPUTYBaJIbHUX BILTUBIB.

IndopmaTuzariss BHPOOHWYHMX, EKOHOMIYHMX 1 COIIabHUX TPOIECIiB B OCTaHHI JECATHIIITTS
PO3BUBAETHCS HAI3BHYAHO BHCOKMMH TEeMIIaMH, 0. He 3amummBces OCTOpOHB Bix Hel 1 TpaHCIIOPTHO-
JOPOXKHIH KOMIUIEKC, € OJHUM 3 OCHOBHHUX HampsMiB iH(popMaTH3amii CTalo CTBOPEHHS 1 BIPOBaKEHHS
TeJIeMaTHYHMX Ta IHTEIEKTyanbHuX Tpancnoptaux cucteM (ITS) [4]

IHTeNneKTyanpHa TPaHCIIOPTHA CHCTEMA Iie TeJeMaTHdHa TPAHCIOPTHA CHCTeMa, 1o 3ale3medye
peamizaniro (yHKIiIH BHCOKOI CKIQAHOCTI 3 00poOku iHpopMmarii Ta BUPOOJIEHHS ONTUMAITBHUX
(pamioHaTbHKX) PIllICHb 1 KEPYIOYHX BIUIHBIB.

Cknaz 1 piBeHb TEXHIYHOTO i MPOrpaMHOTO 3a0€3MEUYCHHS 1HTENEKTyalbHUX TPAHCIOPTHUX CHCTEM
MOHITOPHHTY CYTTEBO 3aJIe)KHUTh K Bill 00’€KTIB MOHITOPWHTY, Tak 1 BiJl 3afad, IO BHPIIIYIOTHCSA 3a
JIOTIOMOI0I0  cUcTeM MoHIiTopuHry (puc.l) [5]. Jlo 00’€KTiB MOHITOPUHTY Ha TPaHCIIOPTi, 30Kpema,
aBTOMOOUIFHOMY, MOXHa BigHecTH okpeMi T3, mignpuemctBa aBToMoOiIbHOrO Tpancmopty (ITAT) i
TPaHCIIOPTHI MOTOKH. B 3a51e:XHOCTI BiJl BUKOHYBaHMX 3a/]a4, Cepell IHTEIIEKTYaJIbHUX CUCTEM MOHITOPHHTY
TPAHCIOPTY, B MEPIIYy Yepry, MOMKJIMBO BHUJUIMTH CHUCTEMH MOHITOPMHIY TEXHIUYHUX MOKa3HUKIB T3 i
TPAHCHOPTHUX MOTOKIB, TAKUX K MIBHKICTh PYXY, PEKUM PYXYy, TEXHIUHMIA cTaH T3, CKJIag TPaHCTIOPTHOTO
MOTOKY, TOIIIO.

3 MeTor0 3a0e3MeUYeHHs ONEePATUBHOCTI HAJAXOJKCHHS BXIJIHUX NaHUX B iH(OpMAaIliiHO-aHATITUYHY
CHCTEMY, 3aCTOCOBYIOTh OOPTOBI iH(OpPMAIIHHO-1IarHOCTUYHI KOMIUIEKCH Ha T3 1 3ac00M TelneMaTHKH, 10
3a0e3MeuyloTh HaIXOMKEHHS JaHUX B PEXUMI peaibHOrO 4acy Ha CIeliajbHO CTBOPEHHIl cepBep 0Oas3u
naHuX. 3acTocyBaHHS TreoiH(opManiiHOi cucTeMHu 3alesliedye Bisyalizalilo pe3ylbTaTiB OLIHKH PiBHS
THTPEIIEHTHOTO 1 MApaMEeTPHYHOTO 3a0pyJHEHHS IPUIOPOKHBOTO CEPEIOBHINA KOHKPETHOI aBTOMAricTpari.
[ndopmanis mpo mnapaMeTpu HABKOJHMIIHBOTO CEpPENOBHINA MOXE OYyTH OTpUMaHa 3a JOIOMOTOO
BiJMIOBITHUX CUCTEM KOHTPOJIIO METEOPOJIOTIYHUX YMOB.
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Pucynok 1 — lepapxist BUKOpHUCTAaHHS 1HTEJIEKTYaIbHUX CHCTEM Ha TPAHCIOPTI

Indopmariiss mpo mapamMeTpu aBTOMOOITHHOI JOPOTH, 30KpeMa CTaH JOPOXKHBOTO IOKPHUTTS, 3
BIJIMTOBITHOI KOPEKII€0 33 MOTOJAHUMU YMOBaMH, CKJIaJa€ BIAMOBIAHY 0a3y JaHHX aBTOMOOUIBHHX JOPIT.
Otpumani naHi Bij okpemux T3 pa3om 3 iHpOpMAaIi€r0 Mpo MapaMeTpH TPAHCIIOPTHOTO MOTOKY, TOPOTH Ta
HaBKOJIMIITHBOTO CEPEIOBUINA CKJIAAI0Th BXiIHI IMapaMeTpH, Ha OCHOBI SKUX BiAOYBa€TbCS MOAEIIOBAHHS
MOKa3HHUKIB OKpeMux T3, M0 CKIafarTh TPAHCIOPTHHH TOTIK, 30KpeMa, BUTPATH IajhBa Ta BHUKHIIB
3a0pyTHIOIOYHMX PEYOBHMH, BMICTY OCHOBHHX IIKiJJMBUX PEYOBHH BiANpainboBaHux rasiBe T3 B moBiTpi
MPUIOPOXKHBOTO CEPEeIOBHIIIA Ta PIBHS LIyMY TPAaHCIIOPTHUX MOTOKIB.

HIJIb TA 3AJAYI JOCJIIKEHHA

Mertoto crarTi € mobymoBa i iHTerpauis iHGOpMaliiHO — MPOTPaMHOIO KOMIUIEKCY B BIpTyaslbHE
MiIIPUEMCTBO aBTOMOOUTFHOTO TPAHCIIOPTY.

BipryansHe miamprueMcTBO - METOT CITIBIIpalli Cy0’ €KTiB PUHKY JIJIS peai3allil KOHKPETHOTO MPOEKTY,
32 SIKOTO B3a€MOJIi MK BiIJJAIGHUMH YYacHHKAMH 3JIIHCHIOETBCS 32 JIOMIOMOTOI0 PO3MOALICHOTO
iH(pOpMAaIITHOTO CepeIOBHIIIA 13 3aCTOCYBaHHSM SJICKTPOHHUX 3aC001B KOMyTaIlii

[To6ynosane Bipryanshe [TAT «XHAJY - TECA» [6] nmpusHaueHe [uisi BUPIIMICHHS BHPOOHHYMX
3apnanb AT3K mo onrtumizamii pobotn mapka PC 1 € KOMIUIEKCHHM pIilICHHSM II0 MOHITOPUHTY 1
ynpasiinHio XK1 etamy excrmyatanii PC B HeBenMKUX MiMPUEMCTBAX aBTOMOOIUIBHOTO TpaHCTOpTy. BoHo
Mae yci migpo3ainu, mo i tamoBe [TAT i mMoxe 3a0e3nedyBaTH Oe3nepepBHUI MOHITOPUHT (KOHTPOJIB)
napamerpie PC mpu HeBenMKHMX eKCIUIyaTaliiHMX BHUTpaTax 3a pPaxyHOK BHUKOPHCTAHHS CyYacHHX
TEXHOJIOTIM MOOUIBHOTO O€3POTOBOrO 3B'SI3KY 1 MNPOQECiHHOro HapiraiiiiHe-3B 1I3HOTO 0018 IHAHHS.
BripoBajykeHHS Tako1 TEXHOJIOTIT —103BOJIsIE OITaHyBaTH HOBHM piBeHb ynpasmiHHs napkom AT3K.

VY 3B'S3Ky 3 3acCTOCYBaHHSIM Ha aBTOMOOUIAX BOynoBaHOi OOPTOBOI CHUCTEMHM MAiarHOCTYBaHHS,
PO3BUTKY CYIYTHHKOBHUX CHCTEM HaBiramii i MOOIJIBHOrO 3B'SI3KYy, CYYaCHHMX TEXHOJIOTIH 3'sIBHIIACS
MOJKJIMBICTh 3/IIMCHIOBATH JUCTAHIIIHHUN MOHITOPUHI 3 OLIHKOIO PiBHS TEXHIYHOI'O CTaHy aBTOMOOLIS, 110
LIJIKOM JIO3BOJISIE peali3yBaTy NPaKTUYHO Oy1b-5IKi 3aBIaHH 110 BUSIBICHHIO TA IPOrHO3yBaHHIO TEXHIYHOTO
ctany aBTomoOis. Lle B cBOrO yepry no3Boisie mepeiitu mo amantuBHOi cuctemu TO i P aBTOMOOINIB,
KIIIOYOBUM MOMEHTOM SIKOi € po3poOka iH(pOpMaliiiHO-KOMYHIKAIlIHHOT chcTeMH 1 0a3d MPOTHO3ZHHX
MoJiesiel, 10 3a0e3MeuyloTh MHUIIXOM MOHITOPHHTY JHMCTaHLiHE OTPUMAaHHS HEOOXiAHOT MOTOYHOI
in¢opmauii Big PC, 1 00poOKy 1 BUpOOIIEHHS KOPUTYBAJIbHUX BILTUBIB.

s Brinenns ajgantuBHOi cuctemu TO 1 P aBromo0iniB po3pobiieHa iHpopMaliiiiHo-KOMyHiKaIliiHa
MOJIEJIb CUCTEMH JIMCTAHIITHOTO MOHITOPHUHTY aBTOMOOLIS B yMOBax €KCIUTyaTallii Ha OCHOBI 3arajbHOTO
MiAXOAY A0 IOCHi/KEHHS CHCTEMH «ABTOMOOLIb - BOJIM - yMOBHM eKkcIulyataumii — iH¢pacTpykrypa
eKCIuTyaTalii aBToMOOUIS (TpaHCIIOPTHA 1 AaBTOMOOUIBHHMX JIOPIT)», sIKa BKJIIOYAE CHUCTEMHY B3aEMOJIIIO
CKJIaJIOBUX KOMIIOHEHTIB MOHITOpUHTY: aBToMo0ws (T3) 3 Boztiem i 60pToBHM 1HPOPMAIIITHUM KOMILUIEKCOM
(bInK); ymoB ekcrutyararii TpancriopTHOro 3aco0y (IOpOKHi, TPaHCHOPTHi, aTMOc(epHe-KIiMaTHIHI YMOBH
1 KyJbTypa mpami); TpaHCIOPTHOI iHQPACTPyKTypu 1 iHQpacTpykTypu aBTOMOOUIBHHX gopir. s
MIPOBEJCHHS CHHTE3Y 1 aHamuizy, (opMyBaHHS MOXJIHBHX BapiaHTIB cxeM iHGOpMaIliitHOi cucTeMHu
MOHITOPHHTY aBTOMOOIIIB B yMOBax eKcIulyaramii Oylo BHKOpUCTaHO MOpPQOIOTiYHUN —aHami3
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nocimkyeMoi cucreMu. Lle mo3Boiisie hopMyBaTH MOKIIMBI BapiaHTH iHGOPMAIIHHOT CHCTEMHU MOHITOPUHTY
T3 B yMoBax ekcruryarallii y BUTIIII 3aiekHocTe (cxem) [7].

HAns  BupillaHHs MOCTaBICHWX 3aBJaHb CTBOPEHA CTPYKTypoBaHa iH(opMaliiHa MoJenb
inopmaniitnoro mporpamuoro komiuiekcy (II1K) «ldenMonDiaOperCon «HNADU-16»» [8], ska
(dakTnyHO 3a0e3medye poOOTy iH(POPMAIIHOT CHUCTEMH OIIHIOBAaHHS IapaMeTpiB TEXHIYHOTO CTaHy
aBTOMOOINIT B yMoOBax ekcruryatarlii. Po3pobneni mogmem ©6a3m nmanux iH(QOpMamiifHO-KOMYHIKAIiitHOI
CHCTEMH MOHITOPHUHTY MapaMeTpiB TeXHI4HOro crtaHy T3 y BHUINIAAI MHOXXHHH KOMIIOHEHTIB 1 CKJIaJOBUX
cucremn iHpOpMaIli, TEXHIYHWX TMapaMmeTpiB cTaHy [BUTyHa 13, TEXHIYHWX IapaMmeTpiB CTaHy
6e3nocepenuro T3 1 mapamerpiB ymoB ekcruryarariii 13. aki (akKTHIHO OMUCYIOTH ii B MEKaxX MOCTaBICHOTO
3aBJaHHs JOCTIDKeHHS. BukoHaHuwil aHanmi3 iHQOpMaliifHUX CTPYKTYPHHUX €JIEMEHTIB MOJENi CHUCTEMH
MOHITOPHHTY MapaMeTpiB TEXHIYHOro cTaHy T3 JA03BOJIMB BU3HAUYMTH MHOKHHY iH(QOpMAIiifHUX €IeMEHTIB
CHCTEMH MOHITOPHHTY y cKiajii 60 eJeMeHTiB, MHOKWHY €JIeMEHTIB TPYyIH Y CKJIadi 7 €JIeMeHTIB, ICHyIOUni
3araipHUN iHPOpMaLiiHUN eneMeHT AJ1s Beix 7 iHpopManiiiaux rpym - «Hac 30upanus iHpopManii», sKuii €
KITIOYOBUM 3 IPUUMHE CEMAaHTUYHOI 3aJIE)KHOCTI OJIep)KYBaHHUX JaHMX MOHITOPHHTY HapaMeTpiB TEXHIYHOTO
crany T3 Bim wacy 36mpanus iHdopmarii. OTpuMmaHoi B pe3yibTaTi MPOBEICHOTO aHamizy iHdopmamii
JOCTaTHBO TSI CTBOPEHHS CHCTEMH YIIPABIiHHA 0a3u TaHUX MOHITOPHHTY IapaMeTpiB TeXHIYHOTO cTaHy 13
B YMOBAaX eKCIUTyaTalii peisiiHoro TUIy.

PE3YJbTATHU JOCILKEHb

3a gomomoror po3poOieHux anroputMmiB i1 copmoBanoi ICM, 3a HOMOMOTOIO0 TPaHCIIOPTHOL
iHOpacTpyKTypH 1 iHQPACTPYKTypd aBTOMOOIIBHUX JOPIT TMPOBOAMIOCH JOCHIKEHHS TPOLECIB
MOHITOPHHTY NapaMeTpiB TexHidyHoro crany T3 i ymoB excrutyatamii (YE). OcHOBHOIO METO0 TOCHIIKEHHS
Oyno 3abe3neueHHs] poOoTO3HaTHOCTI chopmoBaHoi iHMopMaIliiiHOI cucTemu 1 3abe3medeHHs] B3aEMOZIT 3
TPaHCHOPTHOIO  iH(pacTpyKTyporo i 1H(pacTpyKTyporo aBTOMOOUTBHHUX JOpir. 3a  IOTMOMOTO0
JUCTaHIIHHOTO MOHITOPUHTY IapaMeTpiB TEXHIYHOTO CTaHy T3 BHKOHYBAIOCH 3YMTYBaHHS 3HAYCHBb
ITAaTHAX NaTYUKIB 1 poOouoi iHdopmamii cuctemu kepyBaHHS (koHTpoiutepa) T3 [9], a, kpim 1wOTO,
BUKOHYBAJINCh, (YHKIIIOHANBHO TOEIHAHI BUMIPIOBANbHI, OOYHMCIIOBAIBHI 1 JOMOMDKHI omeparii, sKi
MpU3HAYCH] JUIS OTPHMAHHS, IEPETBOPEHHsI i OOpoOKM BHMiproBaHOl iH(popMalii 3 METOH HaJaHHS iH
(GYHKIIH KOHTPOIIO Ta ifeHTUdiKail mapameTpiB TexHidHoro ctany T3 [9]. Ilepernik oaep:kaHUX CHUTHAIIB
BiJl IATYHKIB 1 CHCTEM JBUTYHA MPOXOAHB AITOPUTMIYHY 00pOOKY 11 (hOpMyBaHHS MacHBIB ITOBiJOMJICHb.
[Micns orpumanHs iHPOpMAaIii 3 yCiX JaTYMKIB MacWB JaHWX 3 OOPTOBOTO iH(POPMAIIHHOTO KOMIUIEKCY
(bInK) mepenaBaBcsi Ha cepBep 3a JIOMOMOIOI HAaBIraliHUX CYMyTHHUKOBHX TEXHOJIOTIl, a TMOTIM
iH(hopMarlis HagXxoAWaa J0 IMEHTPY MOHITOPHHTY JIabopaTopii, OCHAIIEHOI KOMITIOTEPOM 3 BCTAHOBICHUM
cTaHnapTHUM [HTEpHET Opay3epom, KWl i BUBOIMB OTPUMaHI JIaHi Ha eKpaH MOHITOpA.

OOMiH iHpOpMAIIEI0 B CHCTEMI MOHITOPHHIY 3[iMCHIOBAaBCS depe3 Mepexki 3B’sI3Ky, IO JI03BOJISE
nepenaBaTé Ak mu@poBi i Bifeo -, Tak i romocosi mani. Y mam'ste BIHK 3akmagaroThest BUXifHI TapaMeTpu
T3 ta gani qus podotu IIIK y cknani BY ITS T3 a muist 3py4HOCTI ONIEpaTUBHOIO yNPaBiHHS 341HCHIOETHCS
nBoctopoHHii 3B's30k CU ITS 3 pobounM MiciieM MOHITOpHHTY T3 1 IHIIMMHU YYacCHUKAMH MPOIECY
MoHiTopuHry [10].

Ilpu  3amycky  mporpamMHOro  3a0e3ledeHHs  NepmMM  3°SBISUIOCH  CTapTOBE  BIKHO
««ldenMonDiaOperCon «HNADU-16»» => «ldenmugpixayis T3» (puc. 2). BikHo, KpiM cTaHIapTHUX
CJIEMEHTIB JOJATKIB JuIs omnepamiiHoi cucremu Windows, MICTUTh B poOouiii oOsacTi iH(pOpMaIliio mpo
excrutyaTauiro T3, B AKy BKIIOUeHO: HOMep AepkaBHoi peectpauii T3 1 VIN-kox T3.

Kpim mporo B crapToBOMY BiKHI BBEIEHO KOPUCTYBAllbKe BIKHO YMOB ekciutyarauii T3, mo 103Boisie
MIIKIF0YaTH Kepena indopMalii nusixoM BUOopy: «Ymosu excnmyamayii T3» => «lliokmouenns 0ocepen
inghopmayiiy. B mponeci MiIKIIOUYEHHS YMOB EKCIUTyaTalii KOPHUCTyBad Ma€ MOXKIIHUBICTD MiJKIIOYATH 1
BU3HAYATH: NapaMeTpH CTaHy 1 mojoxeHHs T3, yMOB ekciutyaTamii, arMoc(epHO-KIIMaTH4Hi YMOBH,
JOpoxkHI yMoBH, ineHTH(dikamito T3. CrodaTky 0JIHOPa30BO BBOJUTHCS BCs 3alUTyBaHa iHQopMartis mpo T3,
SKWH TPOWIIOB peecTpaiilo B nporpamHomy 3abesneueHHi ««ldenMonDiaOperCon «HNADU-16»» Ha
cepBepi uepe3 Mepexy [HrepHeT, abo 3a gomomMororw icHyrouoi iHdopmanii y 0a3i gaHMX 4epe3 Mepexy
[HTEpHET 3a JOMOMOT0I0 KOPUCTYBAIIEKHUX ITPOTPaM, a came:

-HOMep JiepkaBHOI pericTparii T3];

-VIN-kox T3.

[ligxmoyenns mpkepen iHpopmanii 1y BU3HAa4YeHHS yMoB ekcrutyartanii T3 BigOyBanock HUIIXOM
MIIKITIOYCHHS dYepe3 JOJATKOBI KHOIKHM: TMapaMeTph CTaHy 1 TMOJOoKeHHA T3, TpPaHCIOPTHHUX YMOB
eKCIUTyaTarlii, aTMoc(epHe-KIIIMaTHIHI YMOBH, TOPOXKHI YMOBH, ineHTHdikario T3. B npomy punanaky ITTK
Jla€ MOYJIUBICTH 1H(QOpMALIHHOTO 3a0e3MeYeHHs IPOLECiB MOHITOPHUHTY MapaMeTpiB TEXHIYHOrO cTany T3 3
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ypaxyBaHHSM YMOB €KCIUTyaTarlii 4Yepe3 BUKOPHUCTAHHS (OTpUMaHHS) HAasSBHUX JpKepen iHpopMallii B 9acTHHI
koopauHaT T3 Ha MICIIEBOCTI B peaJlbHOMY dYaci, MOJIEIi aBTOMOOLIBHOI OpOTH, MOAEHi 00'€KTiB
1HQPACTPYKTYypH NOPIT, TEPUTOpIaAIbHUX NPUPOTHUX 1 TEXHOTEHHHX CHUCTEM, OTPUMAaHHS Ppe3yJbTaTiB
tpekinry T3. [na Oimpm 3pydHoi Bizyanmizamii pe3ynbTaTiB aHamizy B CHCTEMY AOAaBAINCh (pparMeHTH
300paxeHb JOCTIHKYBAHUX MUISHOK aBTOMOOIMpHMX mUIsAxiB. [kepenma iHdopmamii mis iHbopmariiitHOi
CHCTEMH MOHITOpUHTY TexHiYHOTo ctany T3 ««ldenMonDiaOperCon «HNADU-16»» 3 ypaxyBaHHSM YMOB
eKcruTyaTauii npeacrasieHi B [10].

Iudopmanis npo Homep peectpamii T3 (BuxigHa) Indopmania npo VIN-rkox T3 (BuximHA)

IdenMonDiaOperCon "HNADU-16"

lgenTdikayina TpaHcnopTHoro sacoby (T3)

Homep gepmaeHol peecTpaull | am31230m |T
ado
VIN-won T2 YELF2432268L001507 l -
— — — __ _Ymopuexcnayarvauii13 __ ___ __ __
| NigxnrwouenHa gxepen indopmauil

[+] | MapameTpH CTaHy | NONCHEHHA

| TpaHcnopTHI yMoen

| AoposHi yMOBEKH

2] | laeHTHdikauia T3

I- ______________ il | Hani >

IMiaxTroueHAA Txepen iHGopMANii 174 BH3HAYESHHA YMOB eKCIITyaTami 13 CrapToBe BIKHO

[#], ATmochepHO-KAIMATHUYHI yPMOBH I

Pucynok 2 — CrapToBe BIKHO IPOrpaMHOTr0 3a0e3MeUeHHS

Ilpu ¢opmyBaHHI MOXNIHMBUX BapiaHTiB iH(opMmariitHoi cucremMun MoHiTopuHry T3 B yMoBax
eKCIUTyaTalii KOXKHa 3 MOXIIMBHX CXeM OTPUMaHHS iHopMarllii, B 3aJeKHOCTI BiJ MiAKIIOYEHUX YMOB
excIutyaTaii (puc. 2), po3misganach sk epekTuBHHI crocid 3ade3nedenHs ii aieBocti aisa T3 [10] sxi Ha
ChOTOJIHI CKJIaJIal0Th OCHOBY iCHYIOYOT'O MapKy JIETKOBUX, BaHTAXXHUX T3 1 aBTOOYCIB YKpaiHu.

[Ticna BinkpurTs pobouoi obnacTi 1 peectpanii T3 (momyky Bxke 3apeectpoBaHoro T3) BiIKpHBajIoCh
poboue BikHO ««ldenMonDiaOperCon «HNADU-16»» => «ldenmudpixayiss T3» => Inghopmayisa euxiona 6
ymosax ITS 3 po3mmpeHor0 poOoU0I0 00J1aCTIO, SIKE MPEACTABICHO HA PUCYHKY 3.

[licna ogHOpa3zoBOro BBEACHHS BCi€i 3anmuTyBaHoi iHpopmarii mpo T3, sikuil MpoHIIOB peecTpalito B
nporpamMHomy 3a0esnedeHHi ««ldenMonDiaOperCon «HNADU-16»» Ha cepBepi uepes Mepexy InTepHer, a
came:

v'mapka T3 (mapka TpancmoptHoro 3aco0Oy (manpuknan, KIA CEE'D), BBOAWTBECS KOPHUCTyBaueM
CaMOCTIHHO);

vrpyna T3 (nerkosi aBromo6imi; aBrodycu Macorw 2,5-5,0 T; aBTobycu Macorw > 5 T (guseni);
BaHTaXHI aBTOMOO1I Macoro < 3,5 T; BaHTa)kHi aBTOMOO1II Macoro 3,5-12,0 T; BaHTakHI aBTOMOO1JII Macoxo
> 12 T (qu3emi));

v'Moauikanis T3 (6a3oBuil aBTOMOOIIb, CiJENBHUI TATaY, 3 OJHUM IIPUYEIIOM, 3 JBOMA IPHUYEIAMH,
caMoCKH]I 3 |1 IpuYenoM, caMoCKu/ 3 2 IpuYeramMu, crieliaii3oBaHui );

v'pik Bumycky T3. Psiiok ckiiagaerbes 3 mudp i 00MpaeTbest KOPUCTYBAUECM.

Sxmo iHpopmanis morpedye peaaryBaHHs — HaTHUCKaylach kHomka «PenmaryBatm». [licns mepeBipku
inpopMalii HaTHckanach KHomka «Tak» (puc. 3). Ilomanpmie 3amoBHEeHHsA (OpMU BigOyBajoCh Ha
HaCTYyITHOMY KpPOIIi B pUCYHKY 4.
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IdenMonDiaOperCon "HNADU-16"

IlgeHTrdikayia TpaHcnopTHoro sacoby (T3)
Indopmaunia BuxigHa B ymosax ITS

Homep nepHasHol peecTpauil | 41spsaem Tl
abo

VIN-kon T3 YELF243228L001507 -

Mapka T3 KIA CEED - |

Fpyna T3 MErEOBHA - Tun T3 nersoBdi xeTuber-B - |

Moamudikawia T3 Basomai -

PiK BHnyCcRY mo7 Tl

AL e Tak | PenarysaTu |

Lani>

Kuomxka «Tak» Knonka «Pegaryeatm»

Poboue BIKHO 3 po3MIHpPEeHO pobouoro odracTro IHdopmanii mpo T3

Pucynok 3 — PoGoue BikHO 3 po3IIMPEeHOI0 poOouoro obmactio Indopmarrii npo T3

[Micas BigkputTs poOouoi obiacti i peecrpamii T3 BiAKpPHUBaIOCH POOOYE BIKHO 3 PO3UIMPEHOIO
pobouoto obnactio ««ldenMonDiaOperCon «HNADU-16»» => «ldenmugixayis mparncnopmnozo 3acoby
(T3)» => Basa oanux obpobxu GPS-oanux, sike mpenctaBieHO Ha pUCYHKY 4. Ilpu npomy ogHOpPa30BO
BBOJIUTHCS BCsl 3anuTyBaHa iH(opMmais npo T3, skuii NpoiIIoB peecTpalilo B IporpaMHOMYy 3a0e3edeHHi
««ldenMonDiaOperCon «HNADU-16»» Ha cepBepi uepe3 Mepexy IHTepHeT, a came:

v'HOMep nBuryHa T3 (HOMep JBHUTYHA TPAHCIIOPTHOTO 3aC00y BBOAUTHCS KOPHCTYBaYeM CaMOCTIHHO
abo depe3 Mepexy [HTepHeT 3a TOMOMOTO00 BiATIOBITHUX CAWTIB);

v'TuI nanusa ABUryHa (OeH3MH, Ia3, U3€llb, TOLIO);

v'ekonoriunuii kinac geuryna T3 (€spo - 1, €spo - 2, €spo - 3, €Bpo - 4, €Bpo - 5, €Bpo - 6);

v'06’em nBuryna T3. Psaok ckinanaerbes 3 Hudp i BBOAUTHCA KOPUCTYBAYEM CaMOCTIHHO;

v'BuTpara najuea asurynom T3. Psgok ckiazaerses 3 nudp, AKi OTpUMaHi 3 MACHOPTHHX JAHUX
nBuryHa T3 i BBOIUTHCS KOPUCTYBaYEM CaMOCTIHHO.

Indopmanis npo mapamerpu T3 30epiranach y BignoBiAHiid Tadbauui 60a3u ganux (podouiit mamii) ams
T3 3a iioro HOMepOM JiepKaBHOI peectpaiii (puc. 4).

st 3a0e3medeHHst HeoOX1THOCTI POBEJCHHS 1 OTPUMaHHs HAKOMHYeHOT 1H(opMmarii, miaKIoYeHHs
nporpamuoro moxyns Carlife [7], a Takox 3 BukopucTaHHsSM nporpamHoro moxayns Torque [10] i ITIK
««ldenMonDiaOperCon «HNADU-16»» BuBenenHs Ha exkpaH i (abo) npyk oTpumanoi iHdopmamii 3
nporpamaux Mmoxayinis, Carlife i Torque Ta ITK ««denMonDiaOperCon «HNADU-16»» Heo0XigHO
MMOCTABUTH TIEPEMHUKAY y BIAMOBIAHE IMOJIOKEHHS - YBIMKHYBIIM HakomudeHHsS iHdopmanii (puc. 4). dus
3a0e3MeyeHHsT HeoOXiIHOCTI NMPOBEICHHS OLIHKM OTpUMaHoi iH(popmalii i MPOrHO3yBaHHS TEXHIYHHUX
napametpiB T3 cTaBHUIIM MEpeMHUKaY Y BIIMOBIIHE MTOJIOKEHHS — YBIMKHYTH OCTaHHIA MOHITOPHHT.

162 , 2025, Ne1 (24)



© Bonxos B.I1., Onumyk B.II., Boaxosa T.B. JleBuyk M.A 2025

Poboye BIKHO 3 pOZMHPEHOK POOOH0K 00IaCTIO

IdenMonDiaOperCon "HNADU-16"

lgenTudikauis TpaHcnopTHoro sacoby (T3)
basa gaHux o6pobku GPS-gaHux

Homep aepxasHol peecTpauil | AH3123CM - l AB3
abo E ‘
Homep 83 ‘_v‘!
VIN-koa T3 Y6LF 2432280001507 v | e
o Tun nanuea Beraim |w I
Mapka T3 KIA CEED v | EXONOriuHMi Knac E8P0-4 | I
fpynaT3 PerKoest v l Ob'em penryHa | 1975 [ I
Moaudirauwia T3 Sasoouit A d l Burpatv nanuea | 5,5/9,2/7,1 | » ’
Pix emnycry 2007 v I

1. Nigkmoyenna Carlife (1)

2. NigknouenHa Torque 1a INK (2)
BueegensAaHaekpad Q1 O2

Busepenna Ha apyx_ [Jr [J2

Aani>
/

Kuonxka «lam»

niar MTH Aanl
ATREPA Al Tak Penarysand

YBIMKHYTH HakoNH4eHHA IHpopmaull
YBIMKHYTH OCTaHHIA MOHITOPHHI

[TepemrKad 419 BHOOPY MOJATBIIHX i

Pucynok 4 - Po6oue BikHo IT1K 3 po3miipeHor podouor 001acTio

Hns 3abesnedeHnst igeHTudikamii T3 BMHKamM mnepeMHKad MiIKIIOUYEHHS MPOTPaMHOTO MOy
Carlife, a Takox nporpamuuii Mmoayab Torque i ITIK ««ldenMonDiaOperCon «HNADU-16»» (puc. 4). Ilpu
IIbOMY, OJHOYACHO, JUIA 3a0e3redeHHs peectpamii nmosoxkeHHs T3 Ha Mami B 4yaci BMUKaIHM IEPEeMHKAY
[omoxxenns T3 (puc. 4). Ilicna nporo craBanu nocrynaumu BikHa ([lokazatu Torque, [Tokazatu GPS-Trace
Orange 1, TTokazatu GPS-Trace Orange 2, TTokazatn M2M Lab a6o XHATY - TECA) 3 iandopmariieto mpo
MOJIOXKEHHS 1 TeXHIYHI mapamerpu T3 (movatok (mara i yac) i KiHenp (fara i yac) GopMyBaHHsI BiIIIOBITHOTO
3BiTY IO TPeKiHT 1 MOHITOpUHT T3 BHKOHYETHCS B KOKHOMY JOJAaTKOBOMY BiKHI OKpemo). BuBenenus Ha
JpyK, HACTPOIOBaHHS OKpeMux cTaHiB T3, OTpUMaHHS iHAMBiAyanbHOi iH(pOpMalii TPo 0COOIMBOCTI
TPEKiHTY 1 MOHITOpUHTY T3 B KOXXHOMY 3 MepelliueHIX BIKOH BiI0YBaIoCh OKPEMO.

IMpu watuckanui kHomku mimkmodenus Carlife (1) (puc.4 ) BigOyBasoch IMiIKITIOYEHHS 10
HpOrpaMHOr0 MOIYJIs (IIporpamH, elnekTpoHHoro inpopmaniitnoro moayis) Carlife (http://carlife.in.ua/vin-
kod. Carlife - mepmuit Bceykpaincbkuii online-cepBic mepeBipku ictopii aBToMo0iIst 3a ioro VIN-komoM.
3itu Carlife mMicTaTh qaHi Mpo MonepeHiX BIACHUKIB Ta ONEpaLlisX , MOB'SI3aHUX 3 TPAHCIIOPTHUM 3ac000M,
a TaK camo PO 3apeecTPOBaHi TOPOKHBO-TPAHCHIOPTHI MpUroan. Takoxk, KOKeH aBTOMOO1Ib MepeBipsIETHCS
no 6aszax yroHy / posmyky . BuOipka iHopmarii Bemerscsi Ha ocHOBI HoMepa Ky3oBy (VIN-koxy).
OcoONHMBICTh cepBicy MOJATAE B TOMY, 110 BUKITIOUAETHCS JIIOJChKIHA QakTop. [Hpopmalis mpo aBTOMOOIIE,
3acHOBaHa Ha aHaizi VIN-koay, HaAXOOUTh Oe3MocepeIHbO 3 CEPBEPIB PI3HUX JEPKABHUX 1 KOMEPLIHHUX
Opraizailiii, 110 BOJIOAIFOTh JaHUMHU 0a3aMu. 3 (i€l MPUYMHU y 3BiTaX MICTUTHCS HAMTOYHIIIA 1 HAMCBIXKIIIA
iHpOpMaIlis, ajpke 0a3a OHOBIIOETHCS MOCTIHHO B PeXKUMI peallbHOTO Yacy. JlokmaaHuii 3BiT mpo aBToMOoOiIb
rerepyersesl Bin 1 mo 15 xBunumd. Ilpu HatuckanHi kHOmkM miakmoueHHs Torque i ITIK (2) (puc. 4)
BiOYBa€THCS MiAKIIOYEHHS 10 MPOrPAaMHOTO MOIYJIs (MPOrpamHu, eJIeKTPOHHOTO iH()OpMaLiifHOTO MOIYJIs)
Torque (http://ian-hawkins.com:8080/) i IIIK««IdenMonDiaOperCon «HNADU-16x»».

Jnst 3niiCHEHHS MOHITOPHHTY IMOTOYHMX MapaMmeTpiB cTaHy T3 mepexoamiau B poOode BIKHO Ha
pucyaky 5: ««ldenMonDiaOperCon «HNADU-16»» => Monimopune napamempie cmany T3 =>
Tapamempu mexniunoco cmany i nonoscenns 13. B mporeci 34iiiCHEHHS MOHITOPHHTY TEXHIYHOTO cTaHy 13
B BEPXHIH YacTWHI poOOYOro BikHA (pHIC. 5) HABOAWIMCH OCHOBHI TEXHIYHI XapaKTCPUCTHUKU ITOTOYHOTO
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crany T3, a came moTOUHE (Cepe/IHE) 3HAYCHHS YaCTOTH OOEPTAaHHS KOIiHUaTOro Bamy asuryHa T3 (xB™),
THCK MOTOPHOI OJIMBH B ABUTYHI 32 HasBHICTIO He0OXigHOTO 3HaYeHHs, MIla (Koap0poM, a came YepBOHMM —
BiJICYTHICTh THCKY MOTOPHOI OJIWBH, 3€JICHHMH — 3HAYCHHS THCKY BIiANOBia€ TEXHIYHHUM BHMOTaM JI0
nsuryna T3), Temmeparypa oxonokyrouoi pimmau (3HaueHHs, °C), morouHa (cepemHs) mBUAKICTE T3
(3HaYEHHs, KM/TOL).

OCHOBHI TEXHITH] XaPaKTePHCTHEH NOTOYHOIO CTaHy

Tlepemurag g1a
2 11} i
IdenMonDiaOperCon "HNADU-16 B
MoHiTOpMHI NapameTpie cTaHy T3 monoEenET T3
MapameTpy TeXHIYHOro CTaHy | NoNoOMeHHA T3
S | - B_ _
DBepty 83 (xa”) | 2308 WenaricTs (kafroa) | 46 I

| THCH onvEM -

Tenepatypa oxonogsyrosol pigsma (CC)| 925 I El Nonomenyn T3
I.—————————————‘ NMokasaty Torque

Nowaszatw GPS-Trace Orange 1

= Chopmysata sait

MNousatox pata |gzor2on7|w| 48C | 144531 | » Moxasate GP5-Trace Orange 2 .
HiHéus  AaTa |gzox2o? w| 48t | 1haaes Nokazatw M2M Lab afio XHAY .
TECA
Opyk asiTy |
< Hazag Dani =
Kroms qna emOOpY \
Tlepemmaran ang NpOrpaM BH3HATEHHA | | fpomes (Hasany | [KHOIKa «[amis
thopMyBaHET SEITY nonoEeHHET T3

Pucynoxk 5 — Po6oue Bikuo 11K

Jlyis Bu3HA4YeHHS 1M(PPOBUX 3HAUCHBb BKA3aHUX BUIlE mapameTpiB T3 y BiMOBIIHUI Yac BiAIOBIIHOT
JaTH CTaBWIIM MITKY Yy BIJIOBiTHOMY BikHI — chopmyBatu 3BiT. [licnst mboro craBajiy JOCTYITHUMH BiKHA 3
iH(opMaIiero Mpo MoYaToK (1aTa i yac) i KiHenp (1aTa i yac) popmyBaHHS BiAmosigHOTO 3BiTY. Ilicns mporo
CTaBaJ0 MOKJIMBUM TMEPEMBUTHCh Yy BIKHAaX Yy BEpXHid YacTUHiI poOOYOro BiKHA 3MiHY BiJIOBIIHHX
napameTpiB 3a JIOIOMOTOI MaHimynaropa-muini. [Ipu HeoOXimHOCTI pO3MPYKyBaTH 3BIT — HATHUCKAIN
KHOIIKY «IPYK 3BITY».

Jist mocnmiypkeHHsl 1 OLIHKKM YMOB €KCIUTyaTtalii B Mpolecax MOHITOPUHTY MapaMeTpiB TeXHIYHOTO
crany T3 BHKOPHUCTOBYBaIM 3acO0M MOHITOPHHTY iHQPACTPYKTYpH aBTOMOOITBHOTO TPAHCIOPTY 1
aBTOMOOUIEHUX aopir. s popMyBaHHS 3BIiTIB PO 3A1iICHEHHS MOHITOPUHTY ITapaMeTPiB TEXHIYHOTO CTaHy
T3 nmepexoannu B pobGoye BIKHO Ha pUcyHKy 6: ««ldenMonDiaOperCon «HNADU-16»» => MoniTopuHT
napametpiB crany T3 => [lapamerpu Texniunoro crany T3. B mporieci popMyBaHHs 3BiTiB Ipo 3iHCHEHHS
MOHITOPHHTY TexXHiuHOro crany T3 B BepxHiii yacTuHi poOodoro BikHa (puc. 6) BuOHMpanu naHi IS
BU3HAYEHHsI 1HTEpBaly MOHITOpUHrY T3, a came MoyaTOK 4acoBOTO iHTEpBally MOHITOPMHTY (#aTa i 4ac) i
KiHEI[b 4aCOBOI'0 MOHITOPHHTY (nara i yac). [Ipu oMy, y IporpaMHUX MOJYJISIX, [0 BAKOPHUCTOBYBAIH JUISI
MOHITOPHHTY, BiZIOYyBaBCS IMOIIYK BIAMOBIAHMX JaHUX JJIS 3aIaHOTO IHTEpBaIy Yacy. Y po004YoMy BiKHI Ha
PHUCYHKY 6 MOXIIMBO OOAYUTH Pe3yIbTaTH BUKOHAHHS MOHITOPHHTY IapaMeTpiB TeXHiUHOTO ctany T3.
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OCcHOEHI TEXHIYHI XapaKTEPHCTHEH DOTOTHOTO CTAHY

IlepemBrad oA
& (1] ]
IdenMonDiaOperCon "HNADU-16 ——
MoHiTOpMHT napameTpie ctany T3 monosenEs T2
MNapameTpu TexHiYHOro cTaHy i NonoxMeHHA T3
—_— A B __
Ofepra B3 1:-::1'.'] | 2208 LWenaricTs (Ha/roa) | 46 I

TucH onvewn -

| Tenepatypa oxonogsysodol plasna (°C)] 92.5 I ¥ Nosowennn T3

_____________1 Nokasark Torque

Nowaszatw GP5-Trace Orange 1

= Copmynate sair

Mowaton pata | ozoz2on7 » | 480 4483 | w Noxasat GP5-Trace ODrange 2
Hinéub  AATA (02022017 w | 4BC  1T2345 |w MNokasat M2M Lab abo XHALDY
TECA
Opyk asity
< Hazag Dani =

KHom®E qu4a BHOODY \

IepenmHrad 111 MPOTPAM BHEHATEHET | | pyomes (Hasazy | |KHomka «Jami
thopMyBamHT 3RITY monoEeHEEd T3

Pucynok 6— Po6oue BikHO MoHiTopuHTy ITTK

s 3abe3meueHHs] HEOOXiAHOCTI IPOBEACHHS i OTPUMaHHS HAKOMHYEHOI iH(opMaIlii, miaKIF0OUYeHHS
nporpamuoro monyis Carlife [7], a Takoxx 3 BHKOpUCTaHHSM mporpamHoro moxayns Torque [10] i ITIK
««IdenMonDiaOperCon «HNADU-16»» BuBeneHas Ha expaH i (abo) Apyk orpumanoi iHdopmarmii 3
nporpamuux moxyniB, Carlife i Torque ta HIK ««ddenMonDiaOperCon «HNADU-16»» HeoOXxigHO
MOCTaBUTH TIEPEMUKAY y BiJIOBIJHE TOJOXKEHHS - YBIMKHYBIIM HakoNMU4YeHHs iHpopmarii (puc. 4). s
3a0e3MeUeHHsT HeOOXiIHOCTI TPOBEJCHHS OLIHKK OTpUMaHoi iH(popMamii i MpPOTrHO3yBaHHS TEXHIYHHX
napametpiB T3 cTaBuiy nepeMuKay y BiANOBIIHE MOJOKEHHS — YBIMKHYTH OCTaHHIA MOHITOPUHT.

B BepxHiit yacTuHi pobovoro BikHa (pHUC. 6) BKa3ylOTHCS BIIMOBIIHI JaTa i yac JJIsl 3aJJaBaHHsT MEXK
MOYaTKy 1 KiHIl 4acOBOTO 1HTEpBaly MOHITOpHUHTY. [Ipy IbOMY Yy BiKHI OTpUMYBJIM HaliMEeHYBaHHS (aiiiiB
BUXIJTHUX AaHUX MOHITOpHHTY. IIpn HaTtuckanHi kKHONKHM «OTrisi» y BiANOBIAHOMY ialOrOBOMY BikHI (pHC.
6) OTpUMY€ETHCSI IOBHUI Nepelik 3HaineHux ¢ainiB MoHiTopuHry T3 i 3a1aHOr0 4acoBOIO iHTEpBaILy
(daitmu 1 gaHi BHOMPAIOTHCS 3a JOMOMOTOK HPOTrpaMHOro Momyis Torque). daiinu, mo oTpuMaHi 3a
pe3ylbTaTaMu MOHITOPHHTY, O0OB’S3KOBO MOBHHHI OYTH TMEPEKOHBEPTOBaHI 1 IMiJrOTOBICHI BiAIIOBIIHUM
YMHOM JJIS1 TOJANIBIIOr0 BUKOopUcTaHHs. [ligroroBka (haiiiniB MOHITOPUHTY AJISl TOJANIBIIOTO BUKOPUCTAHHS
3MIIHCHIOBAJIACH 3T1THO TIEpeI0aueHOTO alrOPUTMY.

JI71st BCTAaHOBJICHOT'O PaHillle YacOBOTO iHTEPBAy, TP BUKOPUCTaHHI mporpamHoro mMoayis M2M Lab
abo cucremi XHAIY - TECA, B HmwxkHid uyacTuHi poOodoro BikHa (puc. 6) OTpUMYBajIM HAcTyIHA
iHpOpMaIlish TIPO pe3ylbTaTH MPOBEICHOrO MOHITOPHHTY: 3arajibHa KiJIbKICTh TOBIJIOMJIEHB, MPOOIT 3a
YacOBMH IEpioj, YacoBa 30HA KIEHTA, Yac 1 Jlata MpOBENEHHS TeHepyBaHHs iHQOpMAaIii MOHITOPHHTY,
3arabHUN MpOoOIT B MOI3AKaX, CepelHs MBHIKICTh 13, MakcMMaiabHa MBHUIKICTE T3, 3aranbHa KiJIbKICTh
MOi3/10K, Yac MPOCTOI0, pa3oM CTOSHOK, dac 0e3 curnairy GPS. Jlns npyky Bcix pe3yibTaTiB MOHITOPHHTY
napameTpiB TEXHIYHOTO cTaHy T3, Mpu BHUKOPHCTaHHI MPOTrpaMHOro MOayiisi 10rque, BUKOPHCTOBYBAJach
kHomka «pyk» (puc. 6). i BHOIpKOBOrO APYKY pe3yJbTaTiB MOHITOPHHIY BHKOPHCTOBYBAJIaCh KHOIIKA
«[lepernsin npyky» B poOodomy BikHi. Jist ormsagy pe3yabTaTiB MOHITOPUHTY NapaMeTpiB TEXHIYHOTO CTaHy
T3, npu BEKOpHCTaHHI mporpaMHux Moxyiaie M2M Lab a6o XHAY - TECA, BUKOPHCTOBYBaach KHOIIKA
«Ormsaa». dus GopMyBaHHS IIIICYMKOBOTO 3BITY IPO PE3yJIbTaTH MOHITOpUHrY T3 HpH BHUKOPHCTaHHI
nporpaMHuX MoxymiB Torque, M2M Lab a6o XHAJLY - TECA nartuckanu kHonky «IlizcymkoBuit 3Bit». B

, 2025, Nel (24) 165



© Bonxos B.I1., Onumyk B.II., Bonxosa T.B. JleBuyk M.A 2025

IIbOMY BUTIAAKY Y BIAIOBITHOMY BiKHI OTPHUMYBAJIA PE3YJIHTATH MOHITOPHHTY HapaMeTPiB TEXHIYHOTO CTaHY
T3 ogHOYACHO IS Pi3HUX, BKA3aHUX BHUIIE, POTPAMHUX MOIYJIIB.

Hnst 300py MOBiJOMIIEHB 1 AJaHUX MPO TEXHIYHUH CTaH Ta pe3yNbTaTH HiarHOCTyBaHHA T3, a Takox
IUIE OTPUMAHHS 1 PO3IIM(POBYBaHHS KOMAIB HECHPABHOCTEH 3a CIEliabHO PO3POOJICHUM alrOpUTMOM
MEePEXOoWIH B pobode BiKHO Ha pUCYHKY 7: ««ldenMonDiaOperCon «HNADU-16»» => JliarHOCTyBaHHS
nmapaMmeTpiB TexHiuHOro crany 13 => llporpamui TOBIIOMJIEHHS TpPO TEXHIYHWH CTaH 1 Pe3yIbTATH
niarHoctuku T3. B mporueci hopmyBaHHs 3BiTIB PO 31iICHEHHS MOHITOPUHTY MapaMeTpiB 1 TiarHOCTyBaHHS
TeXHIYHOTO cTaHy T3 oTpuMyBalu MpOrpaMHi TOBIMOMIIEHHS MPO TEXHIYHWHA CTaH 1 pe3yJbTaTd
miarHoctyBaHHs T3 pH BUKOPUCTaHHI IIPOrpaMHOro Moaystto Torque [7, 10].

[Iponec miarHocTyBaHHS (OTpUMaHHS HMPOTPaMHUX MOBIJOMIICHB) MOYMHABCS 3 HATHCKAHHS KHOIKH
«OHoBuTH» (pHC. 7).

Kuonks a1g GopMyEaHEY pezVILTATIE JIaTHOCTVEAHHT 1 OTPHMAHH] KOJIE HECIPaEHOC Tl

IdenMonDiaOperCon "HNADU-16"

HiarHocTuka napameTpis TEXHIYHOTO cTaHy
amHi noeigomneHHa Npo TexHi4HKA cTaH | pesynbTati glarHo

OHosWUTH | HaABHIETE NOMAAGH | HECRpaaHOCTE

- JABAHTAHHTH Han

OTPHMATH Kb\qNE:npa EHDL‘IEH| -\‘f\-'p_
HECNPABHOCTEH

aM HEmpaEHDUN

PRL33Y - Tpancmmoona 02 Sanso
5w Rgsponse (Bank 15ensor1)
PO T0 FpaHcmuccuA Fuel Trim (Banl

PO133 INeKTPHUECHIRA LENb AaTUWKE O2 = MeaneHHan peasuia (pag
uHaMHapos 1, aatuue 1)
FO170 HenpaeunbHan pafoTa koppexkTopa nogauw TonAwe§| pan

Nepeaatd oTpHMaHy

MepernAHYTH De3YALTaTH JanponoHyBaTH
inpopmayio s PM MMT3

iaHT
MOHITORIHMY noganswyd giA

CHHHYTH NOMANKH TA O4HCTHTH

MNepegatk oTpUMaHy )
38iT

iHgopmauio Ha BIHK 4nA Bogia

Dpye 3eity | Aani=

Tlona gmg orpuMansd 1HGOpMANIT PO HATEHICTE KOJIE HeCcIpaeHOC Tef

KHOTEH A9 BHKOHAHHA APYKY 3BITY, IEpeMIMEHES EIepeT | Hazage [TTK |

PucyHnok 7 — Po6oue BikHO niarnoctyBanHs T3 B ITIK

[licnsa 3pilicHeHHs1 yuTaHHs (MOIIYKY) KOXIB MOXMOOK B cHcTeMi AiarHoctyBaHHs T3 Ha poOouomy
cToji B BikHI «HasBHICTh MOMUIIOK 1 HECTIPABHOCTEH BUCBIYYBaIach KUIBKICTh KOAIB MOXHOOK (puc. 7). Jis
Meperiisyly )KypHally HeclpaBHOCTEW 3a BiJIOBIAHUN iHTEpBAJI 4acy MOXJIHBO 3pOOWTH II€ 3a JIOTIOMOTOO
KHONKH «3aBaHTaXUTH >KypHaJl HecrnpaBHocTel». Ilicns nHartuckanHa KHomku «OTpUMaTH KOAM
HecrpaBHOCTel» y BikHI «Koju HecnpaBHOCTEH» (pHC. 7) OTpUMYBAIX 3HAiIEH] B MPOIEC] MOITYKY KOJIU
HecnpaBHocTel T3 (y TOMy BHITAJKY, SIKIIIO HECIIPABHOCTI MaroTh Miciie). [Jis 3’sicyBaHHs 3MICTy KOJIB 1 X
PO3MN(POBYBaHHS iICHYE MOXIIMBICTb CKOPUCTATUCH 0a3010 BIPTYaJILHOTO MiANPHEMCTBA, 3 SKUM IPALIOE
HIK ««ldenMonDiaOperCon «HNADU-16»». {151 uporo, Hatuckaroun kHotKy «llomryk B 6a3i» (puc. 7). B
OMY BWIIAAKy y BiKHI mopsim 3 BikHOM «Koam HecmpaBHOCTeW» 3’MBISEThCS BapiaHT iH(opmarii
JeTanbHOro po3mudpoByBanHs 3MicTy koai 3 0a3u IIIK. fAkmo orpumanoi indopmauii i3 6azu IIIK mis
BCTaHOBJICHHS] TIPUYMHM BHUHHUKHEHHS OTPUMaHMX KOJIIB HEAOCTATHBHO, TO IIICJI HATHCKAHHS Ha KHOIIKY
«[lepenatn orpumany iHpopmarito B PM MMT3» [7], orpumana 3 6a3u iHopMalis nepeaaeTbcs Ha
poboumii crin komm’torepa PM MMT3 s nopanbmoi o0pobOku. Skmio orpumanoi iHGopmarii
HEIOCTAaTHBO, Yepe3 podoue BIKHO MPOrpaMM IMOBEPTAIMCSA B MOIEpeAHi pododi BiKHA Uil BiATBOPEHHS
naHux MoHiTopuHry. lle 3xidicHIoBasioch Tmiciss HaTHCKaHHS KHONKW «[lepernmsHyTH pe3ysibTaTH
MOHITOpHUHTY» (pHC. 7). KpiM 1IbOT0, UMM BiKHAMH KOPUCTYBAIMCH TSI BU3HAUYCHHS HecnpaBHocTi T3 mpu
BUKOPHCTaHHI mporpamMuux mMoxayniB M2M Lab abo XHAIY - TECA. ¥ Bunaaky HEMOXIIHBOCTI CAMOCTIHHO
NPUIHATH PIlIEHHS MO0 OTPUMAaHMX KOAIB 1 BMU3HAYCHHs CTaTyCy HecmpaBHOCTed T3, Mpu HaTHCKaHHI
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KHOITKA «3aIlporOHyBaTH BapiaHT IMOAATBINNX Aii» (puc. 7), OTPUMYBAIN MOXIJIMBHMA BapiaHT MOJATBITHX MTiA
Bix ITIK ««ldenMonDiaOperCon «HNADU-16»». Kpim mporo, 3a gonomororo 11K uepe3 podoue BikHO Oyita
MOXIIMBICTh TiepefaTd BiacHe moBigomiieHHs (SMS, Tenedonnmii 13BiHOK) Bogiro aBromoOins (T3) 3a
JONIOMOTOr0 HaTucKaHHs kKHomku «[lepematn orpumany iHdopmauito Ha BIHK mna Bomis» (puc. 7). Axmo
KOJM HECIPaBHOCTI HE BHKJIMKAIOTh HeOe3meku st 13 1 HeclpaBHICTh yCYHYTa, 32 JOIOMOTIOI0 KHOIIKH
«CKUHYTH TIOMWJIKH Ta OYACTUTH 3BIT» CKHIAIH MOMUJIKHU 3 mam’sTi T3 Ta ounmanu 3BiT. [IporHozyBanus
OTPUMAaHKX B MPOLIECI MOHITOPHHTY MapaMeTpiB TexHiuHOro ctany T3 mpoBoanim ananoriyso no [7, 10].

30epiranHs mapametpiB crany T3 B daitni BJ] IIIK ««ldenMonDiaOperCon «HNADU-16»»
BimOyBajock Ha Bcix eramax pobotu IIIK B ycix poboumx BikHaX, a caMe HACTYITHUX JaHUX: Pe3yJIbTaTH
3MIACHEHH] TpeKiHry i MoHiTopuHry T3, oTpuMaHy 3 MOBiZOMIIEHb 1 AaHWUX MPO TEXHIYHWH CTaH Ta
pe3yabpTaTH JiarHocTyBaHHS T3; pe3ynbTaTH OTpPUMaHHA 1 PO3MHM(POBYBaHHS KOMIB HECIPaBHOCTEH;
pe3yibpTaT 00poOKW 3BiTiB GPS-maHux Tpekinry i MoniTopuary T3, mo Hamgifinui B poOoOdi Manmku
koM 'totepa kopuc