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THE AVERAGE VEHICLE SPEED IN A DENSE TRAFFIC FLOW WITH THREE
SLOW-MOVING VEHICLES ON A ROAD SECTION WITH LIMITED
MANOEUVRING OPPORTUNITIES

Forecasting the urban traffic flow parameters remains one of the most challenging tasks for scientists and
practitioners around the globe. The fundamental diagram of a traffic flow, which is a statistically established
relationship between flow parameters, helps to solve this task. This diagram shows a decrease in speed with an
increase in flow density, and one of the explanations for this is that drivers are forced to adapt to the speed of slower
vehicles in front. This affects the variation of speed and indicates that it is reasonable to consider it a random variable
with the mean and distribution, which depend on traffic conditions. For free flow, the normal vehicle speed
distribution is generally recognised, while the issue of what distribution to use to represent the speed in dense traffic
remains open. The current research contributes to the clarification of this issue, and its core is an elaboration of the
process of forming an average speed of similar vehicles in the densest traffic flow on a road section with no overtaking
opportunities. The search for this average value was started by considering the simplest situations of a vehicle platoon,
where all vehicles are expected to move at the same maximum permitted speed except for one or two slow-moving
vehicles that limit the speed of the others. This paper is a logical extension of these situations and is devoted to
deriving a formula to calculate the average speed of a traffic flow with three slow-moving vehicles. A generalisation
of the obtained results will create a sound basis for deriving a formula to calculate the average speed of a dense traffic
flow with any number of slow-moving vehicles. The availability of this formula can be a starting point for
understanding the changes in normally distributed free-flow speed caused by a dense traffic flow.

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

INTRODUCTION

Traffic flows (TFs) in modern cities significantly load street networks, causing many transport,
environmental and safety problems [1]. Important information for their solution is the main TF parameters,
including speed, which is particularly important [2]. The speed variable can be considered sufficiently
studied in free-flow traffic conditions, under which it is well described by normal distribution [3]. This
distribution is widely used in practice — for example, when planning traffic management measures, transport
engineers and researchers estimate the percentiles of a normal distribution to set speed limits or advisory
speeds, determine the modal and mean speed, pace speed, etc. [4].

The statement about the normal distribution of speed in free-flowing conditions is based only on
empirical data. At the same time, it does not contradict the regularities in people’s behaviour during personal
and social activities [5-7], which undoubtedly include the satisfaction of mobility needs. On the other hand,
the behaviour of road users in TF is determined by the individual characteristics of their mind, which results
in the choice of a specific speed in certain traffic conditions. At the current level of knowledge, this excludes
the possibility of substantiating the type of vehicle speed distribution analytically, making statistical tests of
relevant hypotheses the main way to establish this distribution and estimate its parameters.

As for vehicle speed in complicated traffic conditions, no reference distribution, which scientists and
practitioners would consider universal to represent it, has been established. Therefore, the issue of
forecasting the TF parameters in urban areas, which are the places of concentration of the significant number
of traffic problems, remains relevant. The fundamental diagram (FD) of TF, which is based on statistical data
analysis, like the aforementioned normal speed distribution, helps to solve this issue. This diagram
establishes a relationship between the flow speed, density and volume [2, 8, 9] and represents all TF states in
one coordinate system. At the same time, the degree to which the FD considers the processes that occur in
dense TFs, causing the variation of speed and affecting its average value, requires careful analysis.

LITERATURE REVIEW AND PROBLEM STATEMENT

The relationship between the main TF parameters has been keeping the attention of scientists and
engineers for a long time. In 1930, American scientists led by Johnson A.N., while studying highway
capacity, already noted a decrease in traffic speed with an increase in traffic volume and density [10]. In
1935, Greenshields B.D. published his work presenting a linear relationship between vehicle speed and
traffic density, and his linear model is still popular [11].

The next in chronology is the TF study conducted in 1965 by Greenberg H., who presented a
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logarithmic relationship between speed and density [12]. His work also suggested that the speed depends
only on the flow density, and TF behaviour can be described by analogy with classical fluid behaviour. At
that time, the abovementioned suggestions could have helped represent the TF. Still, they cannot be
considered fully justified because flow parameters depend on many factors — road surface and geometry,
vehicle technical characteristics, driving style, driver’s awareness of a particular road section, traffic
conditions (lighting, weather, etc.) — that are not typical for the field of hydrodynamics [2, 13].

In 1965, the concept of discontinuous diagrams was established. The TF FD, which initiated this
concept, was first demonstrated by the engineer and researcher Edie L.C. and represented the TF in the
Holland Tunnel [14]. Edie L.C. showed that at the same traffic density, two different traffic volume values
can exist on the diagram: a higher value for the flow entering the studied bottleneck and a lower value for the
flow leaving it. The volume drop was explained by the difference in vehicle decelerations when approaching
the bottleneck and accelerations after passing it.

Approximately in the same period, two conceptual works — the books by F.A. Haight [8] and D.R.
Drew [9] — were published. They made a significant contribution to the development of the traffic flow
theory. Slightly later, the book by H. Inose and T. Hamada [2] was published, and it also took a confident
place in classical specialised literature.

In his book, F.A. Haight presents the FD plot, which is typical of modern research [8]. While
categorically stating that any TF theory must correlate with the FD to be correct, the author also
acknowledges that diagrams refer to specific places and traffic conditions and that there is controversial
empirical data on the shape of the FD and the absence of a single function to represent it. F.A. Haight also
attempts to find a speed distribution for the entire range of traffic conditions — from congested to free-
flowing — and considers type | and type Il distributions (beta and gamma families) for this purpose, taking
into account that any driver cannot maintain the desired speed in the presence of other vehicles in the flow
[8]. In these attempts, the author also notes that the problem of establishing a function to plot the FD can be
reduced to the problem of determining the average vehicle speed as a function of the flow density. Using the
mentioned distributions in the study of the movement of two vehicles — a leader and a car-follower that does
not have the opportunity to overtake — the book’s author tries to derive a function to represent the FD. In
addition, the book considers the movements on a two-lane road with two-way traffic and overtaking
opportunities to obtain the distribution of spot speeds; here, the waiting for the opportunity to overtake is
perceived as a restriction on the movement, which leads to the formation of ‘moving queues’ [8]. These
issues are studied using the queuing theory. However, using this theory raises some doubts as it is more
appropriate for studying traffic controlled by traffic signals than for traffic without automatic control, where
the flow parameters depend on the individual characteristics of drivers and should be determined empirically
[8]. At the same time, it is worth noting that F.A. Haight’s considerations on the possibility of maintaining
the desired speed in the flow and the vehicle movement with no overtaking opportunities are relevant to the
present and are pretty close to those that will be used in the problem statement in the current paper.

D.R. Drew’s book points out that field surveys and the statistical analysis of their results are the
traditional way to obtain traffic data, which is equally valid for the present time [9]. The author also
emphasises the importance of speed as the traffic smoothness parameter and presents a more generalised
measure for TF quality based on the average speed on a road section. The importance of the average speed
value is also underlined when showing the prevalence of the use of the normal distribution to describe the
speed variable [9].

In the book by H. Inose and T. Hamada, speed and other urban TF parameters are considered averaged
characteristics of vehicle traffic, which is formed from vehicles having different technical specifications and
randomly meeting on the network [2]. To estimate these parameters, the authors use the analogy of the TF to
an incompressible fluid flow. In addition to the averaged vehicle speed presented on the FD, the book shows
the derivation of the traffic speed distribution function as a weighted sum of the exponentially distributed
time headway of vehicles in a free flow and the gamma-distributed (or Erlang-distributed) time headway in a
dense flow [2]. The reason for using the latter distribution instead of the commonly used exponential
distribution is that in dense traffic, the headways very close to zero cannot occur with high probability, as
implied by the exponential distribution, because each vehicle has a non-zero length. F.A. Haight and D.R.
Drew used the same headway distributions, but they did not use them to obtain the speed distribution. It is
worth noting that H. Inose and T. Hamada, when considering the relationship between speed and density,
assume that with increasing traffic density, drivers are forced to reduce their speed to maintain a safe
distance and ensure traffic safety [2].

The research on TF FD became more extensive in the late XX and early XXI centuries. This period
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showed the development of existing and new approaches to describe the scattering of data points on volume-
density, speed-density, and speed-volume plots [13]. During this time, S. Smulders published an approach
[15, 16], according to which the part of the speed-density graph corresponding to the free flow was plotted as
a straight line while the other part showed nonlinear dependence. However, the reasons for choosing the
functions that produce such a graph were not explained.

Sometime later, a work that can be considered a development of the concept of discontinuous FDs was
published [17]. This work presented a diagram based on a microscopic car-following model that
differentiates driver behaviour in free and congested traffic flow. The advantage of the model used is taking
into account the platooning process, albeit in a simplified way, and the disadvantages are as follows: 1) the
use of a constant time headway for all traffic states up to the dense flow; 2) the possibility of determining
one of the model parameters only based on the assumption that the maximum speed of a dense flow is equal
to the speed of the free flow with total platooning.

More recent approaches to representing the FD include a highly flexible function proposed by J.M. del
Castillo. The parameters of this function can be freely adjusted to obtain almost any desired graph to fit
empirical data [18, 19].

Throughout the history of research on the FD, many models have been developed to represent the
relationship between TF parameters at specific locations and to study driver behaviour in certain traffic
conditions [20-23]. These models are so numerous that it is almost impossible to analyse all of them.
However, there is no critical need for this since all models constitute an approximation of empirical data
using the least squares method [20]. All mentioned models and the approaches to develop them do not
guestion the existence of a regular relationship between TF parameters. At the same time, none of the models
explains the reasons for the undeniable regularities reflected in the scattering of data points in the FD plots,
including the ‘speed-density’ plot. The speed-density relationship indicates a decrease in the flow speed with
an increase in density. In the literature, this is explained by the fact that as the traffic becomes saturated
(dense), drivers reduce their speed to ensure traffic safety, i.e., to maintain a safe distance [2]. However, the
distance between vehicles is determined not only by safety reasons but also by the fact that drivers are forced
to adapt their speed to the speed of the vehicles in front, and this fact is confirmed in up-to-date research
[13].

This adaptation certainly affects the variation of speed and its average value. From this point of view,
the speed in a dense TF, which is represented by the rightmost part of the speed-density diagram, can
reasonably be considered a random variable. Such consideration is the subject of many studies [24]. A part of
them indicates a normal speed distribution [24], and the other part shows the possibility of using distributions
with a left-shifted mode (with right asymmetry), namely lognormal, gamma, Weibull and similar [25, 26]. At
the same time, the reasons for the change in speed values as the free-flow conditions change to complicated
ones are either not explained or reduced to the heterogeneity of the traffic composition [26]. The latter
explanation cannot be considered sufficient because the vehicle speed in a dense TF is not always explicitly
determined by the vehicle type but formed by many random factors, the contribution of which is quite
challenging to assess.

Therefore, a situation arises when the distribution of speed values located in the leftmost part of the
speed-density diagram is known — it is a normal distribution, and the distribution of speeds concentrated in
the rightmost part of the diagram is somewhat uncertain. To study the latter distribution, it is reasonable to
examine the process of forming the average vehicle speed value, and the great attention to this parameter in
the analysed literature supports this way of study. It is rational to develop such a study by considering
practically possible situations of vehicle movement in dense traffic and a logical description of the processes
that occur in the flow.

AIM AND TASKS

One of the reasons for the increase in traffic density on road network sections is that there are no
alternative trajectories for drivers to pass those sections without interruptions. The change of TF state from
free to dense can be reasoned by various situations, which are often the result of permanent or temporary
traffic management measures or specific traffic conditions at certain road sections. These situations
frequently occur in urban areas when a carriageway is narrowed to a single lane for heavy traffic and when
vehicles leaving a signalised intersection enter a road section with only one lane available for traffic. These
situations can also be caused by curb parking. In both mentioned situations, drivers are limited in their
manoeuvrability and forced to follow slow-moving vehicles (SVs) until they can overtake these SVs
travelling at a speed lower than the desired speed for others. Travelling at the speed limited by the vehicle in
front divides the vehicle platoon into smaller platoons led by SVs. This creates the conditions for formalising
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the processes in the flow and deriving the dependence of the average flow speed on the speed of individual
traffic participants under their strong influence on each other.

Both of the situations mentioned above — a carriageway narrowed to one lane and a signalised entry to
a road section with only one lane available for traffic — are similar in terms of traffic conditions [24] since,
quite often, vehicles start at a particular place from zero speed (from rest), enter a one-lane section and then
form a platoon. The vehicles in this platoon can reach the desired speed or the speed prescribed by traffic
rules. In the case of a signalised entrance to a road section, the start from rest is obvious, and the same
conditions also arise in the case of a narrowed carriageway since the vehicles can only hypothetically enter
such a carriageway without any stops [27]. Therefore, the condition of starting from rest and entering a one-
lane section stipulates the need to estimate the average platoon speed at the exit from the section. To be
correctly stated, the problem of determining the average speed in the listed situations should be considered
for the one-lane sections having a length sufficient for the acceleration of the vehicles up to the desired speed
(close or equal to the permitted speed) in traffic conditions which are free-flowing except for no overtaking
opportunities. In other words, the average speed of the vehicles should be estimated at such a distance from
the place of platoon formation that would allow all vehicles, which are not retarded by slow-moving traffic
participants in the platoon, to attain the desired speed.

This paper deals with the task of determining the flow speed under conditions of strong interaction
between traffic participants, which suggests obtaining the formula to calculate the average speed of the
vehicles of the same type that would move at different speeds in free-flow conditions at the exit from a one-
lane road section where overtaking is impossible. The search for this formula was started in papers [28] and
[29], which considered the simplest situations of a dense platoon, in which all drivers want to travel at the
same maximum permitted speed, except for (i) one slow-moving vehicle (SV) and (ii) two SVs that limit the
speed of the others. The current paper is a logical continuation of this search. It is devoted to deriving the
formula for the average vehicle speed in the case of three SVs in a platoon.

RESEARCH RESULTS

The presence of not one or two but three SVs in a TF is the next difficult task of estimating the
average vehicle speed at the exit from a lane with no overtaking opportunities. To address this task, it is
reasonable to formalise it in the following way:

- let N vehicles, the number of which is more than three (N >3) and which drive in a dense flow,
randomly enter a road section with one lane and no overtaking opportunities. Let the numbering of vehicle
positions in the platoon formed at the section starts from 0. Then, under equal probability for each vehicle to
take any position x in the platoon, each vehicle can have number [O;N —1] (i.e., xe[0;N —1]) with

probability 1/N ;
- let all but three drivers want to drive at the maximum permitted speed V.., ;
- let the driver of the first SV (SV1) travels at speed V,, 0<V, <V,

max » the driver of the second SV
(SV2) travels at speed V,, V<V, <V, and the driver of the third SV (SV3) travels at speed V;,
V, <V; <V,

max !

- let Ay =V, —V,) be the deviation of SV1’s speed from the maximum permitted speed,
A, =(V, —V,) be the deviation of SV2’s speed from the SV1’s speed (the speed of the slowest vehicle), and
Ay = (V5 —V,) be the deviation of SV3’s speed from the SV1’s speed.

Before proceeding to the derivation of the formula for the average speed of the flow with three SVs at
the exit from a lane with no overtaking opportunities, it is necessary to briefly summarise the results of
considering a flow with one and two SVs presented in papers [28] and [29], respectively. In the presence of

only one SV in the TF, the average vehicle speed under equal probability of SV to take any position x in the
platoon was determined as

|_\

NEEA Y
N 4

gMZ

1 N-
=—ZZ ax F (N =%) V), 1)

where x is the in-flow position of the single SV which drives at speed V,;
V_ is the average speed of the vehicles in the flow when the single SV takes position x with

X

probability 1/N ;
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[X-V o + (N —Xx)-V,] is the sum of the speeds of all vehicles in the flow when the single SV takes
position x.
After mathematical transformations made in paper [28] taking into account designation for A, the

following formula was obtained to calculate the average speed of the flow with a single SV on a lane with no
overtaking opportunities:

VL,

* 2N ° @

Based on this, the case with two SVs in the flow was considered in paper [29]. It was taken into
account that SV2, having the speed V,, may take position x ahead of SV1 with probability 1/N . For the

case of two SVs in the flow, it was found that for (N —x—1) vehicles behind position x in the TF, the above
situation with one SV occurs, but with a maximum speed equal to V, . The equation for the average speed of

these vehicles V,, where x denotes the SV2’s position in the flow, was derived taking into account Eq. (2)
and the number of vehicles behind the position x [29]:

V. =V, + N-x-2

x smz- (3)

Then, by analogy with Eq. (1), the following equation for the average flow speed, which considers all
possible positions of two SVs among N vehicles, was written:

vz%@+ v, (@)

N

where the terms represent the average vehicle speed which takes into account the possibility of a SV to take
the position x e[O; N —2] in the flow (the presence of two SVs reduces the number of possible positions for
each of them to (N —2)) -V, is the average speed if SV1 takes the position x, and V, is if the SV2 [29].

After determining the total number of situations when SV1 can take the position ahead of SV2, the

formula for V, for the case of two SVs in the flow was obtained: Vv, =V, +%'NT_2. Then, using Eg. (3),

the sum of speeds of all vehicles in the flow when SV2 takes position x ahead of SV1 was written down:
X'(VS+AS)+(VS+A2)+(N_X_l)'\7x' (5)

Based on this sum, the formula for V, for the case of two SVs in the flow was derived:
- - A N-2
V, =V, +—2-(1+—j 29].
2 =Vt 5 ) %]

Substituting the obtained equations for \71 and \72 into Eq. (4) allowed for deriving the formula for the

average speed of a dense flow with two SVs at the exit from a single-lane road section with no overtaking
opportunities [29]:

: .N—2+ A, _N+1. (6)
N 3 2-N 3
The briefly presented results of previous studies of simpler cases with a smaller number of SVs in the
flow [28, 29] are the necessary material to proceed to the subject of this paper, namely the consideration of
the case with three SVs in the TF.
Since overtaking on the considered road section is impossible, in the case of three SVs, the speed of
(N —3) vehicles, which want to travel at speed V. , depends on which SV they follow. If they follow the
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SV1, they will exit the one-lane road section at speed V,; if they follow SV2, they will exit at speed V, ; if
they follow SV3, they will exit at speed V;; and vehicles ahead of all the SVs will exit at speed V.

Obviously, the flow speed depends on the order of vehicles in it and the total number of possible vehicle
orders in the flow is N!. According to the task stated, it is necessary to determine the average speed of
vehicles at the exit from a one-lane road section with no overtaking opportunities, which considers all
possible vehicle permutations in the flow.

The probability of the event that one of the three SVs takes the position x in the flow under a single

realisation of the random order of vehicles is equal to 3/N, and the probability that each of the three SVs
takes the position x is the same for all SVs and equals to 1/N . Under an equal probability of all vehicle
orders in the flow, each vehicle will take the position x exactly (N -1)! times, i.e., the variants for

positioning of SVs are invariant with respect to the SV’s number. However, the speed of the vehicle flow on
the lane with no overtaking opportunities is completely determined by the order of vehicles, and to calculate
the average speed for the entire flow, it is essential to take into account not so much the position of one of the
three SVs as its location relative to other SVs. To consider this aspect, it is reasonable to divide the entire set
of vehicle orders in the flow into subsets in which one of the SVs drives ahead of the other SVs. Since all
orders are invariant with respect to the SVs’ numbers, the quantity of situations in which SV1 (the slowest
vehicle) is ahead of the other SVs is equal to the number of situations in which SV2 or SV3 is ahead.
Therefore, by analogy with Eg. (1) and concerning Eqg. (4) and the introduced designations, it is possible to
write down the equation for the average flow speed, which considers all possible variants of the relative
position of three SVs among N vehicles:

V, +

vzévﬁ v, )

Wl
Wl

where \71\72\73 represent the average flow speed when SV1, SV2 or SV3 is ahead of the other SVs,
respectively.
If SV1 travelling at speed V, takes position x in the flow ahead of SV2 and SV3 (Fig. 1), the average

flow speed at the exit from a lane will be the same as in the case of a single SV in the TF. It can be
determined using Eq. (2). The number of these situations in the full set of vehicle permutations is equal to
N3, and the probability of this event is equal to 1/3. At that, the number of positions available for SV1 is

reduced to the first (N —2) positions in the platoon since SV2 and SV3 must necessarily be behind SV1.

vehicle speeds —m Vinax v, v, v, v, v, v,
A A 4
vehicle positions »  x=0 1 2 3 4 x=N-1
the first SV the second SV (the driver the third SV (the driver
(the slowest one)| wants to travel at speed 75)| wants to travel at speed 173)

Figure 1 — Traffic flow with three SVs when the slowest one takes a position ahead of the other SVs

With the same probability 1/3, both S\V2, which wants to drive at speed V,, and SV3, which wants to
drive at speed V;, can take position x ahead of the SV1.

If SV2 is ahead of the other SVs, then all vehicles ahead of it will drive at the maximum permitted
speed V.., , SV2 will drive at speed V,, and the vehicles behind it will either drive at speed V, if there is no
SV1 ahead of them (Fig. 2a) or at minimum speed V, otherwise (Fig. 2b). A similar situation for a full set of

N vehicles with the same speeds has already been studied in paper [29] and represented by Eq. (6), but in
the situation under consideration in the current paper — when there are three SVs in the flow — the sum limit
will depend on the position of SV2 in the flow.

If SV3, travelling at speed V;, will take the position x in the flow ahead of the two slowest SVs, then

all vehicles ahead of it will drive at maximum permitted speed V. SV3 will drive at speed V;, and the

max !

ISSN 2313-5425 , 2025, Ne2 (25)



© Horbachov P., Svichynskyi S. 2025

vehicles behind it will drive at speed V; if there are no two slowest SVs ahead of them. If, however, one of
the two slowest SVs is ahead of them, they will either drive at speed V, if SV2 travels in the tail of the
platoon behind SV3 and ahead of the SV1 (Fig. 3a) or at speed V, if in the tail of the platoon (behind SV3)
SV1 travels ahead of the SV2 (Fig. 3b).

Vinax I 8 Vs Vs Vs Vs
y A »
x=0 1 2 3 4 x=N-1
the second SV (the driver the third SV (the driver the first SV
wants to travel at speed 1) | wants to travel at speed 13) (the slowest one)

Vinax I

2 I8 Vs [/
> A 4
1 2 3

4 N x=N-1
the third SV (the driver

wants to travel at speed 173)

Figure 2 — Traffic flow with three SVs when SV2 takes the position ahead of the other SVs:
a) the fastest SV is ahead of the slowest one; b) the slowest SV is ahead of the fastest one

x=0
the second SV (the driver the first SV
wants to travel at speed ;) (the slowest one)

Vimax Vs Vs Vs 7 Vs Vs
A A LY

x=0 1 2 3 4 x=N-1

the third SV (the driver the second SV (the driver the first SV
wants to travel at speed ;) | wants to travel at speed 1) (the slowest one)

Vinax Vs Vs Vs Vs Vs Vs

» [\ 4

x=0 1 2 3 4 x=N-1
the third SV (the driver the first SV the second SV (the driver
wants to travel at speed I'3) (the slowest one) wants to travel at speed 1)

Figure 3 — Traffic flow with three SVs when the fastest one takes the position ahead of the other SVs:
a) SV2 is in the tail of the platoon and ahead of the slowest SV;
b) the slowest SV is in the tail of the platoon and ahead of SV2

Now, the average flow speed under different SV positions in the TF presented in Figs. 1-3 should be
considered in detail. It is logical to start this process by deducing the analytic dependence for \71 in Eq. (7).

At the beginning, it is appropriate to mention that the mandatory presence of two other SVs behind SV1,
whether even slower or potentially faster, means that not all of N, but only first (N —2) positions in the
flow are available to SV1. Taking this into account, for each x-th position of SV1 in the flow, it is necessary
to determine the number of situations when it takes that position, given that the other two SVs follow it. The
total number of situations when SV1 can take each position in the flow without the condition of the
mandatory presence of two other SVs behind it is known and is equal to

%=(N 1y, ®)
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i.e., the number of permutations of all other vehicles — fast and slow — regardless of the value of x. The
dependence of the sought number of situations on the position of SV1 arises precisely from the condition of
its location ahead of the other SVs.

In the first position (x=0), this condition is met automatically, and the number of situations when
SV1 can take this position is always equal to Eqg. (8).

As for the general case of taking the x-th position by SV1, it should be considered that the number of
positions in the flow available to two other SVs following the SV1 is equal to Q=(N —1—x). The number

of variants for placing these two SVs on those available positions is equal to [30, 31]

Q!

M2~ 2y

=Q-(Q-D=(N-1-x-(N-2-x).

At that, the fast vehicles (FVs) can take (N —3) remaining positions, and the total number of variants
for placing them in the TF equals (N —3)!. Consequently, according to the combinatorial rule of product [30,

31], the total number of situations when SV1 can take the position ahead of the other SVs is determined by
the expression (N —1—x)-(N —2—-x)-(N —3)!. The correctness of this expression is confirmed by the fact

that under x=0, it transforms to the right side of Eq. (8). Also, under x=(N-2) or x=(N-1), the

obtained expression results in 0, which is logical since in this case, there will be no available positions for
placing two other SVs.

Using these findings, the following equation for \71 can be written down:

r\f(N —2—X)'(N —1—X)‘(N _3)| (X'[Vs +AS]I:I_[N _X]'Vs)
x=0

\71: N-3 '
S(N-2-%)-(N-1-X)-(N -3)!

In the numerator and denominator of this formula, it is reasonable to take the multipliers (N —3)!,

which do not depend on the summation index, out beyond the summation sign and cancel them. After this
cancellation, the presented formula will look as follows:

S (X'[Vs +As]+[N _X]'Vs)
XZ:(:)(N—Z—x)-(N—l—x)- \

\71: N-3 ) (9)
> (N-2-x)-(N-1-X)
x=0

where (N —-2-x)-(N —1—x) can be considered the component that regards the number of situations when

SV1inaflow of N vehicles occurs in the position x and ahead of the other two SVs.

Eq. (9) represents the average speed of all vehicles in the flow, weighted by the number of situations
when SV1 takes the position ahead of the other SVs. After the collection of like terms, Eqg. (9) can be
simplified to

(XA +N-Vy)

’\f’(N —2—-Xx)-(N-1-x)
x=0 N

Vl: N-3
> (N=2-x)-(N-1-x)
x=0

Dividing the parenthetical expression (x-A, + N -V,) on the right of the numerator into two separate
terms — x-A; and N -V, — allows for taking the speed V, and the multiplier at x out beyond the summation

sign since the weighted average of the constant is equal to the constant itself and the mentioned multiplier
does not depend on the summation index:
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his(N —2-X)-(N-1-x)-x
\71:VS+WS- 0 : (10)
> (N-2-x)-(N-1-X)
x=0

The multiplier at Ws can be simplified by removing the brackets in its numerator and denominator

and applying the formulas for the sum of series ZX:W, szzm-(m+1)6-(2-m+1) and
x=1 x=1

& 3 (m-(m+1) ? . S . .
Zx :(Tj [30]. Putting a zero term under the summation sign in these formulas, which will not

x=1
change the sum totals since this term will be equal to zero, and substituting m=(N —3) to bring the sum
limit into compliance with the one used in Eq. (10) allows for obtaining the following:

N

P _(N-3)-(N-2)

11

2. 2 (11)

gxz:(N—3)-(|\1—62)-(2-|\|—5), 12)
oy ((N=3)-(N-2))* (N-3)?-(N-2)°

X:Ox _( 5 j = 2 ) (13)

Removing the brackets in the numerator of the multiplier at WS in Eq. (10) and collecting like terms

results in
N-3 N-3
S (N=2-%)-(N-1-%)-x=> x:[(N2=3-N+2) - x-(2-N -3) +x* | =
x=0 x=0
(14)
N-3 N-3 N-3
=(N*-3:N+2)- > x—(2-N=3)- Y x*+ > %’
x=0 x=0 x=0
Substituting Egs. (11)-(13) into Eq. (14) allows for simplifying this numerator as follows
(Nz_3_N+2),(N —3)-(N—2)_(2'N_3)_(N—3)-(N—2)-(2-N—5)+(N—3)2-(N—2)2 _
2 6 4 (15)
_N-(N®-6-N*+11-N-6) N-(N-1)-(N-2)-(N-3)
N 12 - 12 '

Removing the brackets in the denominator of the multiplier at % in Eq. (10) and collecting like

terms results in

NZ_3(N —2-%)-(N —1—x)=h§[(N2—3-N +2)-x-(2-N=3)+x?]=
- X;(is N-3 N-3 (16)
=(N*-3:N+2)- > 1-(2-N=3)- > x+ Y x°.
x=0 x=0 x=0
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N-3
Substituting Eqgs. (11), (12) and » 1=1-[(N-3)-0+1]=(N—-2) [30] into Eq. (16) allows for
x=0
simplifying this denominator as follows

(N?-3:N+2)-(N-2)-(2-n -9 (=22 (=9 (B2 B2
N-(N?*-3:N+2) N-(N-1)-(N-2)
3 3 '

The ratio of the numerator represented by Eq. (15) to the denominator represented by Eq. (17) results

17)

in the final expression for the multiplier at % in Eq. (10), which can be simplified as follows:

N23(N —2-X)-(N-1-x)-x
x=0

_NA(N-1):(N-2)-(N-3) 3 N -3

= (18)
12 N-(N-)-(N-2) 4

NZfs(N —2-X)-(N-1-x)
x=0

Taking into account Eq. (18), the average flow speed when SV1 is ahead of the other two SVs in the
TF can be finalised as follows:

— A, N-3
V=V, +—=-——. 19
1 S N 4 ( )

The derivation of the formula for the second term in Eq. (7) is similar to the case of two SVsina TF
(Eg. (6)) since the presence of another vehicle willing to travel at a speed higher than that of SV2 does not
cause any changes because that another vehicle will follow the slower vehicle and will be forced to adapt to
latter’s speed just as all the FVs in the flow behind SV2. However, unlike SV3, the FVs may also be ahead
of SV2. So, the situation is precisely the same as in the case of two SVs in the flow, except that the sum limit
must now be equal to (N —3) since SV2 will always be followed by two other SVs, which also means that it
cannot take two last positions in the TF. The sum of the vehicle speeds in such a flow can be written down
using the number of vehicles following the first SV and their average speed determined from Eq. (3):

X'(Vs +As)+(vs+A2)+(N _X_l)'\7x'

In this situation, the number of vehicle orders when SV2 can be ahead of the other SVs in the flow is
also can be considered through the use of expression (N —2—-Xx)-(N —1-x). Then, by analogy with Eqg. (9),

the following equation for V, can be written down:

X)_[X'(Vs +As)+(vs +A2)+(N _X_l)'\7x]

Nf(N —2-x)-(N-1-
_ x=0 N

V, =

NZﬁS(N —-2-X)-(N-1-x)
x=0

In multiplier [x-(V, +A)+(V, +A,)+(N—-x-1)-V,], which is on the right of the numerator, the
term in the middle, which contains only the constants V, and A,, can be taken out beyond the summation
sign since the weighted average of the constant is equal to this constant itself. After that, the average speed
\7X can be substituted with Eq. (3), that will result in the following:
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N-2-x
[x-(\/S +A,)+(N —x—l)-{vs +2-(N—x—1)'A2D

N-3
> (N=2-x)-(N-1-x)-

- V.+A - N

V, = SN 2= N3 ’
> (N=2-x)-(N-1-x)
x=0

[X-AS AV, (N—1)+ NZ27X _22_X-A2J

_VS+A2+XZ=(;(N—2—X)-(N—1—X)- N
2 N-3 !
N S (N-2-%)-(N-1-X)
x=0

N-3

g Vet Vo8 —1)+i§
N-3
N N N S (N-2-%)-(N-1-)

x=0

(N=2-%)-(N —1—x)-(x-As +N_22_X-A2j

N-3 9 _
SN-2-%)-(N-1-%)-[ x-A, + V727X 5
- A, 1 : 2 2
V, =V, +—2+—. 20 o :

> (N-2-x)-(N-1-x)

hia(N—2—x)-(N—1—x)-x N Z(N 2_%)-(N-1-x)- 22 X

- 2 | s x=0 —2  x=0
V, =V, +—=+ N3 + N-3 ’

S(N-2-%)-(N-1-x) " S (N-2-%)-(N-1-Xx)
x=0 x=0

N-3 _9_
Z(N—Z—x)-(N _1_X).N72X
Az Az _x=0

NN

<|
H<|

N-3
> (N-2-x)-(N-1-x)
x=0

Z(N 2-x)-(N-1- x)

N-3
(N=2-Xx)-(N-1-X)-x
v, \71 A, + 22, x=0 A, Z

2N st(N 2-x)-(N-1- x)

NZ'?(N —2-X)-(N-1-x)

\72:\71+ﬁ+A2.(N—2)_A2-(N—3):\71+ﬁ'(1+N—Z_E.N—BJ,

N 2-N 8-N N 2 2 4
— 7 3:A,-(N+D)
V, =V, + —2 20
2=V 8N (20)

The formula for the third term in Eq. (7) can be derived based on the analogy with the case of two SVs
in a TF (Eq. (6)). In the situation under consideration, which is presented in Fig. 3, the case with two SVs
arises for (N —x—2) vehicles behind position x in the flow. The maximum speed for these (N —x—2)

vehicles should be taken equal to V. By analogy with Eq. (5), the sum of vehicle speeds in the flow will be
as follows:
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X'(VS+AS)+(VS+A3)+(N_X_l)'vx’ (21)

where V., is the average speed of vehicles following the SV3 provided that it takes a position in the flow

ahead of the other two SVs. The formula for this average speed (\7X) can be obtained from Eqg. (6) by
replacing N with (N —x—1) and proper changing of subscripts at designations A :

VoV, Ay N-x-3, A, .(1+N—X—3)
N-x-1 3 2-(N=x-1) 3

(22)
Unlike the case of only two SVs in a TF, to obtain the formula for \73 in Eq. (7), it is necessary to use

the average speed of the vehicles behind SV3 represented by not the Eqg. (3), but Eq. (21) divided by the
number of vehicles in the flow since Eq. (21) takes into account the presence of two SVs with a speed lower
than the speed of the leading SV. Given the same number of vehicle orders when SV3 can be ahead of the
other SVs in the flow as in the two previous cases with other leading SV, it is possible to write down the

equation for V, based on the analogy with Eq. (9):

[X'(Vs +As)+(vs +A3)+(N _X_l)'\ix]
N

N-3
D (N-2-x)-(N-1-X)-

N-3

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

x=0

V; =

In multiplier [x-(V, +A)+(V, +A;) +(N —x—1)-V,] on the right of the numerator, the term in the
middle, which contains only the constants V, and A,, can be taken out beyond the summation sign since the

weighted average of the constant is equal to this constant itself. After that, average speed \7x can be
substituted with Eq. (22), that will result in the following:

S [X'(Vs +As)+(N _X_l)'Y]
:VS+A3+XZ_:O(N—2—X)-(N—1—X)- \

\73 N N-3
D (N-2-x)-(N-1-x)
x=0

where Y =V, + A, N=x=3 4 (1+N_X_3j.

N-x-1 3 2-(N—x-1) 3
Removing the inner brackets in expression [X-(V, +A,)+ (N —x—=1)-Y] in the numerator allows for
eliminating the repetition of the value of the speed of SV1 in the flow:

(X.AS +[N _:I_].Vs +A3'(N_X_3)+A2+A2.N_X_3)

N-3
S (N=2-%)-(N-1-x)- 3 2 2 3
\7:V5+A3+x=o N

3 N N3
> (N=2-x)-(N-1-x)
x=0

After that, it is possible to take out the constants that do not depend on the summation index beyond
the summation sign:

ISSN 2313-5425 , 2025, Ne2 (25)



© Horbachov P., Svichynskyi S. 2025

D> (N-2-%)-(N-1-x)-
g _Veras IN-DV, A, & N
) N-3
N Noo2eN ST (N-2-%)-(N-1-%)
x=0

Now, it is possible to divide the large fraction in the numerator into several terms:

N-3
AS A2 As XZ:(:)(

V=V, +—=+ +—. 3
DY

x=0

N—2-x)-(N-1-x)-x A NZ_S(N—Z—x)-(N —-1-x)-(N-x-3)
x=0
(

"N 2N MR R— "
N-2-x)-(N-1-X) > (N=2-%)-(N-1-x)
x=0
hia(N—2—x)-(N—1—x)-(N—x—3)
+ AZ . x=0
6-N

Nif(N -2-X)-(N-1-x)
x=0

The simplification of the first fraction among those showing the ratio of the sums is presented in
Eqg. (18), and the following fractions of this type can be factorised to extract index x:

Vy =V, +—2+ +—. +
N 2-N N 4
N-3 N-3
> (N=-2-x)-(N-1-x)-(N-3) > (N=2-x)-(N-1-x)-x
+ A3 .x=0 — A3 .Xx=0 +
3-N & 3N &
> (N-2-x)-(N-1-x) > (N-2-x)-(N-1-x)
x=0

X

=0
-3

p=4

NZ_:S(N—2—x)'(N—1—x)-(N—3) (N=2-x)-(N-1-x)-x
x=0

A 0
3

X

. 2
. N_3 .
N SNn-2-y.N-1-x) N

x=0

(N-2-x)-(N-1-x) |

N

0

>
1l

Based on Eq. (18) and the fact that certain sums contain an index-independent value (N —3), it is
possible to simplify these sums as follows:

ARV LA N-3 A;(N-3) Ay N-3 A,-(N-3) A, N-3
N 22N N 4 3N 3N 4 6-N 6-N 4

Now, it is reasonable to rearrange the terms in the following way:

Gov oD N=3, 8 A(N-3) A N-3 A A-(N-Y) 4 N-3
N 4 2N 6N 6N 4 N 3N 3N 4

After that, proper terms can be substituted with \71 from Eqg. (19), and the equation for \73 can be
finalised as follows:

\73:\71+ AZ . 1+N_3_N_3 +ﬁ. 1+N__3_N__3 :\71+ Az [1+N_3)+ﬁ(l+N__3)
2-N 3 12 N 3 12 2-N 4 4
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\732\71+ AZ N+1+EM (23)
2-N 4 N 4

Thus, all the terms in Eq. (7) are deduced — these are Egs. (19), (20), (23) representing the flow speed
in situations when SV1, SV2, and SV3 take a position ahead of the other SVs. After the substitution of these
equations into Eq. (7), the latter one takes the following form:

Vol iy 38 (N LG A, N+ A N+1)
3 3 8-N 3 2-N 4 N 4
This substitution allows for finalising the formula for the average speed of a dense TF with three SVs:

V=V +

S

%.N—3+ﬁ‘N+1+£‘N+1' 24)

4 N 6 N 12

This formula establishes the dependence of the average speed of the vehicles at the exit from a one-
lane road section with no overtaking opportunities from the total number of these vehicles in the flow
(platoon) and the speed of the three SVs.

DISCUSSION

The initial analysis of the formula in Eq. (24) indicates that with the increase in N, there is an
increase in the influence of the second term in Eq. (24), which represents the contribution of the slowest

vehicle to the average flow speed and a decrease in the influence of subsequent terms which reflect the
contribution of the other SVs, Fig. 4.

This means that additional SVs moving at speeds above V, have an effect on the average speed, which
is less than that of the slowest SV, and the closer the speed of additional SVs to V,,, , the lower the effect.
This effect can be characterised as follows: when N — oo, the average platoon speed will not exceed V, by
more than (A,/4+A,/6+A,/12).

2.5

[\

second term
===-third term
-~y — - —fourth term

-
-
-
- —————
- - -

The values of the terms in Eq. (24), km/h

0
345 6 7 8 91011121314151617 1819202122 232425262728 2930
Number of vehicles N in a flow

Figure 4 — Influence of the terms in the formula for the average speed of a dense TF with three SVs at
different total number of vehicles in the flow (example for A, =10 km/h, A, =7 km/h, A; =5 km/h)

It is also worth noting that when N — oo, the coefficients at terms A, A,, A; in Eq. (24) follow the

reciprocals of the rectangular (pronic) numbers (1/4 = 1/2 - 1/2, 1/6, 1/12) [30, 31]. They can be interpreted
as a characteristic of a gradual tangible decrease in the contribution of each subsequent SV to the average TF

speed V . This may mean that the SVs have a regular influence on the average flow speed since the infinite
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series of the reciprocals of the rectangular numbers sums to 1 (Zm =1 [30, 31]) just as the sum of
g=14"
the probabilities of random variable values.

CONCLUSIONS

One of the widely used tools to forecast urban TF parameters for engineering and scientific purposes is
a FD of TF, which is based on statistical analysis of empirical data and their approximation with the most
convenient and, whenever possible, simple functions. Many functions have been fitted to represent the FD
but none clarifies the regularities reflected in the scattering of data points in the diagrams. This scattering
also applies to the speed-density diagram, which indicates a decrease in speed with an increase in density.
The results of studying the speed as a random variable also make a little contribution to clarification of these
regularities and allow for concluding that the distribution of speed values plotted in the leftmost part of the
speed-density diagram is known — this is a normal distribution which is beyond question in the scientific and
engineering community — and the distribution of speeds plotted in the rightmost part of the diagram is
characterised by ambiguity. To study the latter distribution, it is reasonable to carefully examine the process
of forming the average vehicle speed value and consider practically possible situations of vehicle movement
in a dense TF. Corresponding research has already been started in papers [28] and [29], which consider a
dense platoon of vehicles, where all vehicles are willing to drive at the same maximum permitted speed
except for one and two SVs that limit the speed of the others.

The current paper extends the mentioned research and presents the formula for calculating the average
speed of a platoon, where three SVs limit the speed of other drivers who would drive faster in free-flowing
conditions. Taken together, this provides a sound basis for generalising the obtained formulas to derive a
formula for calculating the average speed of a TF with any number of SVs. Knowledge of this formula will
be a starting point for understanding the change in the average value of the normally distributed free-flow
speed caused by the increase in TF density and the corresponding complication of traffic conditions.
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TPaHCIIOPTHOTO TIOTOKY, SIKa SIBJsIE COOOI0 CTATHCTHYHO BCTAHOBJICHHWH 3B’A30K MDK HOro mapameTpamu,
30KpeMa, MK IMMBHIKICTIO 1 mIbHICTIO. DyHAaMEHTAbHA JiarpaMa moKa3ye 3HIKCHHS IMBHIKOCTI TTOTOKY
31 30UIBIIEHHSIM HOTO IIIIBHOCTI, 1 cepell MOSCHEHb LbOMY € BUMYIICHE IMiJJAIITYBaHHS BOJIIB i
HIBUKICTH MOBUIBHIIINX aBTOMOO1IiB Toniepeay. Lle 6e3yMOBHO BIITMBAaE Ha KOJIMBAaHHS IIBUAKOCTI 1 BKa3ye
Ha JIOMUIBHICTG ii pO3IIsAy SIK BHITAIKOBOI BEJIMYWHHU 31 CBOIM CEpeqHIM 3HAUEHHSIM Ta PO3MOILIOM IpH
pi3HMX yMoBax pyxy. s BUIBHOTO NMOTOKY 3arajJbHOBH3HAHUM € HOPMAJIBHHMH PO3MOIII HIBHIKOCTEH
TPaHCHOPTHUX 3ac00iB, B TOM Yac SK MUTaHHSA NP0 Te, SKUM PO3MOMLT BUKOPHUCTOBYBAaTH ISl OMHCY
MIBUAKOCTEH y IMITPHOMY TIOTOII, 3aJIMIIAETHCA BIIKpUTHM. [lOTOYHE MOCHIKEHHI € BHECKOM ¥
NPOSCHEHHSI JIAHOTO THTAaHHA 1 BHOYZOBaHE HABKOJO MPOIECYy (OPMYBAaHHS CEPEIHBOTO 3HAYCHHS
HIBUKOCTI OAHOTUITHUX TPAaHCIOPTHHUX 3ac00iB y HaHOUIBII MIIIEHOMY TPAaHCTIIOPTHOMY TMOTOIl Ha JiISHII
JOpOTH, A€ HEMOXJIMBI 00roHM 1 BumnepemkeHHs. [Iomyk bOro cepeaHboro 3Ha4YeHHs OyB pO3MOuYaTHi 3
PO3TISAY HAWMPOCTIHX CHUTYallii pyxXy Nadkk aBTOMOOLTIB, 1€ BCi aBTOMOOUN OaxaroTh ixatm 3
OJTHAKOBOIO HaHOLIBIIOI HEe3a0OpOHEHOI0 INBUAKICTIO, OKpiM omHOro Ta ABoX IIA, ski 0OMexyroTh
HIBUJKICTH iHIMX. J[aHa cTaTTs € iX JOriyHMM MpPOJOBXKEHHSM 1 MPUCBSYEHA OTPUMAHHIO (HOPMYIH IS
PO3paxyHKy cepenHbOi MIBHIKOCTI TPAHCIOPTHOTO MOTOKY UISI BUMIAAKY TPHOX IMOBLIHPHUX aBTOMOOLTIB Y
HbOMY. Bce pa3om 1ie cTBOpIOE TPYHTOBHY OCHOBY JUISl y3arajJbHEHHS OTPHMAHHX 3aJIC)KHOCTEH 3 METOIO
BUBE/ICHHS (OPMYIH IS PO3PAaxXyHKY CEPEAHBOI HIBHIKOCTI MOTOKY 3 OyIb-SIKOIO KUIBKICTIO MOBUTBHHX
aBTOMOO1ITIB. 3HAHHS TaKOi 3aJIE)KHOCTI MOCIYKHUTh BiJIPaBHOI TOYKOK ISl PO3YMIHHS CHPUYHMHEHOT
IIUTBHAM TIOTOKOM 3MiHH SIK CEPEeIHBOTO 3HAYEHHS, TaK 1 PO3MOALTY MIBHAKOCTI pyXy, KOTpa y BUTBHUX
YMOBAaX OMUCYETHCS HOPMAIILHUM 3aKOHOM.

KirouoBi cioBa: MBHUIKICTH PyXy, cepeqHs MIBHUIKICTb, TPAHCIOPTHUHA MOTIK, IIIIBHICTh MOTOKY,
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TRUCK OPERATION EFFICIENCY ASSESSMENT

The article considers the issue of truck efficiency based on the cost of freight road transportation. Two groups
of component costs are analyzed in detail: 1) which directly depend on the technical characteristics of trucks (costs of
fuel, lubricants and other operating materials, costs of wear and tear and restoration of automobile tires; costs of
maintenance and repair); 2) which are determined by the organizational features of the functioning of the motor
transport enterprise (drivers' wages, deductions for social needs, depreciation of automobile rolling stock and general
economic expenses). The general structure of the cost of freight transportation by automobiles is presented as the sum
of indicators that make up two groups of costs: 1) which depend on the volume of cargo; 2) which are related to the
characteristics of cargo and organizational work on cargo handling. The formulas for determining the first group of
costs (conditional and technical costs) are considered in detail and given, since the value of these costs makes it
possible: to assess the efficiency of using vehicles in monetary terms; compare the efficiency of different brands and
models of cars in monetary terms; choose the most rational fleet of automobile rolling stock; evaluate the efficiency of
the operation of automobiles in various motor transport enterprises in monetary terms.

To assess the feasibility of updating the fleet of motor vehicles, it is proposed to use the value of the economic
effect, which is defined as the difference in proportionally reduced annual costs.

The purpose of the article is to provide methodological recommendations to motor transport enterprises on
determining the components of transport costs and assessing the feasibility of updating the motor transport rolling
stock.

Keywords: cost; expenses; efficiency; profit; reliability; truck; cost price.

INTRODUCTION

Currently, in Ukraine, the fleet of commercial trucks is being updated with modern foreign models. At
the same time, owners of motor transport companies choose cars, focusing on the prestige of the brand, the
availability of certain models on the market, their cost, etc. But during operation it turns out that the
purchased car has high operating costs compared to competitors, although it meets the requirements of the
transportation process. In most cases, this is due either to vehicle failures or to the high cost of spare parts
and lubricants. The efficiency of vehicle operation in commercial cargo transportation is ultimately
determined by the owner’s obtaining maximum profit. The amount of profit received depends on the
efficiency of vehicle use and the cost of cargo transportation, which in turn depend on the amount of
operating costs.

When determining the efficiency of a fleet of trucks, it is necessary to distinguish between the
economic efficiency of operation and the more general concept of efficiency, which includes not only
economic, but also social, environmental aspects related to the operation of vehicles [1; 2]. Currently, the
efficiency of vehicle operation is functionally related to the economic efficiency, reliability and reliability of
vehicles (Fig. 1).

Truck Operating Efficiency
v v ¥
Economical Reliability Safety
— Cost — Dependability — Individual
— Profit —| Durability —1 Ecological
— Profitability —| Maintainability —>| Technical
— Preservation

Fig. 1. Structural and functional diagram of relationships when considering the efficiency of truck operation
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Given that business entities that provide road transport services, in particular in cargo transportation,
pay primary attention to issues of reducing current costs (reducing the cost of transportation) and increasing
the volume of services, and therefore the economic efficiency of truck operation is of paramount importance,
therefore, the assessment of the efficiency of truck operation must be carried out based on the analysis of the
relevant components of the cost of transportation.

LITERATURE REVIEW AND PROBLEM STATEMENT

The issue of the efficiency of using road transport was analyzed in their works, in particular, by such
researchers as: M. G. Bosniak, V. V. Varchuk, T. P. Voloshko, V. O. Doroshchuk, V. E. Kanarchuk, V. A.
Kashkanov, I. S. Klymenko, O. K. Kryvenko, M. E. Krystopchuk, O. O. Kucher, P. R. Levkovets, O. O.
Lobashov, O. O. Solarev, O. V. Tatsenko, E. I. Thoruk [3-9].

The authors’ research is limited to three areas: 1) finding the standardizing parameters and clarifying
the indicators of transport work; 2) choosing the optimal routes for cargo transportation; 3) analyzing the
technical and operational costs of enterprises when operating the existing vehicle fleet.

However, cargo transportation services are provided by motor transport enterprises, for which the
primary tasks are to find ways to reduce the cost — the operating costs of vehicles, and therefore it is
advisable to additionally consider the issue of determining the components of the cost of road transportation
and the magnitude of the economic effect when updating the fleet of vehicles.

PURPOSE AND OBJECTIVES OF THE STUDY

Assess the efficiency of using trucks based on the components of transportation costs and the
magnitude of the economic effect when updating the fleet of motor vehicles.

RESEARCH RESULTS

Increasing profits when renewing the vehicle fleet is possible as a result of increases in the
productivity of the fleet, decreases in the costs of transporting goods, decreases in the number of road
accidents (Fig. 2). In this case, the cargo turnover increases and (or) the cost of transportation decreases,
which leads to an increase in the economic effect (and ultimately, profits) for the owner of the vehicles.

Updating the Fleet of Commercial Trucks
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Fig. 2. Expected effect of operating trucks when renewing vehicles
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When evaluating and selecting trucks, the equilibrium state of transportation is determined based on
the criterion of productivity and cost of transportation [10; 11].

The cost of transportation is a component of the net profit of a motor transport company:

Pnet = f(Tanny Sanna Z:TCTann)y UAH, (1)
where: T, — tariff cost of transporting annual cargo flow, UAH;

Sann — annual transportation cost, UAH;

S TCTann — trucking company taxes, UAH.

To identify reserves for increasing the efficiency of truck operation (in this case, the profit of the
rolling stock owner), we will analyze the variables that affect its value.

Tann — the tariff cost of transportation of annual cargo flow, UAH, determines the gross income or
revenue from the sale of services of a motor transport enterprise for the transportation of goods. The tariff
cost of transportation is determined by the value of the tariff, which is the price of transportation of goods
and passengers. Currently, tariffs are formed on market terms based on costs, demand and supply. Increasing
the tariff for transportation in order to increase the profit of a motor transport enterprise can lead to the
opposite, when customers may refuse the service in favor of competing enterprises. The positive effect of
using this resource is possible only in cases where the enterprise is clearly stronger than its competitors, or
there are other guarantees that give confidence in preserving the customer base of the motor transport
enterprise.

Sann — @nnual cost of transportation. To identify reserves for increasing the profit of motor transport
enterprises, the structural components of cost items must be divided into two subgroups. The first includes
items whose value directly depends on the technical characteristics of trucks. These are costs for fuel,
lubricants and other operating materials, costs for wear and tear and restoration of automobile tires, and costs
for maintenance and repair. The second group includes items whose values are determined by the
organizational features of the functioning of the motor transport enterprise. These are drivers' salaries,
deductions for social needs, depreciation of rolling stock and general expenses.

For finding reserves to increase the profit of a trucking company, the first group is of greatest interest,
since the values of these items vary significantly depending on the type, model, and modification of trucks.

YXTCTyn — taxes of transport enterprises. Let’s analyze the taxes levied by the state on transport
enterprises.

Taxes are levied on gross profit: profit tax (18% of gross profit); value added tax (20%); land tax (the
tax rate for land plots, the normative monetary assessment of which has been carried out, is set at no more
than 3% of their normative monetary assessment).

The amount of taxes depends little on the type of rolling stock, therefore, it will change little when
choosing a fleet. Thus, the analysis of the components of formula (1) showed that the only significant
variable in the formation of this dependence of the profit of a motor transport enterprise when choosing the
most rational fleet of vehicles is the cost of transportation Sy,.

The cost of transportation characterizes a wide range of factors that affect the profit of the enterprise.
Let's analyze the cost items in order to identify the parameters that affect the formation of its value:

1) drivers’ wages and social contributions. The value of this item is determined by the number of
drivers employed in the transportation process, the form of remuneration and its value.

The number of drivers for a given volume of transportation is determined by the formula:

:M peop|es (2)
drivers Fdwh ! !
where: Dy, — number of days of operation of the transport enterprise per year, days;

d,, — duration of the working day, hours;

o7 — coefficient of technical readiness;

Ay, — registered number of vehicles of the transport enterprise, units;

Fvod — annual fund of drivers’ working hours, hours.

Fawn — annual fund of working hours of drivers, hours.

As can be seen from formula 2, the number of drivers is affected by the form of organization of the
transportation process and the actual number of cars used in transportation. The annual working time of
drivers is determined by the number of working days and the duration of the work shift.

Social contributions amount to 27% (22% — single social contribution + 5.0% — military levy) of the
salary. These indicators are of a social nature, that is, they directly determine the social component of the
efficiency of car operation.
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2) depreciation of rolling stock. Currently, the depreciation fund, even if it is formed, can be directed
not just to restoring the value of cars, but generally to the development of the enterprise, at the request of the
enterprise management; 3) automotive fuel. The cost of automotive fuel is determined by its cost and actual
consumption during the operation of trucks. The cost of fuel is set in market conditions, that is, by the
magnitude of demand and supply. This is a factor that is little controlled by the enterprise and little
predictable, which depends on the set of processes taking place in the macroeconomics. Fuel consumption
during the operation of trucks is directly determined by their technical characteristics, both technical and
operational, and the technical condition of trucks. Fuel consumption is determined by the fleet, model of
trucks, conditions of their operation, technical condition of vehicles, nature of transportation, rationality of
transportation routes, fleet of cargo transported. Existing fuel consumption rationing methods take into
account all these factors, therefore, their accounting in the formation of the enterprise’s profit is quite simple,
but at the same time, it takes into account many technical and technological factors; 4) lubricants and
operating materials. The value of this item depends on the price of these materials and their market value,
therefore, this item characterizes the set of technical and technological factors that affect the formation of
profit, but at the same time is quite simply determined by existing methods [12]. 5) wear and tear and repair
of automobile tires. This cost item takes into account the costs of a motor transport enterprise, firstly, for the
purchase of new tires to replace worn-out ones and secondly, the costs of restoring the performance of tires
during their operation. Tire costs are determined by:

Ctz]\ft-Pt+R—W‘-kt-Pt-nt~i,UAH, 3)
100 1000

where: N; — annual tire wear, units;

P, — price of one set of tires (tyre, tube, rim tape), UAH;

Ryt — tire wear and repair rate in % to the cost of the set per 1000 km of mileage %;

k, — tire mileage adjustment factor, which takes into account the operating conditions of the rolling
stock and tire mileage;

n; — number of tires on cars, units;

Ly — car mileage per year, km.

The first term in formula 3 characterizes the cost of tires and their number on the car, that is, it directly
characterizes the car fleet, its model and brand, as well as the car owner's preference for installing one or
another model of tires on the car. That is, it indirectly characterizes the production capacity of the enterprise
and the organization of repair production. The second term characterizes the quality of tires used on cars, the
operating conditions of cars, the quality of drivers' work, and the operating modes of cars. Thus, this
parameter takes into account a large set of factors that affect the profit of the enterprise and the efficiency of
operating trucks;

6) maintenance and repair of vehicles. The calculation of costs for maintenance and repair of trucks is
carried out through the cost norms established in UAH per 1000 km of mileage. These norms were
developed for domestic models of cars [13]. Currently, these norms can be used taking into account
indexation in accordance with the market value of spare parts and materials and the reliability of cars in the
conditions of operation of transport enterprises. It is more difficult to determine the costs for new models of
imported trucks, for which similar norms have not been established. In this case, the enterprise must organize
work on the accumulation and processing of statistical information on the actual cost of spare parts and their
market value;

7) general expenses. This item of the cost of vehicle operation is taken equal to 25% of the total costs
of the previous items of the cost of vehicle operation, and therefore indirectly takes into account the entire set
of factors that affect the profit of the enterprise and the efficiency of vehicle operation. The values of the cost
items are also quite simply calculated using well-known methods [14]. The structure of the cost of cargo
transportation by automobiles [15]:

XS = (Spu + Sper + S + S5)'Wo + Ry + Ryt Rzt Ryt Rs+ Ret R7+ Rg+ Rot+ Ry, UAH, 4

where: Wq — transportation volume, t;

Siu — costs of loading and unloading operations, UAH/t;

Spcr — costs of preparing cargo for transportation, UAH/t;

S — costs of transporting 1 t of cargo, UAH/t;

S — costs of storing cargo, UAH/t;

R; — costs associated with increasing the distance of transporting cargo, UAH;

R, — costs associated with the mismatch of rolling stock with the type and nature of the cargo, UAH;

R; — costs associated with damage and loss of cargo, UAH;
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R4 — costs associated with performing additional loading and unloading operations, UAH;

Rs — costs associated with additional storage of cargo, UAH;

R — costs associated with the inertia of the transport process, UAH;

R; — costs associated with increasing the cost of transportation, UAH;

Rg — costs associated with an increase in the cost of loading and unloading operations, UAH;

Rg — costs associated with an increase in the cost of preparing cargo for transportation, UAH;

Ry — costs associated with an increase in the cost of storing cargo, UAH.

The costs of transporting cargo have the following structure [14; 15]:

S= S|: + SIM + SMR + STWR + SD + SO + ST, UAH, (5)
where: Sg — fuel costs, UAH;

Sim — costs for lubricants and other operating materials, UAH;

Sur — costs for maintenance and repair, UAH;

Stwr — costs for tire wear and repair, UAH;

Sp — depreciation costs, UAH;

S — overhead costs, UAH;

S, — costs for taxes, UAH.

These operating costs for freight transportation by car can be divided into conventionally technical
(variable) — Sk, Sim, Swr, Stwr and conventionally organizational (conditionally constant) — Sp, Sp, Sy. The last
group of components changes when updating the fleet of commercial vehicles approximately the same for
any choice, so it can be neglected in further calculations.

In practice, the costs of the cost items: fuel Sg, lubricants and other operating materials S, and
restoration of worn tires and repair Stwg are determined according to existing methods, and sufficiently
correspond to the actual production values [16]. Maintenance and repair costs Syr in these methods consist
of the costs of labor for repair workers, costs for spare parts and materials. Maintenance and repair costs are
calculated based on specific norms for specific models of cars, UAH/1000 km. The existing values of this
norm were developed for outdated car models and are currently used taking into account indexation
coefficients, there are none for foreign car models and modern domestic ones.

In this expense item, we will include only the costs of spare parts and materials used in the
maintenance and repair of vehicles, designating them as Sgpy.

The costs of paying repair workers are attributed to the group «conditional and organizational». Then
the conditional and technical costs have the form:

CTC =S¢ + Spm + Stwr + Sspm, UAH (6)

This indicator of truck usage indirectly takes into account, in monetary terms:

1) design features of the vehicle, directly related to the operation of rolling stock on the line;

2) actual reliability of the vehicle in specific operating conditions of the motor transport enterprise;

3) efficiency of the vehicle for specific operating conditions;

4) cost and consumption of spare parts and materials for a specific model of vehicle.

This indicator allows:

1) to assess the efficiency of the use of vehicles in monetary terms;

2) to compare the efficiency of different brands and models of vehicles in monetary terms;

3) to choose the most rational fleet of rolling stock;

4) to indirectly assess the efficiency of the operation of the vehicle operation service in various motor
transport enterprises in monetary terms.

Having analyzed the conventional and technical costs (CTC) when using vehicles, we obtain:

1) fuel costs [14]:

SE=Pg - Qrc=Pg - 0,01- (N L + Ny W)(1 + 0,01-k), UAH (7
where: Pr — price of 1 liter of fuel, UAH;

Qrc — fuel consumption, I;

N_ — fuel consumption rate of the vehicle, 1/100 km;

L — vehicle mileage for the reporting period, km;

Ninkm — fuel consumption rate for transport work, 1/100 thkm;

W — volume of transport work, thkm;

k — surcharge taking into account operating conditions, %.

W= QCW ‘Leas, thkm, (8)

where: Qqw — cargo weight, t;
Lcw — cargo mileage, km.
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Then:
Se=Pe - Qe =Pr - 0,01-(H L + Ngwem - Qew “Leaa)(1 +0,01-k), UAH 9)

2) lubricant costs [14]:
SLM =P 'Q|_|\/| =0,01- SF 'QF 'NLMr UAH (10)

where: Py — price of 1 liter (kg) of lubricant;
Qvuy — lubricant consumption, | (kg);
Ny — lubricant consumption rate, 1(kg)/100 | of fuel.
3) tire costs [14]:

Stwr = Pr*Nr+0,01-Nzkznz(0,001-L), UAH (11)
where: Py —tire price, UAH;
N7 — tire consumption, units;
N7 — tire wear and repair rate in % of the cost of the set per 1000 km of mileage, %;
k- — tire mileage adjustment factor, which takes into account the operating conditions of the rolling

stock and tire mileage;

ny— number of tires on cars, units;
L — vehicle mileage for the reporting period, km.
The annual tire consumption is:

NT =— , (12)

where: Ly — tire mileage, km;
L — vehicle mileage for the reporting period, km.
Therefore:

S, =P, .%+o, 001- N, -k, -n, -(0,001- L), UAH (13)
N

4) costs of spare parts and materials used in maintenance and repair [14]:

SSPM = L'PSPMa UAH, (14)
where: L — vehicle mileage for the reporting period, km.

Pspm — specific costs for spare parts and materials, UAH/km.

To determine the value of conventional and technical costs, formulas 9, 10, 13 are used. Multiplying
the obtained formulas by the cost of these materials C;, UAH/unit. of material, we will obtain their absolute
values. To bring them into a comparable form, when comparing cars by this indicator, it is necessary to
divide it by the volume of freight transport work performed for the reporting period W, thkm. Then formula
(6) for specific conventional and technical costs for the operation of a car when delivering goods can be
written as:

1
sTC =V7[(PF :0,01-(N,_-L+N,,_-Q,-L,)-(1+0,01-k)+ P, -0,01-Q, -N, +

] (15)
Pt 0,001-N, +k, -n-L+L-P,,)], UAH/hkm
N
where: W — volume of freight transport work performed during the reporting period, thkm;
Pr — price of 1 liter of fuel, UAH;
N_ — basic fuel consumption rate, 1/100km;
L — vehicle mileage for the reporting period, km;
Ninkm — fuel consumption for transport work, 1/100 thkm;
Qc — weight of the cargo being transported, t;
Lgc — distance with cargo, km;
k — allowance taking into account operating conditions, %;
Py — price of 11 (kg) of lubricants, UAH
Nw — lubricant consumption rate, | (kg)/100 | of fuel;
Pr—tire price, UAH;
ny— number of tires on cars, units;
Ly — standard tire mileage, km;
N7 — tire wear and repair rate in % of the cost of the set per 1000 km of mileage, %;
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kr — tire mileage adjustment factor, which takes into account the operating conditions of the rolling
stock and tire mileage;

Pspm — specific costs for spare parts and materials, UAH/km.

Let us simplify formula 15 by denoting:

Ay = (1 +0,01-K) — fuel consumption allowance depending on operating conditions;

P"“* =N, -L — fuel consumption of cars without load;

C! =N, - Q. - Ly — fuel consumption for transport work;

n -L
W, =—T— — wear (consumption) of car tires;
N
Cr =0,01-N; -k; -n, -(0,001- L) - tire retreading costs.
Then we get the formula:

1

STC =V—v-[F>F -0,01-(PY*" +C)')- 4, + P, -0,01-(PY" +C)-N,,, + 16
+P.-W_ +C’ +L-P,,, ], UAH/thkm

When assessing options for updating the rolling stock fleet, it is recommended to use the value of the
economic effect as the main criterion, which is defined as the difference of proportional reduced annual
costs:

Ey=(S1+Er'Ky) = (S2 + Er'Ky) = 81— S + Er-AK, UAH, (7)

where: Sy, S, — current annual production costs for the 1st and 2nd options, UAH;

K3, K, — capital investments by options, UAH;

AK — difference in capital investments, UAH;

Er — coefficient of reduction of capital investments by options to current annual production costs.

Then the effect achieved by the owner of the commercial truck fleet, UAH, when updating it can be
expressed as:

E; =(CTC,+E,-K,)-(CTC,+E, -K,)=CTC,—CTC, + E, - AK , UAH, (18)
where: CTC,, CTC, — conventionally technical components of operating costs for cargo transportation
according to the 1st (base) and 2nd (new) options.

The value of the Eg coefficient in our time should be understood as the spread of the cost of capital
investments by the years of their implementation. Therefore, the value of this coefficient will be determined
directly at the production site, individually for each car. Provided that the cars selected for operation are in
the same price category and will be operated for the same number of years, the coefficient in our case can be

neglected. Then the annual effect of the rolling stock owner EVo , Which is achieved when putting into

operation car models with lower CTC (provided that all other components affecting the company’s profit are
equal):

E; = ACTC = CTC, - CTC,, UAH (19)
The specific effect £; (UAH/thkm) is equal to [14]:

1
E, = AGCTC = i (CTC, -CTC,), UAH/thkm, (20)
where: W — volume of transport work carried out by cars, thkm.

Fuel cost difference:
AS, =P, -0,01-(Pi* +C ) Ay, — B, 0,01 (PI* + O ) Ay, =

F2 dd 2

(21)
=0,01 PF1'P:2V1CA Ay +O’01'PF1 'C¥/1 Ay _0101'PF2 'P\livzCA Ay, _O'Ol'PFz 'C¥Vz Ay UAH
Let us denote: Qs,FlA =P,EV1CA S Qscl :C¥v1 ) Add1; sF; :Pg/zCA Ay ng = C¥Vz ’ Ade'
Then we get:
AS. =0,01-P.,-(Q5' -Q5)-0,01-P, -(Q5; Q) (22)

Let us introduce the relative comparison coefficient [14; 15]:
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S"
= (23)

where: S", S” — value of the i-th cost item in the new and basic variants, respectively.

In accordance: K, = = evaluation criterion based on fuel cost. Then we get: Pr = Kpe Ppy;
F2

C FA C
Q51 = KQS '(Qsz _Qsz)'

FA
Q-0 — fuel consumption evaluation criterion. Therefore: QZ'

QS T ~F4
Qs 2 Qs 2

We get the following formula:
AS, =0,01- (K, P, Ky (Q5 -Q5)-P.,(Q% -Q5,)) = -
=0,01-P,(Q%) - Q)+ (Kee - Kgs —1), UAH
Difference in lubricant costs:
AS,, =P, (0,001 (P + ) Addl) Ny =Py (0,000 (PISA+C1) - 4,,, ) N,y = 5

=0,001-F,, - (QsFlA_Qm) —0,001-F,,, (QSF;_QSCZ)'NLNQ’ UAH

L _ |ubricant evaluation criterion. Then: Py = Kpim

FA c
Q51 _Q51 _
FA c

Qsz _Qsz

LM 2
_ NLMl

fuel consumption evaluation criterion. Then: Qg -Q5, =K, -(Qg, —Qs,). Similarly: K, =

Denote: K, ,, = Pz Kgs =

LM 2

evaluation criterion based on the lubricant consumption rate. Then: Ny = Kniw - Nowe

Therefore:
AS,,, =0,001- (KPLM 2" QS (Q;; _Qscz)' Ko *Nowz =P (QSF; _Q§2)' Ny, = (26)

=0,001- PLMZ (Q;; _Qsz)' NLMZ '(KPLM ’ KQS ) KNLM _1)’ UAH

Tire cost difference:
27

ASTl = PTl ’WT1 - PTZ 'WTz

P L . .
=—% — criterion for evaluating the value of car tires. Then: Py, = K- Pyy;

Let’s express: K, =
T2
tire wear (consumption) evaluation criterion. Ago: Wr; = Kyr-Wr,. In accordance
T2
ASt=Kpr - Pwz - Kwr - Wra —Pwz - Wra - Wi = Py - Wrz - (Kpr - Kyr — 1), UAH (28)

Tire retreading cost difference:
AS, =P, —P,, (29)

P . . . S
Let’s express: K, =—= —evaluation criterion based on the cost of retreading automobile tires. Then:
P2

P, =K -P),. Inaccordance:
(30)

AS =K, B, —F, =P, +(K,, -1), UAH

The difference in costs for spare parts and materials with the same mileage of the compared cars L

(km) [14; 15]:
ASspy = L (Pspm1 — Pspmz), UAH (31)
By analogy with the previous formulas, we transform, then:
ASspm =L - Pspmz * (Kspm — 1), UAH (32)

Transforming formula 20 taking into account formulas 24, 26, 28, 30 and 32, we obtain
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AGCTC =Viv-|:0,01-1"F2 (QSF;1 _Qscz)‘(KPF Ko, _1)+

+0,001- PLMZ (Q;; _QSCZ)' NLMZ '(KPLM ’ KQS ’ KNLM _1)+ (33)

+Pz P '(KPT Kur _:I')+ PPTZ '(ng _1)+ L - Peom '(KSPMl _1)]’ UAH/thkm

Let us denote: P.,=0,01-P,-(Q5-Q;,) - fuel costs of the new car variant

P,,=0001-P, . -(Q: -Qs)-N,,, — costs for lubricants of the new version of the car. Then the specific

conventional and technical costs for transporting goods (GCTCy;) can be written like this: GCTCy; = K; -
GCTC,. Substituting this expression into formula (20), we obtain the value of the specific effect when
replacing the base car model with a new version:
ERSO =GCTC= Ki . GCTC2| - GCTC2| = GCTC2| . (Kl - 1), UAH/thkm, (34)

where: GCTC,; — specific conventional and technical costs for operating a new vehicle variant in the
rolling stock fleet, UAH/thkm.

Expanding this formula taking into account the accepted notations, we will obtain the value of the
annual economic effect achieved by the owner of commercial trucks when updating the fleet:

1 n
Ergy =AGCTC=—-3"[ B, (Kpr - Kog =1)+ By (Kppyy Ky —1)+
WS (35)
+Rir2 '(KPT Kyr _1)+ Por2 '(KWT _1)+ Poom2 '(KSPM _1):|1UAH/thkm

where: P, — fuel costs, UAH;

PLm2 — costs for lubricants and other operating materials, UAH;
Pwr, — costs for tires, UAH;

Prr, — costs for tire repair and restoration, UAH;

Pspm2 — costs for spare parts and materials, UAH;

relative coefficients of comparison of options, respectively:
Kpr — by fuel cost;

Kos — by lubricant cost;

KpLm — by lubricant consumption;

Kpr — by tire consumption;

Kwr — for tire restoration and repair costs;

KWT — by the cost of a set of tires;

P

Kspm — by spare parts and materials costs.

When determining the economic effect of Egso for a fleet of vehicles, it is necessary to sum up all
vehicles.

DISCUSSION OF RESEARCH RESULTS

Therefore, the above formulas make it possible to determine the following components of the cost of
road transportation, such as costs for: 1) fuel, lubricants and other operating materials; 2) wear and tear and
restoration of car tires; 3) costs for maintenance and repair of cars.

In the general structure of the cost of cargo transportation (formula 2.4), it is possible to distinguish
two groups of costs: 1) which depend on the volume of cargo; 2) which are associated with the
characteristics of cargo and organizational work on cargo processing.

One of the ways to reduce the current costs of operating cars is to update the fleet of motor vehicles,
the main criterion for the feasibility of updating is the value of the economic effect, which is defined as the
difference between proportional reduced annual costs (formula 2.35).

CONCLUSIONS

The structure of operating costs of cars includes in particular the costs of maintenance and current
repairs, the amount of which depends on the level of prices for car services and spare parts. It is also
necessary to take into account that the units of modern cars have a high operational resource, but in the event
of their malfunctions the price of repairs will be quite high.

Motor transport enterprises that carry out cargo transportation are constantly faced with the issue of
increasing profits from their activities, which is impossible without increasing the efficiency of use, reducing
the current costs of operating the vehicle fleet. One of the directions is to reduce the cost of transportation.
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The implementation of this direction begins with an assessment of the operating costs of specific brands of
cars and the selection of the most suitable cars to ensure the transportation process.
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Xaepyk B. O. Ouinka e(peKTUBHOCTI eKCILTyaTallii BAHTAKHUX AaBTOMOOIJIIB

VY crarTi po3risgaeTbcs NMUTaHHS e()EeKTUBHOCTI BAaHTAXKHUX aBTOMOOLTIB Ha OCHOBI cobiBapTocTi
BaHTAKHUX aBTOMOOUTBHUX IepeBe3eHb. JleTalbHO aHami3yIOThCS ABI TPYNHU CKJIaJOBHUX BUTpaT: 1) ski
Oe3nocepeIHbO 3aleKaTh Bifl TEXHIYHUX XapaKTEpPUCTUK BAHTAXKHUX aBTOMOOLTIB (BUTpaTh Ha MANMBO,
MacTWiIa Ta IHINI eKcIUTyaralifiHi MaTepialld, BHUTPAaTH Ha 3HOC Ta BiJIHOBJICHHS aBTOMOOUILHHX IIWH;
BUTPATH Ha TEXHIYHE 00CIyroByBaHHS Ta PEMOHT); 2) sIKi BU3HAYAIOTHCS OpraHi3aliiHuMU 0COOIMBOCTIAMU
(YHKLIOHYBaHHSI aBTOTPAHCIIOPTHOTO MiANpUEMCTBA (3apo0iTHA I1aTa BOAIIB, BigpaxyBaHHS Ha COLiajlbHI
noTpedH, aMOpTH3aIlisi aBTOMOOIIBHOTO PYyXOMOTO CKJIaly Ta 3arajibHOrOCIIOIapChKi BUTPATH).

3aranpHa CTPYKTypa co0iBapTOCTI BaHT)KHUX IEPEBE3CHb aBTOMOOUISIMH MpECTaBiIeHa SK CyMa
MMOKA3HUKIB, M0 CKJIAJAIOTh JBI TPyNu BUTpaAT: 1) sKi 3ayie)karh Bl 0OCATIB BaHTaXiB; 2) sKi NOB’s3aHi 3
XapaKTePUCTUKAMU BaHTaXIB Ta OpraHi3aiiiiHow po00TO 3 00poOKM BaHTaxiB. JleTaabHO PO3IIAHYTI i
HaBesleHI (OpMyNH JUIS BU3HAYCHHS IEPINOi rpymu BHTpAT (YMOBHO-TEXHIYHI BHUTPATH), OCKUIBKH 32
BEJIMYMHOIO IIMX BUTPAT MOMKJIMBO: OLIHIOBAaTH €()EKTHBHICTH BUKOPHCTAHHS aBTOMOOITIB B TPOLIOBOMY
€KBiBaJICHT]; MOPIBHIOBATH €()EKTUBHICTH PI3HUX MApOK i MOAEJel aBTOMOOIIB B IPOIIOBOMY €KBiBaJICHTI;
BHOMpATH HAWOUIBIN palliOHATBHUHA IMapK aBTOMOOITEHOTO PYXOMOTO CKJIaay; OIHIOBAaTH €()EeKTHUBHICTH
pobOTH CIIy»)O0M eKCIUIyaTtallii aBTOMOOUTIB B PI3HUX aBTOTPAHCIOPTHUX IIAMPHUEMCTBAX B TPOIIOBOMY
CKBiBaJICHTI.
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MPUBEACHUX PiYHUX BUTPAT.
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RESEARCH ON THE DEMAND FOR ROAD PUBLIC TRANSPORTATION
IN SUBURBAN TRAFFIC

The analysis of existing approaches to estimating transportation demand based on OD matrix modeling has
been conducted to identify the most effective methods for suburban and interurban traffic planning. The interval
concept is applied by analyzing patterns of trip length distribution within the city and adjacent territories, allowing the
definition of intervals within which transportation demand varies in relation to urban centers. This provides a flexible
and probabilistic framework for capturing the variability in passenger flows, taking into account daily and seasonal
fluctuations as well as differences in travel behavior between urban and suburban areas. To determine the spatial
distribution of trips, actual travel distances around the regional center were analyzed, ensuring that the model reflects
real-world travel patterns and regional transport infrastructure.

The proposed methodology was applied to evaluate suburban transportation services, demonstrating its
capability to generate OD matrices that are consistent with observed demand and operational data. The results confirm
that the interval-based approach can enhance planning accuracy, optimize route allocation, and support decision-
making in suburban public transport management. Furthermore, this method contributes to the development of more
robust models for forecasting transportation demand, offering practical guidance for transport planners and
policymakers aiming to improve service efficiency and passenger satisfaction. The study highlights the potential of
integrating probabilistic modeling techniques into transportation planning to account for uncertainties and dynamic
changes in travel behavior, providing a scientific basis for evidence-based decision-making in the organization of
suburban transport systems.

Keywords: demand, suburbanarea, city, commuters, distance, OD matrix.

INTRODUCTION

Under present-day conditions, there is an increasing tendency for some of the inner-city residents to
prefer to live outside the city, in the so-called suburbs, that is, in the residential areas that surround the major
city. The suburban area is formed under the impact of “suburbanization” that is the process of growth and
development of the suburban area of major cities [1], resulting in the formation of urban agglomerations,
which are interdependent groups of settlements (primarily urban) united into dynamic systems by different
types of ties (labour, production, recreational, infrastructure, etc.). This causes faster development of the
suburbs (primarily demographic) compared to the central city [2]. The suburbs are starting to develop at the
expense of the central city: a rapid shift of urban residents from the central city areas into the suburbs occurs
as well as the relocation of industrial, social and other functional facilities. In turn, the suburban inhabitants
are more likely to seek employment and appropriate education in the central city by commuting from home
to work or study [3]. That is, there is a continuous interaction between the city and its surroundings, which is
realized through their interconnections. One of the important factors of this interaction is population
displacement, which involves both centripetal and centrifugal trips.

The suburbanization process is a further stage in the development of the urbanization process, and the
development of the transportation system is a prerequisite for both these processes. Special attention should
be given to the efficient management of the passenger transportation system, which requires accurate
determining the transportation needs of the population. The regularities and conditions for organizing
transportation result from fulfilling transportation needs, which are met within the specific
transportationsupply, the so-called transportation accessibility [4]. The trip number of suburban inhabitants is
one of the main characteristics of the transportation process, which depends on the ways of fulfilling the
transportation demand and is influenced by the importance of the city in the system of international, state,
regional socio-economic, historical-cultural and other spheres, as well as the nature and content of the system
of population distribution and places of work in the sphere of influence of the city including its
surroundings.The distribution of the transportation demand in the area surrounding the city determines the
regularities of trip length distribution all around the city [4] and can serve as a demand-modelling basis for
public transportation services in suburban traffic. Describing the demand pattern of road public
transportation is one of the most important tasks of modelling the transportation system of the city with
adjacent territories, which is virtually researched in contrast to the methods and approaches within the cities.
It lies in determining the most accurate OD matrix, which provides an opportunity to become aware of the
quality of public transportation services and to test scenarios of the agglomeration expand.
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LITERATURE REVIEW AND PROBLEM STATEMENT

There are two main approaches to determining the needs for transportation, which are the basis for the
OD matrix (ODM) formation. The first one involves surveys aimed at obtaining information on the current
rate of demand fulfilment and obtaining information on the regularities and peculiarities of demand
formation for mass transit [5]. Conducting field surveys provides information on actual passenger traffic, fill
rate of transportation means and the trips' number. Questionnaires and statistical reports provide the idea of
population mobility (travel regularities of different population groups, depending on the purpose of the trip),
settlement patterns concerning places of work, attendance of cultural-domestic institutions, changing places
of work and moving house (changes in settlement patterns) and trip time (possible regularities of passenger
travel behaviour). Conducting a full-fledged survey provides enough accurate information, but it is time and
labour consuming. Existing transportation reports do not always provide full information on the distribution
of trips depending on the purpose of movement.

The second approach that is based on using different demand forecasting models determines the
dynamics, trends, and patterns of demand development. This approach is less labour-intensive but does not
always provide sufficiently accurate results and in some cases, it simplifies real processes. Using models to
calculate the ODM comes with the application of the methods based on the statistical analysis of data on
actual trip directions, as well as the methods based on a priori logic hypotheses [6, 7]. Three main
approaches to the formation of the ODM can be distinguished, namely statistical, synthetic and probabilistic
approaches.

The statistical approach requires field surveys of trips [7] and allows obtaining the most accurate
information on the transportation needs of the population. Such total surveys are mostly conducted using a
guestionnaire and contribute to the formation of the most accurate ODM. This approach also implies the
application of statistical methods for calculating the ODM, which allows applying available trips' number
values of the current or previously investigated period for the future analysis period. Such methods include
the growth factor method, the Detroit method, the Furness method (the Fratar method) and others [5, 7].
However, conducting surveys to obtain the actual matrix is cost-intensive and modelling is performed only
for the rates of growth or decay (decline) of trips' number.

A group of methods, which can be distinguished under the latter approach to obtain the ODM, use
various synthetic models based on the similarity assumed to exist between processes occurring within the
transportation system and physical processes as well as laws of nature [7, 8]. This approach is considerably
less labour intensive to form the ODM, but it does not provide sufficiently accurate results. To calculate the
trips' number, gravity and entropy models, as well as the intervening opportunities method, are used.

Methods taking into account, to some extent, the credibility of the approach to modelling ODM [8] is
based on the assumption that each individual selects a traffic route from a finite number of alternatives
considering their socio-economic characteristics and relative attractiveness using discrete choice models, for
instance. Multiple correlation models [5, 7] based on identifying factors that specify the emergence of
transportation needs and their impact on the formation of passenger flows through the determination of
coefficients in the correlation equation that determines the passenger trips' number.

Almost all the methods of obtaining the ODM are characterized by using the unique algorithm for
calculating and the point estimate of the matrix. The approach to determining the population demand for
public transportation services that provides an opportunity of obtaining the most probable states of the ODM,
which are as close to the actual demand state of public transportation service as possible, is presented within
the framework of interval concept [7]. This concept assumes that demands for home-based work trips are
random and can be described not by a single ODM, but by a set of them. Each matrix from the set represents
one of the possible states of the transportation demand. Their fluctuations are within the range corresponding
to demand states with the minimum and maximum transportation operation that is performed during the
course of the passenger movement process. One of the reasons for such representation of suburban
transportation needs is the shift in demand depending on the scope of influence of the city on the magnitude
of movements for the specific transportation mode.

A significant impact of human settlements on the intensity of traffic flow on public roads is specified
in the work [8]. The models reflecting an increase in traffic intensity on approaching a high-way section
located near human settlements have been obtained on the basis of the regression analysis. However, the
application of the model gives the possibility of predicting only the magnitude of traffic intensity within the
suburban area and does not allow taking into account the probabilistic nature of the shift in demands for
transportation depending on the distance of human settlements from the major city.
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PURPOSE AND OBJECTIVES OF THE STUDY

Considering the existing problems of determining suburban transportation needs and approaches to the
ODM calculation, the relevant objective is to develop the model of suburban transportation needs. The model
should be developed using the approach, in which it is reasonable to apply the interval concept to calculate
suburban ODM. The application of the interval concept must be based on the patterns of trip distribution
within the area surrounding the city. The regularities of the spatial distribution of trips can be determined
based on actual distances within the area surrounding the city [4].

RESEARCH RESULTS

According to the work [4], in considering the trip length outside major city |’ as a random variable of

the trip length in the suburban traffic, it has been found that its distribution must be exponential with the shift
parameter, on condition that it is a part of the trip length distribution, which is considered both within the city
and beyond the city borders.Determining the regularities of the distribution of I’ creates the basis for

identifying the needs for suburban public transportation, which reflects the distribution of distances of all
suburban passenger trips. As previously defined, the form of a demand model between the origin and
destination points of transportation traffic is the OD matrix. Taking into account that the values in ODM
cells represent the frequency of trips over a certain distance and using the concepts of the statistical
probability of an event and exhaustive events, the probability of occurrence of a certain trips’ number can be
written as follows:

h.. m
p(h)=->, H=Dh; &)
H i,j=1

i#]
where h; is a trips’ number from zone i to zone j, during time interval considered, pass.;
His the sum of all trips in the matrix, pass.

The empirical probability of moving h; overa certain distance II',ij is determined as follows

m

h..
PjME){I;“ EA}Z Zﬁl{l;ﬂij EA}, (2)

i.j=1
i#]

where I <) is the indicator of event, which implies that the travel distance I]',ij from zone i to zone j

Iy
is within some interval A.

That is, equation (2) is a probabilistic combination of event indicators /[ s}. Considering the actual
distribution I;ai,» , Which according to [4] has five groups of intervals, if there is a probability of moving over a

certain distance, which belongs to the interval A and the matrix of distances between transportation zones,
according to the interval concept of determining transportation needs it is possible to determine the ODM
states that provide support for the exponential distribution of {’pL.J..This allows taking into account the

probabilistic nature of transportation links and eliminating the disadvantages of point estimate of the ODM.
The formation of the most probable states of the ODM within the framework of the interval concept based on

the actual information on the trips' length I;J that the population commits provide an opportunity of

determining the percentage ratio of the number of inhabitants, whose travel distances to the city correspond
to the defined intervals of trip length. The proportion of inhabitants, whose travel distance I;J lies within a

certain interval can be determined as the difference of values of the function of exponential distribution at
points corresponding to the boundaries of the given interval:

PIO Y =P, eaf =Pl c@in) =z -z(a), ©

where p{|]<fu>} = p{|pij EA.} is the probability that the travel distance Ipij is within the interval A ;

A, =(A};A}) is the group interval of travel distances of passengers that is defined by the lower A

and upper A’ limits, | =1, 2,..., X,..» X,,, iS the number of group intervals of travel distances of passengers;

Int
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Z(A%),Z(A}) is the value of distribution function Ip“_ at points A’ and A respectively, accordingly

the total number of movements H*’ that must be made at a distance from a certain interval A, can be
defined as follows
H(A|) — P{IiﬁAl)}' H , (4)

where H is the total trips’ number during time interval considered, pass.
To obtain the ODM, it is necessary to find a distribution of trips’ number that corresponds to the
system of limitations

3'h, =HO, > h, = HP;
i=1 i=1

D =HE i =12, X
ij

i*]

()

Xint m

ZH(A'):iZhU:H,

1=1 i=1 j=1

where hij is the required trips’ number between transportation zones i and j, pass., hij >0;

m is the number of departure and arrival zones, units; HO;, HP, is the arrival and departure capacity
of each transportation zones, pass.; hiﬁA') is the trips” number, which are realized at a distance |i§A' ),

To obtain the OD matrix, which satisfy the limitations (5), the algorithm for calculating suburban
transportation needs has been developed. In order to implement the developed methodology for determining
the suburban transportation needs in public transportation sector, the following data are required: the arrival
and departure capacity of the transportation zones; the matrix of the shortest distances between transportation
zones; the probability of movements according to the exponential distribution of the trips’ length at points
corresponding to the boundaries of the given interval.

The first stage involves checking the balance between the departure and arrival capacity of the

transportation zones iHoi = iHF’,- =H;i,...,m; j,...m and the actual distribution of movements according
i=1 =1

to the value of the exponential distribution function within the specified intervals of the total number of

movements between the transportation zones Z“: H® —H
1=1
The next step is filling out the OD matrix using a random number generator with a gradual check of
each random value in the matrix and the forming of a random state in the ODM is performed.
According to the random ODM and the matrix of the shortest distances, the frequency at which travel

distances hiﬁA')fall within the given interval A, is calculated. After that, the compliance with theactual hit
frequencies I;J is evaluated and corrected using closed loops. The calculation is carried out until the

calculation of the value hij in the ODM corresponds to the actual distribution I;Ji,- :

The practical implementation of the developed methodology has been carried out by the example of
public transport network model of the Kharkiv region. The departure capacity of the transportation zones has
been defined as the potential number of inhabitants of human settlements situated in the area surrounding the
major city, who move in the direction of the city in accordance with the characteristics of human settlements
and the predicted value of traffic intensity of public transit. Last value is determined according to the
experimental studies [9] considering other types of public transport links.

HO, =N L K, )

" 0820+ 12%° 4 0023. "

where N is the number of inhabitants of human settlement i, who commutes in the direction of the
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city, people.; L, is the remoteness of human settlement i, from the city, km; k3i is the proportion of trips

made using public railway system of human settlement i, %; P is the number of inhabitants of the city, in
the direction towards which the travel takes place, people.

Experimental verification of the proposed methodology for determining the departure capacity of the
transportation zones for human settlements has been carried out based on a sampling survey using the tabular
method of passenger flow surveys for different categories of routes in various principal traf-fic directions.
The maximum deviation of the calculated data according to the experimental studies is 0.31. The arrival
capacity of the transportation zone has been determined to take into account the total number of inhabitants
of human settlements who move in the direction of the city and the presence of bus stations and transit trips
which ends in the city. The public transport network model and the matrix of the shortest distances between
transportation zones have been calculated using the VISUM software.

The point objects that define the spatial position of the intersections — “nodes”, which are also the
starting points or respectively endpoints of the segments are placed on the loaded “background”. For more
accurate refining of “nodes” real coordinates of their location are assigned. The next step of modeling is the
allocation of “segments” that are directed edges, which characterize the forward and reverse directions and
are independent objects of the network. The segments connect the nodes and thus describe the structure of
the road network. After that, the objects that describe the state of attractors in the network, namely zones are
entered into the supply model. The points of attraction of passengers, which are human settlements, are
assigned as zones. The zones in the transport model are entry points and the purpose of the transport
movement. The centre of the transportation zone is defined in specific human settlements according to the
main directions of passenger traffic with approximately the same area of service. They are connected to the
network by a “junction”. The junctions connect the “zones” with the road network. For each specific
transportation system, they correspond to the ending and starting pedestrian crossways between the zone
centre and the junction. The next step of the design process is to plot the stopping points on the map of the
object under consideration and register regular suburban and regional traffic routes.

Table 1 General description of the model

Parameter Value
Number of stopping points, units 689
Number of transportation zones, units 199
Number of human settlements in the region, units 218
Number of inhabitants of human minimum 16
settlements, people. maximum 56 655
The total population, thousand people 878.485
The area of a human settlement, km? minimum 0.06
maximum 56.026
Number of human settlements with railroad transportation 36
service, units
. . minimum 5.3
Population density, people per sq. km e — 3694

The application of the developed algorithm has allowed for the formation of the ODM that
corresponds to (3) and (4) and satisfies the limitations (5). In compliance with the actual distribution of travel
distances within the Kharkiv region, the fluctuations have been calculated within the given group intervals.

According to the calculations, the maximum fluctuation ZhiﬁA') in compliance with the proposed

1]
1#]
methodology of ODM calculation is 8.5 %.
It should be pointed out that the maximum distinguishes is observed at a distance of more than 60 km.
This can be explained by the fact that the influence of the city tends to decrease significantly with the
distance of human settlements (points of attraction) from the city and restricts suburban transportation
service.
DISCUSSION OF RESEARCH RESULTS
The use of the proposed methodology in suburban traffic has advantages compared to previously
proposed ones. For example, the study of the spatial distribution of displacements in suburban traffic in [4] is

n 2025, Ne2 (25) ISSN 2313-5425




© A.Kochina 2025

based on the process of rural population dispersal relative to the regional center. But in the study of
settlement patterns, settlements are united depending on the remoteness of their regional center. The
procedure for calculating the ODM is based on the gravity model and does not take into account the random
nature of the trip directions formation.

Table 2 Estimation of ODM calculation

Lower |[Upper Probability  |[Number of movements, units
Group limi o - _
interval imit, | limit, | of pecording to pecording distinguishes P
km. km. movement | probability to model
1 0 20 0.309 A1374 11958 -584 1.4
2 20 A0 0.199 26645 27531 -886 3.3
3 40 60 0.153 20486 20324 162 0.8
A 60 80 0.099 13256 14386 1130 8.5
5 80 100 0.240 32135 29697 2438 7.6
TOTAL 1 133896 133896 5200 r

The use of a probabilistic approach in the framework of the interval concept is presented in [7] for the
urban territories with a different population based on the distribution function. In this case, the author
considers the process of the emergence of new attractors at the city border and the suburban zone. Using this
approach served as the basis for the study of the trip length distribution. Confirmation of patterns in the
distribution of trip length was presented in [4] in the suburban traffic. Therefore, the proposed methodology
was the next step in the study of a suburban land-use.

ODM s certainly an integral part of the public transport model of the suburban transport system for
road transport. Without ODM, it is practically impossible to assess the effectiveness of the route network for
any kind of trip, both from the passengers' and the carriers' point of view. That is why obtaining the most
likely states of the ODM that best reflect the mobility needs of the commuter population is the goal of
transport planning and modeling experts. To assess the probabilistic nature of the demand is still a task that
requires new solutions and the use of new approaches. The innovation of the developed methodology for
determining demand in suburban traffic primarily lies in the possibility of its use in assessing changes in the
transport system of the city and its surroundings. When forming the initial information for calculating ODM,
separate the most common relationships between the city and the suburban area, determine the real border of
the suburban area for towns of regional and district significance.

The results of the calculations by the proposed methodology can represent a methodological basis that
can provide a solution to the problems of improving the organization of passenger transportation in suburban
traffic both for transport enterprises and for organizations that participate in the management of various types
of activities related to the public transport system. For the above-mentioned stakeholders in the transport
process, work efficiency can be considered both from a social point of view (meeting demand) and from the
economic side - increasing the level of profit and profitability of enterprises.

Risks associated with the inaccuracy in determining the demand in suburban traffic according to the
developed algorithm can primarily be associated with the lack of actual data on the distribution of distance of
movement across territories in the suburban traffic, in the wrong methodology for conducting a passenger
flow survey, in inaccurate information provided by transport enterprises (trips without issued tickets). The
elimination of these risks depends on administrative organizations interested in obtaining accurate and
reliable information to assess the satisfaction of demand and improve the efficiency of the functioning of the
public transport system in suburban traffic.

Uncertainty of the results of calculations may pose increased risks for the population as a result of not
being in a timely manner at the final destination, which may include both the place of work and any
institution in which there are strict restrictions on the time of arrival. The developed algorithm for
determining the OD matrix allows reducing risks for the population due to the inefficient operation of public
transport in suburban traffic.

CONCLUSIONS

The proposed methodology of calculating the ODM allows us to take fully into account the
probabilistic nature of the demand and to obtain such distribution between the cells of the ODM, which
ensures the formation of the actual distribution of travel distance in suburban traffic. Be-sides, the developed
methodology is fully consistent with the interval concept of modeling transportation needs and contributes to
its application in suburban transportation service. At that, it is also possible to develop ODM alternatives that
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may correspond to the minimum deviation from the actual distribution of movements around the city. The
obtained OD matrices can make possible the interval estimation of any parameters related to the realization
of transportation needs and, accordingly, the quality of public transportation services.

The application of the developed methodology within the framework of interval concept can
significantly reduce a range of possible states of passenger correspondencematrix and allows defining the so-
called boundaries of the zones of influence of the city in suburban traffic.
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A. Kouuna. JlochifzkeHHS TONMMTY HAa aBTOMOOUILHI TepeBe3eHHS TPOMAaJACBKHM TPaHCIOPTOM B
NPUMiCBKOMY CIOJIyYeHHI

Byno mpoBeneHO aHami3 ICHYIOUMX MIIXOXIB /IO OLIHKK TPAaHCIIOPTHOTO TOIMTY HAa OCHOBI MOJIEIIOBAaHHS
MaTpHLi MacaKUPCHKUX KOPECHOH/ICHIIIH 3 METOI0 BU3HAYEHHs Hale()eKTHBHIIINX METOAIB IIAHYBaHHS NPUMiCHKOTO
Ta MDKMICBKOTO pyXy. [HTepBaJIbHA KOHIIETILIISl 3aCTOCOBY€EThCS IIUIIXOM aHaJi3y MOJiesel po3MoIuly JOBKHUHH TOI310K
y MeXax MicTa Ta NMPWIErTINX TEPUTOPiH, M0 J03BOJISE BU3HAYUTH IHTEPBAIH, B MEXaX SKUX TPAHCIIOPTHUH IOIHT
BapiOETHCS Y BiJHOIICHHI A0 MichbKkuX HeHTpiB. Lle 3abe3meuye rHyYKy Ta IMOBIpHICHY OCHOBY JUIS BiZOOpa)keHHS
MACaKUPOTIOTOKIB, a TAKOXK BIIMIHHOCTEH y MOBEHIHII TMacaXHpiB MK MICHKHMH Ta MPUMICHKUMH paiioHamu. [
BH3HAYCHHS MPOCTOPOBOIO PO3MOAUTY IOI30K Oyi0o MpoaHalizoBaHO (aKTHYHI BIICTaHI TMOI3AOK HABKOJIO
PETiIOHATIBHOTO MEHTPY, II0 3a0e3MeYmIo BiAOOpaKeHHS B MOEI pealbHUX MOJEeH MOI3M0K Ta perioHaabHOI
TPaHCIOPTHOI iIHPPaACTPYKTYpH.

3anporoHOBaHO METOJWKY BH3HAYEHHS IIONWTY HAa TEPECYBaHHA B TPUMICBKOMY CIHOJYYeHHI Ha OCHOBI
iHTepBaJIbHOI KOHIEMIii po3paxyHky maTtpuri MIIK, sxka mo3Bonsie oTpumaté HanWOinem HmoBipHicHI ctann MIIK,
KOTpl MakCHMajJbHO HAOJMKEHI A0 PEATbHOTO CTaHy IONHTY. 3aCTOCYBaHHS IHTEpPBANbHOI KOHIIEIi OCHOBaHE Ha
3aKOHOMIPHOCTSIX PO3MOIiy MEePEeCyBaHHS Ha TEPUTOPIi, O OTOUYE MICTO Ta HAJIa€ MOKJIMBICTh BU3HAYUTH 1HTEPBAJIH
B MEXaXx SIKMX 3MIHIO€THCS ITONUT Ha MepecyBaHHs BiTHOCHO MicTa. [Ipn Bu3HaYeHH! 3aKOHOMIPHOCTEH IPOCTOPOBOTO
pO3IoiTy NepecyBaHb OyJIM BUKOPUCTaHI (paKTHUYHI BiJICTaHI IepecyBaHb HaBKOJIO 00JAacCHOTO LEHTPY Ta 3AIHCHEHO
OLIiHKA 3aIIPOIIOHOBAHOTO ITiIX0ly BU3HAYEHHS MOITUTY Ha MEPECyBaHHS B IPUMICEKOMY CHOJIYUYECHHI.

KarouoBi cjoBa: momut, npuMiChKa 30HA, MICTO, TACaXHPH, BIJICTaHb, MAaTPUIl IACAXKHUPCHKUX

KOPECHOHACHITI
KOYUHA Anacmacis Anamoniiéna, KaHIWAAT TEXHIYHUX HAyK, JOICHT KadeIpu TPAaHCIOPTHUX CHUCTEMH i
JIOTiCTHKH, XapKiBCHKUIH HaIlOHAJIBHUI ABTOMOOLITB-TOPOKHIN YHIBEpCHTET e-mail:

kochina.tsl@gmail.com.https://orcid.org/0000-0001-8377-4770
Anastasia. KOCHINA, PhD, Associate Professor of the Department of Transport Systems and Logistics, Kharkiv
National Automobile and Road University, e-mail: kochina.tsl@gmail.com https://orcid.org/0000-0001-8377-4770
Jarta HagxomkeHHs ctatTi 70 BuaaHus: 24.10.2025
Jara npuiHATTS CTATTi 0 APYKY micis periensyBanus: 06.11.2025

DOI 10.36910/automash.v2i25.1907

m . 2025, Ne2 (25) ISSN 2313-5425



http://kyiv-heritage.com/sites/default/files/%D0%A8%D0%A2%D0%9E%D0%9C%D0%9F%D0%95%D0%9B%D0%AC%20%D0%B8%20%D0%B4%D1%80%20-%20%D0%A0%D0%B0%D0%B7%D0%B2%D0%B8%D1%82%D0%B8%D0%B5%20%D0%BC%D0%B5%D0%B3%D0%B0%D0%BF%D0%BE%D0%BB%D0%B8%D1%81%D0%BE%D0%B2%2C%20%D0%BC%D0
http://kyiv-heritage.com/sites/default/files/%D0%A8%D0%A2%D0%9E%D0%9C%D0%9F%D0%95%D0%9B%D0%AC%20%D0%B8%20%D0%B4%D1%80%20-%20%D0%A0%D0%B0%D0%B7%D0%B2%D0%B8%D1%82%D0%B8%D0%B5%20%D0%BC%D0%B5%D0%B3%D0%B0%D0%BF%D0%BE%D0%BB%D0%B8%D1%81%D0%BE%D0%B2%2C%20%D0%BC%D0
http://www.economy.nayka.com.ua/pdf/10_2015/45.pdf
http://www.economy.nayka.com.ua/pdf/10_2015/45.pdf
http://nbuv.gov.ua/UJRN/VNULPDM_2017_866_30.
https://khgts.kname.edu.ua/index.php/khgts/article/view/5098
https://khg.kname.edu.ua/index.php/khg/article/download/5447/5371/
https://doi.org/10.36910/automash.v1i16.510
https://doi.org/10.36910/automash.v1i16.510
mailto:kochina.tsl@gmail.com
https://orcid.org/0000-0001-8377-4770

© A. 1. Korobko, I. V. Semenov 2025

UDC 629.33

A. 1. Korobko, I. V. Semenov
Kharkiv National Automobile and Highway University, Kharkiv, Ukraine

FUNCTIONAL ADAPTATION IN A GRAIN CARRIER WHEN THE MASS OF
TRANSPORTED GRAIN ISUNSTABLE

The methodology of functional adaptation of a grain truck by adjusting the speed depending on the density of
the transported grain crop is proposed. As a result of studying the functional adaptation of a grain truck with an
unstable mass of transported grain, it was found that fluctuations in the grain cargo during transportation significantly
affect the stability of the vehicle, especially during maneuvering and braking. When estimating the weight of a grain
truck, the density of the transported grain must be taken into account. The volumetric carrying capacity of a grain
truck is carefully assessed by establishing a functional dependence on such parameters as nominal carrying capacity,
volumetric carrying capacity, body volume, and cargo volume. The dynamic space of grain truck operation is based on
a metric state space, each element of which fully determines the state of the system under consideration according to
certain functional parameters. If one or more functional parameters of the grain truck are unstable and deviate from
their nominal values, the grain truck may lose its functional stability and not perform the functions defined by the
regulatory and technical documentation. In such cases, the dynamic operating space is characterised by transfer
functions that provide a mathematical basis for analysing the behaviour of the system. During the operation of a grain
truck, the task of ensuring its functioning in one of two areas is solved: the area of operation or the area of optimal
operation. To ensure that the grain carrier operates in the optimal region, it is necessary to select such nominal values
of functional parameters and tolerance fields to ensure the position of the spread and outputs in this region.

Keywords: functional adaptation, grain carrier, grain mass, mass instability, acceleration, equation of motion.

INTRODUCTION

Ukraine is rightly considered a grain country due to the efficient transportation of grain from fields to
granaries, from elevators to processing plants, and to seaports. Ukraine has created a KrAZ «Karavan-2»
grain haulage train consisting of a KrAZ-6511 C4 dump truck and a PCWi-33 dump trailer with technical
and economic indicators on par with foreign analogs (Fig. 1) [1].

Fig. 1 — KrAZ-6511C4 grain carrier

The KrAZ-6511C4 grain truck is equipped with a 400-hp Weichai Power WP12. 400E40 (Euro 4)
with SCR exhaust gas cleaning system, MFZ 430 clutch and Fast Gear 12jS180TA manual transmission. The
chassis is equipped with a reinforced rear axle balancer suspension, a front axle with an increased payload of
up to 8 tonnes, and an integral steering mechanism. The payload of the vehicle is 20 tonnes and the trailer is
24 tonnes.

The results of factory and operational tests confirm the effectiveness of the KrAZ «Karavan-2» grain
truck in agricultural enterprises [1].

ANALYSIS OF LITERATURE DATA AND FORMULATION OF THE PROBLEM

The applied theory and practice of road train, all-wheel drive vehicle and off-road vehicles are
described in [2, 3, 4], on the basis of which the rational values of energy efficiency and parameters of KrAZ
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grain carriers during grain transportation are substantiated [5, 6]. However, these works do not reflect the
results of studies on the functional stability of an all-wheel drive truck with instability of the transported
cargo weight. In [6], the economic efficiency of using the KrAZ «Karavan-2» grain truck train for
transporting grain over a distance of 400-500 km was determined and it was found that its use for short
distances (up to 50 km) is impractical.

The performance of road trains is determined by their average speed and carrying capacity. The
possibilities for increasing the average speed of road trains are limited [7], so the most promising way to
increase productivity is to adjust the speed depending on the density of the grain crop (wheat, barley, oats,
etc.), i.e. the volumetric carrying capacity (t/m°).

Functionally, vehicle stabilisation is assessed by its dynamic properties, which are manifested in the
vehicle's response to control influences [8]. This paper proposes using the value of the acceleration (linear or
angular) of a car that occurs when creating a controlling influence as a criterion for controllability. It is
proposed to use this criterion to evaluate the dynamic properties of a car not only when turning, but also
during acceleration and braking, i.e., controllability is characterized by the accuracy of changing the
movement parameters in accordance with the driver's desire. Thus, handling is the ability of a vehicle to
respond adequately to driving influences. This manifests the dynamic properties of cars while driving, taking
into account the applied forces.

PURPOSE AND OBJECTIVES OF THE STUDY

The study aims to develop a methodology for the functional adaptation of a grain carrier by adjusting
the speed depending on the density of the transported grain crop.

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

— to substantiate the functional model of a grain truck;

— to develop a methodology for determining the functional stability of a grain carrier when the weight
of the transported grain changes;

—to develop practical recommendations for ensuring the functional adaptation of a grain carrier.

RESEARCH RESULTS

Mathematical modeling of grain truck movement. When a grain truck is moving steadily uphill
with an angle a (Fig. 2), the following forces act on it

— gravity G,, applied at the centre of mass C, of the vehicle, which can be decomposed into the
components G, sine and G, coso;

— the air resistance P, the point of application of which is at the height of the centre of sail, taken
equal to the height he;

— reaction Py, applied to the mechanism of coupling of the vehicle with the trailer at the height h, (it is
assumed that Py is parallel to the bearing surface);

—normal reactions R; and R,, shifted by a value (n+m) from the projection of the wheel axles.

Fig. 2 — Diagram of the forces acting on a grain truck when driving uphill with an angle «

Having compiled the equations of moments of all applied forces relative to the points of applied
normal reactions and bearing in mind that the sum of

(Ry + Rg)%zGaf cosa.,

we obtain the following relations for normal reactions:
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h
Ro :Ga%cosa+ PWTC+Ga
Neglecting the air resistance (P,=0) and assuming that the driving wheels of the car are the rear
wheels, its traction properties are estimated only by the R, reaction. Replacing the reaction Py of the trailer
link in equation (1) with its value:

Pn =1y -1)Ga(f cosa+sina)= (I 1P,

where Py is the traction force on the driving wheels of the vehicle in the absence of the trailing link; Iy,
is the vehicle load factor.
In addition, since.

P, hTC =(Ga sina+Gg f cosoc)hTC,
then

h- . h h
Ga-Csina =Py < —Ga f —Ccosa.
a7 o =ran mmbaln R

In this case, transforming equation (1), we obtain

el 1)th he — ¢
L

=Gy %cosa + Py —~——=-C0Sa. . (2)

where I is the trailer load factor.

The expression in square brackets in (2) is the reduced height of the centre of gravity of the grain
truck, which is greater the higher the load factor and the height of the hitch. For h,=h, and the value of the
load factor I =D,: D=2, where D, and D, are the dynamic factors of the vehicle and trailer, respectively. The
traction force of the grain truck with the rear drive wheels at the road adhesion coefficient ¢ is equal to
P.=R,p. For this case, the dynamic factor of the grain truck in terms of traction is written as

apcosa N 3
|ftLp (plhh+( —l)nkj @)

D¢ =

Since the last term of equation (2) is negligible (no more than 0.5 % of R;), the rolling resistance
coefficient f is not included in (3).

The variable forces acting on the grain truck are related either to the displacements or to the velocities
of the points of application of these forces. The functional relationship that links the magnitude of the force
and the kinematic parameters is the characteristic of the force. The force modulus in this relationship can
also be a function of the arguments. For ease of calculation, we will assume that the force modulus is a
function of the kinetic parameters for given characteristics.

The equations of motion are used to determine the laws of motion of mechanical systems under given
forces [9]. The number of these equations for grain carriers with holonomic links is equal to the number of
degrees of freedom of the grain carrier. The equations of motion of a grain carrier can be represented in
various forms based on the theorem of change of kinematic energy. In the integral form, the equation of
motion of a grain truck has the form:

n n m
2 Ti—-2To= 2A, (4)
i=1 =l =l

where Ty, T; are the kinetic energy of the link and the grain truck, respectively, at the beginning and
end of the time interval under consideration; Ay is the work of each of the external and internal forces acting
on the grain truck during a given time interval; » is the number of moving links; m is the number of forces.

Equation (4) is quite cumbersome even for simple traction units, since it is necessary to summarise the
forces. For a grain carrier with one degree of freedom, a simpler form of this equation can be obtained, in
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which all summation operations are performed in advance. For this purpose, equation (4) is replaced by the
equation of motion of a single point of the grain truck, which moves so that its generalised coordinate
coincides at any time with the generalised coordinate of the grain truck. The dynamic model of a grain truck
will be a material point with mass m, moving under the action of a force F, so that the generalised coordinate
S of this point coincides with the generalised coordinate of the grain truck at any given time.

It is always possible to determine such values of F, and m, that the equation of motion of the actuator
point is identical to the equation of motion of the grain truck and, therefore, the generalised coordinate of the
actuator point will coincide with the generalised coordinate of the grain truck at any time. In this case, the
equation of motion of the fulcrum is written in the form of an energy integral for some finite time interval
during which the generalised coordinate changes from S, to S, and the reduced mass (for the grain truck, this
value is variable) changes from m, to my:

2 maav2
mpv  MnoVg s
—nt 0 02 Fuds, 5

2 2 lspfm ©)

where v is the velocity modulus of the point of reference; v is the value of v at S=S,.
To ensure the identity of equations (4) and (5), it is necessary and sufficient to fulfil the conditions:

S m
[FndS = X 4 ; (6)
So k=1
2 n
maV
S=2Ti. (7
i=1
When the condition in dependence (4) is fulfilled, the condition is also satisfied for any moment of
time:
2
MnoV, n
0= ¥Tp. ®
2 =1

The reduced force F, can be found from (6), and the reduced mass m, can be found from (4). Thus, the
reduced force is a force conditionally applied to the point of reduction and is determined from the equality of
the elementary work of this force to the elementary work of forces and pairs of forces acting on the links of
the grain truck (car, trailer). The equality of elementary work simultaneously means the equality of powers
of the elements of the grain truck:

m
Fnv= 2Nk, 9)
i=1

where F is the power of the force (pairs of forces) acting on the grain truck link.

Given the velocity vy of the point of application of the force Fy acting on the grain truck link, wy of the
angular velocity of the grain truck link acted upon by a pair of forces with moment A4, the reduced force F,
is calculated by the formula:

m
Fo=> {Fk YK cos(Fy v )+ My "’—k} . (10)
k=tb Vv v

This sum can be both positive and negative, i.e., the reduced force is a scalar value. The minus sign
indicates that the force F, is directed in the opposite direction to the velocity v of the point of actuation. The
reduced force F, can be considered as a scalar magnitude that coincides with the generalised Lagrange force,
which is determined by the ratio of the sum of the possible work of forces applied to the links of the grain
truck. From dependence (7) it follows that the reduced mass of the grain truck can be defined as the mass
that the point of actuation must have in order for the kinetic energy of this point to be equal to the kinetic
energy of the grain truck’s links. The kinetic energy of the link
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2
mVe:  Jgjo;
r="0s SO (1)

where m; is the mass of the link; vg; is the modulus of the velocity of the centre of mass of the link; w;
F; is the modulus of the angular velocity of the link; Jg is the moment of inertia of the link relative to the axis
passing through the centre of mass perpendicular to the plane of motion.

Taking into account (11), transforming (7), we obtain the following dependence for estimating the

mass of the link
2 2
n Vei o
mp=3 mi(—s'j +Jsi(—'j . (12)
i=1 \ VY v

n general, to build a dynamic model of a grain truck, any point on the grain truck can be chosen as the
point of reference, i.e. the point where the mass is concentrated. Therefore, the reduced mass of a grain truck
can be defined as the mass that must be concentrated at the point of actuation so that the kinetic energy of
this point is equal to the kinetic energy of the truck and the grain truck trailer.

The reduced force and reduced mass do not depend on the speed of the point of impact, as the
formulas for determining them include only the velocity ratios. For example, if the speed modulus of the
point of origin v changes by a factor of k, then vy, vs; and w; change by the same factor, while their ratios to v
remain unchanged. It follows that the determination of the reduced forces and masses can be performed
without knowing the velocity of the point of reference, i.e., before solving the equation of motion. This is the
main advantage of reduced forces and masses. This conclusion can also be reached by paying attention to the
fact that formulas (7) and (8), in addition to the given constants, include only analogues of velocities that do
not depend on time.

Let the reduced force F, be given as a function of the generalised coordinate S (displacement of the
point of reference). The reduced mass m, is a function of the coordinate S. In this case, to determine the law
of motion of the actuator, it is convenient to apply the equation of motion in the form of an energy integral
with initial conditions t=0, stg_vo . The velocity of the point of reference as a function of the

generalised coordinate S is written as

—vp= |2S Mno 2
V_Vp_\/mn ISO FndS + M Vo - (13)

where v, is the operating speed of the grain truck.

In some cases, the integral in the root expression of formula (13) can be represented in the final form.
Then, after integration, we will obtain the function v=v(S) either in the form of a graph or in the form of a
series of eigenvalues for changes in displacement S from S, to some value that determines the end of the
movement stage under consideration.

When estimating the mass of a grain truck according to dependence (12), it is necessary to take into
account the density of the transported grain, which can vary within 300-820 kg/m® depending on the
moisture content of the grain, temperature and pressure of the medium, as well as the type of grain
transported (Table 1).

The relationship between the mass and volume of grain is defined by the formula V=m/Q, where V is
the volume, m is the mass (carrying capacity), and Q is the bulk density of grain.

The dependence of the volumetric carrying capacity of the KrAZ-6511C4 grain truck is estimated by
the following parameters: Q, - nominal payload of 15.4 tonnes; Q. - volumetric payload of 1.3 m®; V, - body
volume of 11.81 m*; V, - cargo volume of 20.53 m”.

Table 1 — Bulk density of grain crops

Ne Name of grain crop Density, kg/m®
1 Wheat 750-850
2 Barley 600-750
3 Oats 400-550
4 Rye 700-750
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5 | Millet | 700-850

The fuel efficiency of KrAZ grain carriers significantly depends on the volume of transported grain,
which was determined during factory tests and by operating organisations using different methods (Table 2)
[5].

The test methodology is based on the public road network available near the PISC «AvtoKrAZ»
vehicle manufacturing centre, taking into account the location of road facilities, structures, traffic conditions
and terrain. The length of the circular route is 37 km, with sections of traffic in highway and urban
conditions, with ascents, descents, bridges, railway crossings, etc. The road surface on the route is asphalt
concrete. It is noted that with the increase in the length of the route, the decrease in the density of transported
grain crops, fuel consumption decreases (Table 2).

Functional stability of the grain carrier. A grain carrier belongs to the class of complex technical
systems, the efficiency of which is ensured over a given period of time when performing its general
functions within the limits established by regulatory requirements, provided that external destabilising
factors are counteracted.

In general, a grain carrier (Fig. 3) is represented as a system with control function vectors U(t) and
disturbance vectors F(t) as input. The output variables characterising the functional parameters of the grain
truck are represented by the vector-function Y(t). The dynamic properties of the grain carrier are
characterised by the transfer function W,=S,/Sy,, where S, and S, are the output and control parameters,
respectively.

Table 2 — Results of operational tests of the «Karavan-2» road

Tests | Mileage of the road train | Transported cargo, | «Shoulder» Average fuel Gear ratio of the
during testing, km cargo weight, t of routes, km | consumption, main gear
1/10 km
1 Total 2505 Corn grain, 48,83- 87-89 53,0-54,6 img = 6,154
52,66
Sunflower seeds, 42,0-42,1
With cargo 1250 27,66 182-194
2 Total 2100 Corn grain, 41,72- 66-69 48,2-50,1
With cargo 1050 47,01
3 Total 1737 Corn grain, 48,7 857 42,0-43,1 img = 4,9
With cargo 857
4 Total 1340 Wheat grain, 40,1 280 37,8-38,0
With cargo 560
5 Total 1320 Organic mix, 35,0 115 35,0-35,3
Organic mix, 54,0 40,0-42,3
With cargo 225 110

The grain truck is influenced by both controlled input vectors - control functions ¢ i [i(t) is
transmission gear ratio, q(t) is fuel supply, k(t) is steering gear ratio, p(t) is brake control force] and
uncontrolled m; [R(t) is driving resistance, C(t) is road terrain, B(t) is wind loads, etc.] The output variables
Y(t) are characterised by the driving speed v(t), the stability of the direction of movement y,(t) and braking
yu(t), and the stability of the dynamic properties w(t) of the grain truck.
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Fig. 3 — Representation of a grain truck as a multidimensional system in a variable state

Typically, disturbances F(t) are determined by the instability of the output (functional) parameters v(t),

Ya(b), yu(t), and w(t). When comparing these parameters with their values v, yac : yg and w*, at which the

grain carrier operates stably, the controlled input variables u(t) are adjusted at the comparison links &, &, &
and &,.

The functional parameter v(t) is characterised mainly by the input control functions i(t) and g(t) and
determines the operational properties of the grain truck, the parameters yq(t) and yu(t) are determined mainly
by v(t), disturbances in the direction of movement f4(t) and braking f,(t) and are aimed at ensuring the safety
of the grain truck. The dynamic parameter w(t) characterises the movement of a grain truck in the
longitudinal, horizontal and vertical planes under the influence of forces in these planes.

The dynamic space of grain truck operation is based on the metric state space, each element of which
fully determines the state of the system under consideration by the functional parameters v(t), ya(t), ys(t) and
w(t). In case of instability of one or more functional parameters of the grain carrier v(t), yq(t), yu(t) and w(t),

characterised by deviation from the nominal values of y*, yg , yg and w, it is possible that the grain carrier

will lose its functional stability, in which case it will not perform the functions defined by the regulatory and
technical documentation (R&D). In this case, the dynamic space of grain carrier operation is determined by

the transfer functions W,, W4, Wy, i W,,, characterised by the relationship v(t), ya(t), ys(t), w(t) to y*, yéc : yg :

w'.

During the operation of a grain truck, the task of ensuring its functioning in one of two areas is solved:
OA - the area of operation in which the grain carrier operates in accordance with its intended purpose (the
required traction force, stability of the direction of movement and braking, etc. are ensured); AF - the area of
optimal operation, for example, according to the energy saving criterion, in which the grain carrier operates
at an acceptable change in speed (change in acceleration within acceptable limits) (Fig. 4).
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Fig. 4 — Correlation of the areas of optimal operation OA of the grain carrier and the functioning AF of
the grain

In this figure, the points B, and By indicate, respectively, the operation of a grain truck in an unsteady
mode of operation without acceleration and the permissible area for energy saving; 4, is the margin of
optimal operation; V,, V; are the vectors of optimal and actual operation, respectively; 4B is the margin of
operation in the AF region.

Each point of the AF characterises a certain mode of operation of a grain truck at a certain point in
time and is described by a certain combination of values of functional parameters, disturbing influences, and
the initial state (Fig. 3). The deviation of the point B, from the point B, (Fig. 4) reflects the margin of optimal
functioning 4, of the grain truck

ag, < ZKTEN M) v A

= X , (14)
Zjn AZjn * Xin Axip

where zj, Zj; Xi, Xin are the critical values of the studied and boundary parameters along the X, z
coordinates; 4x;, 4x; is the margin of optimal functioning of the grain truck at the value of Azj,and 4z;,.

The margin of optimal functioning 4, is the deviation of the functioning vector Vi, whose components
are the actual values of the functional parameters, from the nominal vector V,, i.e. Vi=V,+4,. In this case, to
ensure the operation of a grain carrier in the optimal area of the OA (according to Fig. 4), it is necessary to
ensure the selection of such nominal values of the functional parameters and tolerance fields for them that
ensure the position of the spread and outputs in this region.

Given the known requirements for the optimal functioning of the grain carrier in the area of OA, which
is determined by the parameters: nominal z,, current z and permissible z,, (z,,<z,,), the density of
distribution of the parameter value, taking into account its spread f°(x) and deviation f’(x), should be
determined:

— the probability that the parameter value will not go beyond the specified tolerances (x,,<x<x,)
during a certain time of grain truck operation, taking into account disturbing influences;

— the tolerance limit (x,,<x<x,,) and the corresponding requirements for the grain carrier not to exceed
the probability of the parameter exceeding the tolerance of the specified permissible probability;

— planes f(x) and f'(x), under which the conditions that the probability of going beyond the tolerance
will be less than the permissible probability will be fulfilled.

DISCUSSION OF THE RESULTS OF THE STUDY

To solve this problem, all the functional parameters of the grain carrier are classified by parameters

with specified nominal values XS (Fig. 3 — ya(t), yo(1), ..., ya(t)) and into parameters whose optimal value

must be determined X(\)’ (Fig. 4 - the OO region). They are written in vector form:
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[y c Y
Xoi Xoi
X§ = xgj ; Xy = xgj (15)
Cc \'
_XoN_ _XoM_

so that any functional parameter of the grain truck is a component of the vectors XS and X(‘)’ :

Predicting the probability of a grain truck being in the optimal region of functioning of the OA
(according to Fig. 4) at time t is determined by the equations of the Markov process:

P =v, P| (t) + Vi—lpi—l (t) (16)

under nominal conditions i =0, 1, 2, 3; t, = 0; P;(t) = P..
When assessing the functional stability of a grain truck by only one parameter, for example, by the
speed of movement v(t) (Fig. 3), its functioning can be evaluated by the function X =(vi ,...vn). The vector

%y corresponds to the number R(X), where R(X)>0 and increases to oo at X, —V =(vj,..vy ), where V is

the critical vector. R(X,)—>ooand at Vj —Vj =(Vj,...vn ). In this case R(X)=[Nj (%, )P /[z(%, )2, where

n . n
i=1.2; a>0 is an arbitrary number; z(%, )= Tli —Vi|ql : Nj(%y)= Zoci|vi —Vi| and o; >0 is the weighting
factor of v;; g; >0 is an arbitrary number.

When g=1/(n-1), g>o>1, we can write

n n
R(Xy)= % aijpvj —Vi| [ TI( -V ). (17)
i—1 i—1

In this case, the functional stability of the grain carrier in terms of the parameter v(t) is estimated using
the following dependence

H (% )=1/R(Xy). (18)

This function describes the functioning of the grain truck provided that v; reaches the value V; when
changing H(Y(V) within the range from Hy to 0 (when v;=V;), characterising the functional stability of the

grain truck in terms of speed v(t).

Similarly, the functional stability of the grain truck can be assessed by the stability of the direction of
movement yq4(t) and braking yy(t), the stability of the dynamic properties w(t) (Fig. 3). In this case, the critical
values of these parameters, which are in the area of the AF functioning (Fig. 4), are selected according to
experimental data based on the method of partial accelerations [10], which is effectively used in assessing
the dynamic properties and stability of vehicles [11].

Using the standard form of recording the variable state of a grain truck, we consider its movement as
the movement of an autonomous dynamic system when the forces of resistance to movement and the amount
of energy used for movement change. This influence usually causes a change in the speed v(t) of
translational motion, which is characterised by equation [12]

dv(t) _ Py —XRe (19)
dt Myg

where Py is the moving force of the unit (tangential traction force); R, is the sum of the forces of
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resistance to the movement of the unit; m,q is the reduced mass of the unit.

The forces of resistance to the movement of a grain carrier during operation depend on factors, many
of which are variable, such as terrain, speed, instability of the mass of transported grain, etc. As the drag
forces change, the dv/dt changes during grain transport. Measurement of the acceleration dv/dt requires the
use of appropriate metrological support for measuring and registration complexes that will allow determining
its kinematic and dynamic parameters without interfering with the design of the grain truck [13]. The basis of
this complex is capacitive semiconductor three-axis acceleration sensors — accelerometers, which are
installed on the car and trailer of the grain truck to assess longitudinal and lateral accelerations.

The combination of the acceleration sensors with the KrAZ-6511C4 navigation system allows to
receive on-line and archive information, the analysis of which provides reliable data on the route and modes
of movement of the grain truck, instant and average fuel consumption and direction of movement.

CONCLUSIONS

The study of the functional adaptation of a grain truck with an unstable mass of transported grain
revealed that fluctuations in the grain load during transportation significantly affect the stability of the
vehicle, especially during manoeuvring and braking. When estimating the weight of a grain truck, it is
necessary to take into account the density of the transported grain. The dependence of the volumetric
carrying capacity of a grain truck is estimated by the parameters of nominal carrying capacity, volumetric
carrying capacity, body volume, and cargo volume.

The dynamic space of grain truck operation is based on the metric state space, each element of which
fully determines the state of the system under consideration according to certain functional parameters. If
one or more functional parameters of a grain truck are unstable and deviate from their nominal values, the
grain truck may lose its functional stability, in which case it will not perform the functions defined by the
regulatory and technical documentation. In this case, the dynamic space of grain carrier operation is
determined by transfer functions.

During the operation of a grain carrier, the task of ensuring its operation in one of two areas is solved:
the area of operation in which the grain carrier operates in accordance with its intended purpose (ensuring the
required traction force, stability of the direction of movement and braking, etc.); the area of optimal
operation, for example, according to the energy saving criterion, in which the grain carrier operates at an
acceptable change in speed (change in acceleration within acceptable limits). To ensure that the grain carrier
operates in the optimal range, it is necessary to select such nominal values of functional parameters and their
tolerance fields that ensure the position of the spreading and outlet fields in this range.
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A. Kopooko, 1. Cemenoe, ODyHKIiOHAIbHA aJaNTallisi 3¢PHOBO3a NMPU HecTaOLIbHII Maci 3epHa,

1110 MePeBO3UThCS
3anmpornoHOBaHO METOANKY (DYHKITIOHATBHOI afanTallii 3epHOBO3a MUITXOM PETyIIOBaHHS IIBUAKOCTI

3aJIeKHO BiJl IIIIBHOCTI TPaHCHIOPTYEMOI 3€pHOBOI KyJIbTYpU. B pesynbrati AocniikeHHS (QyHKIiIOHAIHHOT
ajanTauii 3epHOBO3a 3 HECTAOUIFHOI0 MAacol TPAHCHOPTYEMOi 3€pHOBOi KYJIBTYpPH BCTaHOBIEHO, IO
KOJIMBAHHS 3€PHOBOIO BaHTAXY ITiJ] YaC TPAHCIIOPTYBAHHA 1CTOTHO BIUTMBAIOTH HA CTIHKICTh TPAHCIIOPTHOTO
3aco0y, OCOONMBO MiA Yac MaHEBPYBaHHs Ta TajbMyBaHHs. [Ipu OILIHII Baru 3epHOBO3a HEOOXiTHO
BpPaxoOBYBaTW INiJBHICTH TpaHCHOpTyeMoro 3epHa. OO0'eMHa BaHTAXKOMiTHOMHICTH 3E€PHOBO3a DPETEIBHO
OIIIHIOETHCS TUISTXOM BCTAaHOBJICHHS (DYHKIIOHATHHOI 3aJIe)KHOCTI BiJf TaKMX MapaMeTpiB, K HOMiHAJIbHA
BaHTaXXOIAHOMHICTh, 00'€MHa BaHTXKOITi THOMHICTB, 00'€M Ky30Ba Ta 00'eM BaHTaxy. JlMHAMIYHHIA TTPOCTIp
eKCIUTyaTallii 3epHOBO3a 0a3yeTbCcs HAa METPUYHOMY IPOCTOPI CTaHIB, KOXKEH €JIEMEHT SIKOTO IOBHICTIO
BU3HAYAa€ CTAaH PO3MVITHYTOI CHCTEMH 3a IEBHHUMH (YHKIIOHAIFHHUMHU Tapamerpamu. SKmo omauH abo
JeKiTbKa (PYHKIIIOHATBHUX MapaMeTpiB 3epHOBO3a HECTAOUIbHI 1 BIIXWJISIOTHCS BiJl HOMIHAJFHUX 3HAYCHbD,
3ePHOBO3 MOKE BTPATHTH (PYHKIIOHAILHY CTa0OUIBHICTD 1 HE BUKOHYBATH (DYHKIIii, BU3HAUYEHI HOPMATHBHOIO
Ta TEXHIYHOIO JIOKYMCHTAIli€l0. Y TaKuX BHUIAJKaX JAMHAMIYHUA POOOYHUI MPOCTIp XapaKTEPHU3YEThCS
nepenaBaTbHIMA (YHKIISIMH, SKi 3a0€3MeIyI0Th MaTeMaTHYHYy OCHOBY JUTsl aHANi3y MOBEIIHKH CHUCTEMHU.
[Tixg yac ekcruryaranii 3epHOBO3a BHUPILIYETHCS 3aBIaHHs 3a0e3reueHHs Horo (hyHKIIOHYBaHHS B OIHIH 3
JBOX oOusacTeid: obaacti podoTn abo obnacti onTuManbHoi podoTtu. 11106 3abe3neunTt podOTy 3epHOBO3A B
ONTUMAJTBHIN 0071acTi, HEOOXiTHO MiAIOpaTH TaKi HOMiHANBHI 3HAYEeHHS (YHKI[IOHATBHAX TTapaMeTpiB i IO
JIOITYCKiB, 100 3a0€3MeYNTH TOJI0KEHHS PO3KUAY 1 BUXOIIB B IIii 00IacTi.

KarouoBi cjoBa: ¢yHKIIOHANBHA ajanTailis, 3¢pHOBO3, 3€pHOBA Maca, HECTAOUIBHICTH MacH,
MPUCKOPEHHS, PIBHSHHS PYXY.
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MATHEMATICAL MODELLING OF THERMOMECHANICAL STATE IN ADDITIVE
MANUFACTURING AND WELDING OF TITANIUM ALLOYS FOR TRANSPORT
ENGINEERING

This study demonstrates a detailed investigation of residual stress distribution and thermomechanical behavior
in Ti80 and Ti-6Al-4V titanium alloy components subjected to welding and post-weld treatments, integrating both
experimental measurements and finite element simulations. The aim of the study is to evaluate the influence of
welding sequence, thermal cycles, and temperature-dependent material properties on stress evolution, with particular
emphasis on transverse and longitudinal residual stresses concentrated near weld toes. The relevance of this research is
determined by the high demands for reliability, dimensional stability, and fatigue resistance of welded titanium
components in transport, aerospace, and engineering applications. Significant anisotropy in stress distribution was
observed along and across weld seams, highlighting critical regions prone to distortion or fatigue initiation. The
novelty of this research lies in the comparative analysis of two titanium alloys under different welding conditions,
combining experimental results with numerical simulations to provide a comprehensive understanding of residual
stress development and thermomechanical responses. The work further demonstrates the effectiveness of post-weld
heat treatment (PWHT) and local stress-relief procedures in mitigating residual stresses, enhancing both dimensional
stability and fatigue performance. Practical implications of this study include guidance for optimizing welding
parameters, implementing appropriate post-weld treatments, and improving the reliability and service life of high-
performance titanium components in transport, aerospace, and engineering applications. The findings contribute to the
broader understanding of the interplay between welding conditions, material behavior, and stress evolution, offering a
foundation for improved predictive modeling and informed design decisions in welded titanium structures, and
highlighting the significance of temperature-dependent properties in accurately forecasting residual stress fields and
deformation patterns.

Keywords: Ti80, Ti-6Al-4V, residual stress, thermomechanical properties, post-weld heat treatment, FEM,
welding, additive manufacturing.

INTRODUCTION

Additive manufacturing (AM) and modern welding processes are increasingly employed for transport-
sector components because they enable near-net shaping of complex, lightweight, and high-performance
titanium structures; nevertheless, these thermal processes inherently generate steep temperature gradients
that result in significant residual stresses and deformations which compromise dimensional accuracy and
fatigue life [1].

Residual stress fields produced during layerwise deposition or multi-pass welding not only induce part
distortion but also interact with service loads, accelerating crack initiation and reducing structural reliability.
Consequently, accurate prediction and control of the thermomechanical state throughout the manufacturing-
to-service chain is essential for reliable design in transport engineering.

Titanium alloys commonly used in transport applications, notably Ti-6Al-4V and related grades,
exhibit strong temperature-dependent mechanical and metallurgical responses, including phase
transformations, low thermal diffusivity, and strain-rate sensitive plasticity. Realistic predictive models must
therefore incorporate temperature-dependent constitutive data and, where relevant, transformation kinetics

[2].

Although various numerical strategies, ranging from full-scale transient finite element method (FEM)
simulations to reduced-order and layer-equivalent models, have been developed to forecast residual stresses
and distortions, current approaches frequently omit critical factors relevant to transport-scale parts. These
include the coupling of metallurgical transformations during cooling, the influence of complex geometry and
deposition or welding paths, and the need for rigorous experimental validation under representative
component-scale boundary conditions [3].

Furthermore, downstream operations such as machining, cutting, post-weld or post-build heat
treatments, and electrical discharge machining (EDM) can substantially redistribute or partially relax surface
and subsurface residual stresses. This underscores the necessity of considering post-processing as an integral
part of predictive workflows for accurate lifecycle assessment [1].

Therefore, this study systematically evaluates current modeling approaches for predicting the
thermomechanical state in titanium alloys during welding and additive manufacturing, critically assessing
their capabilities and limitations for capturing residual stresses, deformations, and phase transformations.
Emphasis is placed on the relevance of these approaches to transport engineering applications, providing a
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foundation for the development of more reliable predictive tools to enhance the performance, dimensional
stability, and service life of titanium-based transport components [4, 5].

LITERATURE REVIEW AND PROBLEM STATEMENT

Recent investigations have demonstrated the critical role of residual stresses in determining the
dimensional stability and fatigue performance of titanium components produced by additive manufacturing
(AM) and welding processes [1]. Significant progress has been achieved in developing numerical models
capable of predicting thermal gradients and resulting stress fields in complex geometries, yet challenges
remain when simulating multi-pass deposition and intricate transport-scale components.

Several studies have provided a significant contribution by coupling thermomechanical simulations
with phase transformation kinetics, thereby improving the accuracy of residual stress predictions for Ti-6Al-
4V alloys [3]. Other works have investigated for the first time the influence of deposition path and interpass
temperature on the formation of local stress concentrations, highlighting the importance of process planning
for minimizing distortion and fatigue risk [2].

Moreover, the effects of post-processing operations such as machining, cutting, heat treatment, and
electrical discharge machining (EDM) have been systematically analyzed, showing that residual stress
redistribution can significantly modify the structural response of transport-relevant components [2]. These
findings emphasize that lifecycle modeling must integrate both manufacturing and post-processing stages to
achieve reliable performance predictions.

A particularly significant contribution in the field of residual stresses and thermomechanical behavior
of titanium alloys is the work by Nagarjun et al. (2025) [6]. This study investigated the effects of high-
temperature deformation and welding on the microstructure and thermomechanical properties of Ti-6Al-4V
alloys. The authors systematically analyzed the temperature-dependent behavior of the material, including
phase transformations, thermal expansion, density, and specific heat capacity, with particular emphasis on
the a-phase (hexagonal close-packed structure) and its influence on mechanical properties.

The study demonstrates the critical role of high-temperature processing and welding on the evolution
of microstructure and residual stresses, providing insights into deformation mechanisms and phase stability
under thermal and mechanical loading. By combining experimental characterization with thermomechanical
analysis, this research has made a significant contribution to understanding how residual stresses and
deformations develop in titanium components, which is essential for improving the reliability, dimensional
accuracy, and fatigue performance of transport-sector parts.

Overall, Nagarjun et al. (2025) provide a comprehensive assessment of the interplay between thermal
history, microstructural evolution, and mechanical response in Ti-6Al-4V, establishing a foundation for
predictive modeling of residual stress formation in additive manufacturing and welding processes. This work
is particularly relevant for developing integrated models that incorporate thermal, metallurgical, and
mechanical interactions, bridging the gap between laboratory studies and large-scale transport applications

[6].

Despite these advances, gaps remain in fully capturing the interplay between thermal history,
metallurgical transformations, and mechanical response under conditions typical for large-scale transport
components. In particular, few studies provide experimental validation at component scale, limiting
confidence in the predictive accuracy of current models [1].

The present work addresses these gaps by providing a systematic evaluation of modeling strategies for
predicting the thermomechanical state of titanium alloys during additive manufacturing and welding. The
study demonstrates for the first time an integrated approach that combines thermal, mechanical, and
metallurgical phenomena while considering complex geometry and post-processing effects. This approach
allows for more reliable predictions of residual stress distribution, deformation, and phase evolution, thereby
supporting the design of high-performance titanium components for transport applications [6, 7].

A particularly significant study in this field is the comprehensive review of residual stress formation,
measurement techniques, and mitigation methods in metal additive manufacturing processes [6, 7, 8; 9-11].
This work provides a solid foundation for understanding current modeling approaches and highlights areas
requiring further research, aligning closely with the objectives of the present study.

RESEARCH AIM AND OBJECTIVES

The primary aim of this study is to systematically evaluate and enhance predictive modeling
approaches for the thermomechanical state of titanium alloys during additive manufacturing and welding
processes, with a focus on transport-sector components. This includes accurate assessment of residual
stresses, deformations, and phase transformations under realistic process and post-processing conditions.

To achieve this aim, the following research objectives are defined:
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1.To review and synthesize current modeling techniques for predicting thermal, mechanical, and
metallurgical behavior in titanium alloys during AM and welding.

2.To identify limitations in existing approaches regarding the treatment of complex geometries, multi-
pass deposition, and interaction between thermal history and phase transformations.

3.To propose and validate an integrated modeling framework that incorporates thermomechanical
interactions, phase transformations, and the effects of post-processing operations.

4.To provide practical guidelines for the application of predictive models in transport engineering,
aiming to improve dimensional stability, structural performance, and service life of titanium components.

RESULTS OF THE STUDY

In the present work, the residual stress distribution and thermomechanical behavior of Ti80 butt-
welded thick plates were systematically analysed. According to Wu (2023), the transverse welding residual
stress along the X-axis exhibited an asymmetric double-peak distribution near the weld zone, with a
maximum tensile stress of approximately 655 MPa. These results are illustrated in Figure 1 (Test and
simulation results of transverse welding residual stress) [4].

The comparison of experimental and simulated results demonstrates a generally good agreement, with
minor discrepancies at the weld centre attributed to geometrical unevenness and testing limitations. The
stress distribution shows an asymmetric bimodal pattern, with peak stresses concentrated near the weld toe,
gradually decreasing with distance from the weld zone. This behaviour highlights the influence of multi-pass
welding on the development of residual stresses and confirms the validity of the finite element model for
predicting stress evolution in titanium alloy thick plates.
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Fig. 1. Test and simulation results of transverse welding residual stress (X-axis) before and after
cutting [4]

The longitudinal welding residual stress along the Y-axis, shown in Figure 2 (Simulation results of
longitudinal welding residual stress before and after cutting), indicated higher tensile stress than the
transverse component. Simulation results generally agreed with experimental data, except at the weld centre,
where measurement discrepancies arose due to uneven weld geometry and X-ray focusing limitations. Peak
longitudinal residual stresses were concentrated near the weld toe and decreased gradually with distance.

These findings indicate that longitudinal residual stresses are the dominant component in Ti80 butt-
welded thick plates, with peak values substantially higher than transverse stresses. The redistribution
observed after cutting reflects the stress relaxation mechanism, suggesting that post-weld operations such as
machining significantly influence the residual stress state and may contribute to improved dimensional
stability.

ﬂ . 2025, Ne2 (25) ISSN 2313-5425



© KyrylakhaS.V. 2025

e cimulation before cuttin
simulation after cutting

900
800 -
700 —
600 -
500
400 —.
300 - h
200 —

100

Longitudinal welding residual stress (MPa)

10

-5 0 5 10
Distance from weld center (mm)

Fig. 2. Simulation results of longitudinal welding residual stress (Y-axis) before and after cutting [4]

Material properties of Ti80 were characterised by a yield strength of approximately 800 MPa, tensile
strength of 913 MPa, yield-to-tensile ratio of 0.87, and Poisson’s ratio of 0.3 at room temperature. Stress—
strain relationships at various temperatures, presented in Figure 3 (Stress versus strain plots for Ti80 at
different temperatures), demonstrate the temperature-dependent mechanical behaviour, highlighting a
reduction in yield and tensile strength with increasing temperature [9].

The stress—strain behaviour confirms that Ti80 exhibits excellent strength at ambient conditions but
undergoes pronounced thermal softening at elevated temperatures. This temperature dependence is critical
for welding simulations, as it directly affects the development of residual stresses and potential distortion.
The results also validate the material model used in the finite element analysis, ensuring accurate prediction
of thermomechanical responses under realistic welding conditions.
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Fig. 3. Stress versus strain plots for Ti80 at different temperatures [10]

Key observations from the analysis include:
1. The weld zone exhibits pronounced residual tensile stress concentration, primarily in regions

adjacent to the weld toe.

2. The transverse residual stress distribution shows an asymmetric bimodal profile, reflecting the
influence of the welding sequence and surface geometry.
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3. Longitudinal residual tensile stress exceeds the transverse tensile stress, indicating anisotropy in
stress development along and across the weld seam.

4. Numerical simulations capture the overall stress distribution trends effectively, providing reliable
insight into the thermomechanical state of the welded component.

Analysis: Residual stress is highly localized near the weld toe and sensitive to welding parameters.
The asymmetry in the transverse stress distribution suggests that even minor variations in welding sequence
or surface geometry can produce significant differences in stress concentration. Stress—strain curves reveal a
pronounced temperature dependence of Ti80, which must be considered in predictive modelling of
deformation and residual stress evolution. Integration of transverse and longitudinal stress data provides a
comprehensive understanding of potential sites for distortion or fatigue initiation in transport-sector titanium
components.

In conclusion, these results emphasize the importance of combining experimental validation with
numerical simulation to accurately predict residual stress fields, thereby informing design and post-
processing strategies for high-performance titanium parts. In the analysis of TIG-welded Ti-6Al-4V plates
subjected to local post-weld heat treatment (PWHT), the finite element model included 93,950 3D elements
and 107,678 nodes. According to Liu et al. (2023), the thermal and mechanical properties of the material
varied with temperature, obtained through interpolation and extrapolation of low-temperature performance
parameters, as illustrated in Figure 4 (Temperature-dependent thermo-physical and thermo-mechanical
material properties of Ti-6Al-4V) [11].

The results presented in Figure 4 (Temperature-dependent thermo-physical and thermo-mechanical
material properties of Ti-6Al-4V used in the finite element model) [11] clearly demonstrate the strong
temperature sensitivity of Ti-6Al-4V during welding and subsequent post-weld heat treatment. As shown in
the thermo-physical data (Figure 4a), both thermal conductivity and specific heat capacity increase
substantially with temperature, which directly influences heat flow and cooling rates across the weld zone.
This behavior is particularly critical for predicting transient temperature fields and resulting microstructural
evolution, as higher conductivity at elevated temperatures promotes more uniform heat distribution, while
increased specific heat moderates the thermal gradients.

The thermo-mechanical properties (Figure 4b) further highlight the pronounced reduction in elastic
modulus and yield strength with increasing temperature, accompanied by significant changes in thermal
expansion coefficients. Such temperature-dependent softening directly affects stress development, making
the alloy more susceptible to plastic deformation under residual stress accumulation during multi-pass
welding. Importantly, the finite element implementation of these properties ensures more realistic simulation
outputs, as constant material parameters would underestimate stress redistribution and distortion effects.
These findings confirm that accurate incorporation of temperature-dependent material behavior is
indispensable for reliable prediction of thermomechanical responses in welded titanium alloys. Moreover,
the data underscore the necessity of localized stress-relief treatments, since mechanical performance
degradation at high temperatures may exacerbate residual stress concentrations if left unmitigated.
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Fig. 4. Temperature-dependent (a) thermo-physical and (b) thermo-mechanical material properties of
Ti-6Al-4V used in the finite element model [11]

Residual stresses were investigated along multiple observation paths on the weldments, divided into
three main regions. The first region included paths P1-P4 on the top side of the weld, with distances from the
weld centerline of 0, 5.5, 7.5, and 10.4 mm. The second region covered paths P5-P8 on the bottom side, at
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similar distances from the weld centerline. Figures 5 present the distribution of longitudinal and transverse
residual stresses along paths P9 and P10 after welding, with and without stress relief treatment (SSPT) [11].
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Fig. 5. Distribution of (a) longitudinal and (b) transverse residual stress along path P10 after welding
with and without SSPT [11]

The stress distributions along path P10 (Figure 5) reveal pronounced and spatially localized residual
tensile peaks in both longitudinal and transverse components immediately adjacent to the weld seam
following welding, while application of synchronous servo press treatment (SSPT) produces a clear and
systematic reduction of these peaks [11]. Quantitatively, SSPT reduces the maximum longitudinal tensile
stress more substantially than the transverse component, producing a flatter, more uniform profile along the
analysed path and shifting the stress field toward lower tensile (or more compressive) mean values. Spatially,
the longitudinal stresses display sharper gradients near the weld toe compared with the transverse stresses,
indicating that load-parallel (along-seam) directionality concentrates strain and locking-in of tensile residuals
more effectively than the cross-seam direction. The post-treatment profiles also evidence partial
redistribution of stresses away from the immediate toe region toward broader, lower-magnitude fields, which
is consistent with plastic relaxation and controlled constraint introduced by SSPT. From an engineering
perspective, these changes imply a reduced risk of fatigue crack initiation at the weld toe and a lower
propensity for out-of-plane distortion; they also validate SSPT as an effective localized stress-relief measure
for welded Ti alloys. For predictive modelling, the results underscore the need to include both the
mechanistic effect of localized mechanical compression (as in SSPT) and temperature-dependent plasticity in
simulations to reproduce post-treatment stress redistribution accurately.

Key observations from the analysis of these figures include:

1. Longitudinal residual stresses along both top and bottom paths were generally higher than the
transverse residual stresses, indicating anisotropy in residual stress development.

2. Application of SSPT significantly reduced both longitudinal and transverse residual stresses across
all observation paths, demonstrating the effectiveness of local post-weld heat treatment in mitigating stress
concentrations.

3. The residual stress distributions exhibited notable variations along the different paths, reflecting the
combined effects of welding sequence, thermal cycles, and geometry of the weldments.

4. Temperature-dependent material properties strongly influenced stress redistribution, as regions with
higher local temperatures showed more pronounced stress relaxation.

Analysis: These results indicate that post-weld heat treatment is a critical factor in controlling residual
stresses in TIG-welded Ti-6Al-4V components. The anisotropy between longitudinal and transverse stress
components underscores the importance of path-specific analysis for predicting potential distortion or
fatigue-prone areas. The combination of top- and bottom-side observation paths provides a comprehensive
understanding of residual stress fields, which is essential for the design and maintenance of transport-sector
components. Furthermore, integrating temperature-dependent properties into the simulation ensures more
accurate predictions of stress evolution under realistic thermal cycles.

In summary, the study demonstrates the significant influence of PWHT on the reduction of residual
stresses and highlights the necessity of considering temperature-dependent material behavior in predictive
modelling of welded titanium components.

DISCUSSION OF RESULTS
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The combined analysis of residual stress distributions and thermomechanical behavior in Ti80 and Ti-
6Al-4V welded components reveals several key patterns and implications for welding and post-weld
treatment strategies.

Ti80 butt-welded thick plates exhibit pronounced residual tensile stress concentrations near the weld
toe, with transverse residual stress showing an asymmetric double-peak distribution and longitudinal residual
stress exceeding the transverse component. Stress—strain behavior across different temperatures indicates a
reduction in yield and tensile strength with increasing temperature, emphasizing the importance of
temperature-dependent properties in predictive modeling.

In TIG-welded Ti-6Al-4V plates, post-weld heat treatment (PWHT) effectively reduces both
longitudinal and transverse residual stresses along multiple observation paths. Temperature-dependent
material properties strongly influence stress redistribution, with higher local temperatures promoting stress
relaxation. The distribution of residual stresses along different paths indicates that weld sequence, geometry,
and thermal cycles significantly affect stress localization.

Comparative analysis of these studies highlights several critical observations:

1.Longitudinal residual stresses consistently exceed transverse stresses in both materials, reflecting
directional sensitivity of stress accumulation relative to the weld seam.

2.Peak tensile stresses are concentrated near weld toes, which are potential sites for distortion or fatigue
initiation.

3.Reduction of material strength with increasing temperature and the facilitation of stress relaxation via
PWHT underscore the necessity of incorporating temperature-dependent properties into simulations
and post-weld design strategies.

4.Post-weld heat treatment significantly mitigates residual stress concentrations, enhancing fatigue
performance and dimensional stability.

5.Numerical simulations align closely with experimental measurements, validating FEM approaches and
confirming reliable prediction of residual stress patterns when thermal and mechanical material
behaviors are accurately represented.

Own interpretation and implications: The integration of results from both studies indicates that
advanced welding process control combined with post-weld treatments is essential to ensure the structural
integrity of high-performance titanium components. The observed anisotropy and localization of residual
stresses underscore the need for path-specific analysis in component design and maintenance. Temperature-
dependent material properties must be explicitly considered in simulations to predict deformation accurately
and optimize welding sequences. Additionally, post-weld heat treatment strategies provide a practical means
to reduce residual stress concentrations, thereby enhancing fatigue performance and dimensional stability.

Overall, these findings contribute to a deeper understanding of the interplay between welding
parameters, thermal cycles, material behavior, and residual stress evolution in titanium alloys. They provide
guidance for future design, simulation, and experimental studies aimed at improving the performance and
reliability of welded titanium components in transport and engineering applications.

CONCLUSIONS

Based on the integrated analysis of residual stress distributions and thermomechanical behavior in
Ti80 and Ti-6Al-4V welded components, the following conclusions can be drawn:

1.Both Ti80 and Ti-6Al-4V welded plates exhibit pronounced residual tensile stress concentrations near
weld toes, with longitudinal stresses exceeding transverse stresses, indicating anisotropic stress
accumulation along and across weld seams.

2.The asymmetric distribution of transverse residual stresses in Ti80 and the variations along different
observation paths in Ti-6Al-4V highlight the significant influence of welding sequence, geometry,
and thermal cycles on stress localization.

3.Temperature-dependent material properties critically affect stress development and redistribution.
Incorporating these properties into predictive models is essential for accurate simulation of
thermomechanical behavior.

4.Post-weld heat treatment (PWHT) and local stress-relief techniques, such as synchronous servo press
technology (SSPT), are highly effective in mitigating residual stress concentrations, enhancing
fatigue performance, and improving dimensional stability of welded titanium components.

5.The combination of experimental validation and numerical simulations provides a reliable framework
for predicting residual stress evolution, informing design strategies and post-processing requirements
for high-performance titanium alloys in transport and engineering applications.
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6.These findings contribute to a deeper understanding of the interplay between welding parameters,
thermal cycles, material behavior, and residual stress evolution, providing guidance for optimizing
welding processes, reducing distortion, and improving service performance of welded titanium
components.
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Kupunaxa C.B. MareMaTu4yHe MOJE/JIOBAHHS TEPMOHANPYKEHOT0 CTAaHY NPH AAUTHUBHOMY
BHI'OTOBJICHHI Ta 3BAPIOBAHHI THTAHOBHX CINIABIB JJIsl TPAHCIIOPTHOI0 MAIIWHOOYAyBAHHSA

VY po6oTi IoKazaHo JieTaubHE JOCTIHKEHHS PO3MOITY 3ATUINKOBUX HANPY)KEHb Ta TEPMOMEXaHIYHOT
MOBEIHKM KOMIIOHEHTIB i3 TuTaHoBux craBiB Ti80 ta Ti-6Al-4V, ski mimmaBaiuch 3BaprOBaHHIO Ta
MiC/IA3BapIOBaNIbHIM  00poOIi, 13 IHTErpami€l0 eKCIepUMEHTAJIbHUX BHMIPIOBAaHb Ta YHCEIHHOTO
MOJICJIOBAHHS METOJIOM CKIHYEHHHMX €JIEMEHTIB. METOI0 JOCIHI/DKEHHS € OIIHKAa BIUIMBY IIOCIIOBHOCTI
3BapIOBaHHS, TEPMIYHUX IUKIIB Ta TEMIIEPATypO3aJCKHUX BIACTHBOCTEH Marepialy Ha EBOJIOIIIO
HanpyXeHb, 3 OCOOJMBUM aKLEHTOM Ha IOMEPEYHi Ta IMO3I0BXKHI 3aJIMIIKOBI HANPY>KEHHS, 30CEpeIKeHi
OlIs MmBIB. AKTyallbHICTh POOOTH BH3HAYAETHCS BUCOKMMHM BHUMOTaMHM JI0 HaJIIHHOCTI, I'€OMETPUYHOI
CTaOUTLHOCTI Ta BTOMOCTIMKOCTI 3BapHMX THUTAaHOBHUX KOMIIOHEHTIB Yy TPaHCIOPTHIH, aBialiiiHid Ta
IHKEHEpHIH rany3sx. BusiBieHo 3HauHy aHi30TpOMiI0 PO3NOITY HaNpyXeHb Y3[0BX Ta MOIMEPEK IIBiB, L0
JI03BOJISI€ BUALIMTH KPUTWYHI JUISHKH, CXHIBHI 10 nedopmaniil abo moyatky BTOMHHX TpimuH. HoBu3Ha
JOCITI/DKEHHS TIOJIATAE Y TOPIBHSAILHOMY aHaji3i BOX THTAHOBHX CIUIABIB 3a PI3HUX YMOB 3BapIOBaHHS,
SIKUI TOEIHY€E EKCIIEPUMEHTaIbHI JaHl Ta YUCENIbHI MOJIETI IS KOMILICKCHOIO PO3YMIHHS (OPMYBaHHS
3aJMIIKOBUX HAmpyXeHb Ta TEPMOMEXaHIYHOI MOBEOiHKH. Y pPOOOTI TaKoX IMOKa3aHO e(EeKTHBHICTh

ISSN 2313-5425 , 2025, Ne2 (25) E



https://doi.org/10.1016/j.cjmeam.2023.100102
https://doi.org/10.3390/mi14071480
https://doi.org/10.3390/ma17112531
https://doi.org/10.3390/met15070750
https://doi.org/10.1016/j.matdes.2018.02.018
https://doi.org/10.1007/s11665-025-11066-z
https://doi.org/10.1016/j.jmrt.2022.02.054
https://doi.org/10.3390/met13051001

© KyrylakhaS.V. 2025

MIC/Is3BapOBaIbHOT  TepMiuHOi 00poOku (PWHT) Ta 5OKajdbHMX METOMIB 3HIKCHHS HAIPYXEHb Y
3MEHIICHH] 3aJIMIIKOBUX HANpPY)KCHb, IMIIBUIINCHHI TI'€OMETPUYHOI CTAOUILHOCTI Ta BTOMOCTIHKOCTI.
[IpakTuune 3HaueHHs pOOOTH monArae y QOpMyBaHHI pEKOMEHJAlild MIOAO0 ONTHMi3alii MapaMeTpiB
3BapIOBaHHS, 3aCTOCYBAaHHS [MIiCJIA3BapIOBAILHOI OOpOOKM Ta MiABMILEHHS HAAIHHOCTI 1 pecypey
eKCIDTyaTalii BUCOKOMPOIYKTHBHUX TUTAHOBHX KOMITOHEHTIB y TPaHCHOPTHIN, aBialliiiHii Ta iH)XeHepHii
chepax. OTpumaHi pe3yabTaTH CHPHUAIOTH KPAIIOMY PO3YMIHHIO B3a€MOJii MK YMOBaMH 3BapIOBaHHS,
MOBEIIHKOI0 MaTepialy Ta €BOJIOLIEI0 HANPY)KEHb, 3aKJIaal0Yl OCHOBY JUIS BIOCKOHAIEHHS TPOTHO3HOTO
MOJIETTIOBaHHS Ta OOTPYHTOBAHOTO NMTPOCKTYBAHHS 3BApHUX TUTAHOBUX KOHCTPYKIIH, a TAKOXK ITiIKPECITIOIOTh
3HAYCHHS TEMIIEPATYPO3aJIECKHNUX BIACTUBOCTEH I TOYHOTO Iepea0adeHHsl MOJIiB 3aINIIKOBUX HAPYKEHb
1 nedopMaLifHUX TPOLECIB.

Koarouosi cmoBa: Ti80, Ti-6Al-4V, 3anuiukoBi HampyXeHHS, TEPMOMEXaHIYHI BJIACTHBOCTI,
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IMPROVING THE TECHNOLOGY FOR MANUFACTURING ELECTRIC VEHICLE
TRACTION BATTERY HOUSINGS TO PROTECT AGAINST IMPACT DAMAGE

On modern electric vehicles, the traction battery is installed from below on the bottom of the body, which
reduces the height of the vehicle's center of gravity and improves the vehicle's lateral stability during curved
movement. The disadvantage of this arrangement is the increased risk of damage and destruction of the protective
housing and, accordingly, the battery's electrical elements, which are dozens of ordinary household lithium-ion
batteries of the AAA type. But the housings of these electrical elements are manufactured using a special technology
that helps increase the strength of the housing and from a material with high heat dissipation. It is shown that the
traction battery is the most expensive component of an electric vehicle. Therefore, the development of production
methods aimed at increasing its service life is an urgent task.

The mechanical characteristics of anisotropic material were taken into account during the manufacture of
reinforced containers for electrical element housings. Data were determined that reliably reflect the influence of the
stretching coefficient, planar anisotropy and the initial diameter of the work piece on the critical thickness of its plate.
An expression was obtained that takes into account all the characteristics of the technological process that affect the
thickness of the initial work piece. This allows you to control these characteristics in order to optimize the thickness of
the work piece. The dependence obtained as a result of the study allows you to accurately and qualitatively calculate
the optimal thickness of the initial work piece at the stage of developing the technological process for manufacturing
battery cell housings for electric vehicles.

Key words: electric car, lithium-ion battery, battery protection, anisotropic materials.

INTRODUCTION

Electric cars are becoming widespread due to environmental friendliness, efficiency, cheapening their
production, increasing the power reserve on a single charge and developing the infrastructure for their
maintenance. In general, compared to an internal combustion engine, an electric motor loses less energy by
friction, does not require a complex lubrication system and almost does not wear out. Therefore, many
modern electric vehicles have a power plant with a capacity of 368 + kW and accelerate faster than cars with
internal combustion engines. For example, Porsche Taycan Turbo S electric motors develop a power of
560 kW and accelerate the specified vehicle to 100 km/h in 2.8 s [1].

The most expensive component of an electric car is a power battery. It consists of a certain number of
standard batteries that form a battery of the desired voltage, operating current and power. The combination of
such a set is determined by the structure of the electric vehicle power system. Its shape and volume is
determined by the layout of the electric vehicle.

In order to reduce the height of the center of mass of the electric car, manufacturers place traction
batteries on the bottom of the body. To do this, make the battery as a separate module, which has a minimum
height. Or install several modules of traction batteries of different sizes for different places of the electric car.

However, this solution increases the likelihood of physical damage to the lower wall of the traction
battery housing, which can lead to the impossibility of movement and the release of hazardous substances.
Therefore, traction batteries for electric vehicles are manufactured using a special technology that increases
the strength of the battery case and uses materials with high heat dissipation. In addition, the development of
production methods aimed at increasing the service life of traction batteries is an urgent task.

LITERATURE REVIEW AND PROBLEM STATEMENT

THE IMPLEMENTATION OF THE ABOVE-DESCRIBED DESIGNS OF TRACTION BATTERIES FOR ELECTRIC
VEHICLES LED TO THE EMERGENCE OF A COMPLETELY UNDERSTANDABLE SOLUTION — THE DEVELOPMENT
OF A REINFORCED DESIGN OF THE BOTTOM OF THE BATTERY CASE [2].

Typical materials for standard AAA battery housings are polyethylene or polypropylene based
materials. The problem with using polymers for the housing is that these materials have a low thermal
conductivity and therefore create unfavorable thermal conditions for traction batteries when they are heated
during a significant load on the power system.

But the metal walls of the traction battery housing, due to greater elastic and plastic deformation, can
better withstand impacts. The disadvantage of metal walls of the housing is their significantly greater weight.
The greater weight of the metal wall is also a consequence of the use of their manufacturing technology.

One of the directions for reducing the weight of the metal wall of the traction battery housing is the
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optimal choice of the thickness of the work piece. It is necessary to take into account the mechanical
characteristics of the metal when manufacturing reinforced housings for electrical elements.

During cold deformation of metals, it is necessary to take into account the effect of hardening and
initial anisotropy of the metal on the final and intermediate stages of forming [3].

During plane anisotropy, an additional load is applied to some parts of the internal contour of the work
piece and simultaneous unloading of others [4].

However, the calculation of the stability of compressed sections of a sheet metal work piece during
cold deformation is a typical problem of the theory of plasticity [5]. And to obtain a satisfactory solution for
determining the ultimate thickness of the work piece for the drawing process, it is necessary to take into
account the phenomenon of metal hardening and anisotropy of the mechanical properties of the metal [6].

PURPOSE AND OBJECTIVE OF THE STUDY

The purpose of the work is to theoretically justify the initial thickness of the work piece from which,
due to the deformation hardening and anisotropy of the mechanical properties of the material, more durable
housings of battery cells can be made. Further theoretical research aimed at taking into account all the
features of the production technology of metal battery cases in order to justify the choice of thickness of
blanks to reduce their weight.

RESEARCH RESULTS

During the flat anisotropy, in comparison with the drawing, the isotropic material there is an additional
load of some parts of the inner contour of the blank flange and simultaneous unloading of others. This
process significantly worsens the conditions of the hood. As a result, corrugations and festoons are formed
on the end of the work piece. Consequently, it is necessary to take into account the phenomenon of
strengthening and anisotropy of the work piece due to the accurate calculation of the stress and deformation
fields of the work piece. It is also necessary to determine the intervals of unpressurized stamping. To do this,
it is effective to use theoretical models that are more adequate in describing the physical process of cold
deformation.

The main condition for a successful sheet metal plastic deformation process is to maintain the stability
of the sheet metal plastic formation process. In the event of a loss of form stability, significant local
deformations occur, which usually leads to a rupture of the work piece or to a marriage. Ensuring the
stability of the plastic forming process reduces the percentage of defects, improves the quality of the product
and contributes to the reliable operation of automatic machines.

Based on the Euler scheme, the occurrence of waviness of the sheet surface is formed in areas with
excessive compressive or compressive-tensile stresses.

Most of the published work on this type of buckling concerns the formation of waviness on a flat
flange during deformation of parts such as bodies of revolution. In the analyzed works, the solution of the
problem of flange stability was considered by analogy with the solution of the problem of elastic-plastic
bending of a compressed rod by the Engesser-Karman method. It was assumed that the formulas for the
elastic bending of plates and shells are valid for the case of bending beyond the elastic limit of the metal. To
do this, the modulus of elasticity should be replaced by the reduced modulus of elasticity.

The exact solution of the problem of analyzing the stress state of the flange of the sheet anisotropic
work piece during deep plastic deformation has certain mathematical difficulties. To obtain a solution to
such a problem, a number of assumptions were made: we neglect the change in the thickness of the blank
flange, that is, we believe that its flange is in conditions of flat deformation; plastic orthotropy of sheet metal
arising in the process of plastic deformation of anisotropic material is rather small and does not have a
significant effect on its initial anisotropy; there is no Bauschinger effect; metal behavior obeys the laws of
elastic-plastic hardened medium in the corrugation zone; forces increase slowly and deformation rates are
small; plastic deformation process is considered to be a uniform deformation process consisting of a set of
consecutive balanced plastic states, each of which corresponds to a certain stage of loading. To obtain a
satisfactory solution for determining the limit thickness of the work piece for the drawing process without
pressing, it is necessary to take into account the phenomenon of metal hardening and anisotropy of the
mechanical properties of the metal. Make assumptions allow you to find a solution on the basis of which you
can determine the parameters of the tool and work piece; determine the parameters of technological
operations that do not lead to defects.

In work [7], dependencies for calculating the critical thickness of an anisotropic work piece without
corrugation are shown
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m, = oJ/c, — the ratio of the main normal stresses in the anisotropy axes; E, — modulus of plasticity of
anisotropic material; n — constant value (strengthening index) that characterizes the ability of the metal to
strengthen; a — half a wave length;  — the coefficient is selected within cys, c12, ¢22 — anisotropy constants.

In work, the data obtained from the results of a study similar to the above are given for the relative
critical thickness of the plate, which provides stretching without corrugation, taking into account anisotropy:
for steel 08kp — s, = 0,0247+0,0003, for brass — s, = 0,0299+0,0004.

Previously [8], dependencies have been obtained to calculate the thickness of the preform, which
provides stretching without pressing the flange. The results of these calculations have some discrepancies with
the empirical expressions of Schofman L. I. The thickness of the plate determined from them is somewhat
larger, which leads to an increase in the weight of the final product. Therefore, it becomes necessary to finalize
the theoretical result by taking into account the strengthening and anisotropy of the starting metal of the work
piece.

We will clarify the resulting dependencies in accordance with assumptions that are consistent with the
theory of plasticity of the anisotropic body of R. Hill: plastic orthotropy of sheet metal; sheet metal
anisotropy acquired during plastic deformation is insignificant and has no significant effect on its initial
anisotropy; the work piece material is compressed; metal strengthening isotropic; no Bauschinger effect.

The expression for the cross section of the anisotropic metal module of the work piece will be

Eco =HC1E, 2

For a material with circular symmetry at R, =R, =Rg; R :+—; Ciy =Cyp; A=0;

Ci3 =Cy3 =0 from (2) we will have
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Then the ratio to the critical thickness of the blank plate will be
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Imagine the plasticity index E. and the average intensity of stresses, taking into account the
strengthening of the material in the form of

h? = 0,041

E.=Cel ™, (6)
Gec = Cgin’ (7)

where C, n — constants of the material, determined by experiments on the stretching of samples.
Substituting these formulas into expression (5) and performing the necessary transformations taking
into account g; = 0,5e¢ We will get

h2 0041 2*Ro (1) 1 |t ®)

We express the anisotropy coefficients u, y through their parameters, substitute one of the roots of the
Bessel function and as a result we get

h? —0,004573 27 Rofq_ T | [2L+Ro)y Ty 9)
1+ R, y )\ 1+2R, r

We will calculate for the following deformation parameters of the work piece: d =25 mm,
D=40mm, Ry =1.
Than

h? >0,0045-20° -§(1—12—'5j\/E In-29 > 0,545
2 20 3 125

and
h>0,738mm.

When comparing the results obtained from formulae [7, 8] as well as (9) with the buckling condition,
it can be seen that taking into account the anisotropy of the material makes it possible to more accurately
determine the critical thickness of the starting metal of the work piece. The discrepancy is not more than
8,5% (Fig. 1). In Fig. 1, the following designations are adopted: h — the thickness of the work piece,
calculated according to the dependence (9); s — billet thickness calculated by L. I. Schofman's formula; ry —
initial radius of work piece.
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Figure 1 — Change in thickness of the work piece from its initial radius

Figure 1 shows that the results of the calculations are almost the same, but with an increase in the
initial diameter of the work piece and, accordingly, the degree of deformation, the thickness increase
increases for formula (9) than for the empirical equation of L. I. Shofman. This suggests that the analytical
expression (9) quite adequately describes the dependence of the thickness of the work piece on its
dimensions.

Analyzing the expression (9), it can be concluded that by increasing the anisotropy index from 0,5 to
2, the critical thickness of the required work piece decreases. The flange of the work piece of material with a
large RO index will be more stable under deformation. This coincides with the data of Golovlev V. D. and
Zharkov V. A., who say that with an increase in anisotropy indicators, the resistance to deformation of the
blank flange decreases and the limit degree of stretching increases [10]. However, flat anisotropy generally
adversely affects the deformation process of the material and worsens the conditions of formation [11]. In
this case, the thickness of the work piece should be increased by 1,6-2 times compared to the deformation of
the isotropic metal (Fig. 2). In Fig. 2, the following designations are adopted: h is the thickness of the work
piece, calculated according to dependence (9), taking into account anisotropy and the phenomenon of metal
strengthening during deformation; s — billet thickness calculated by formula [10], excluding the above
parameters; ry is the initial radius of the work piece.

2

20 22 24 26 28 30
Tn, mm

Figure 2 — Change in the thickness of the work piece depending on the increase in its initial radius

It is also interesting to compare the results of calculations with the formula of V. Golovlev (1) and
experimental data [12]. We will perform the calculation for the following conditions: d =45 mm,

D =90 mm. For steel 08kp R, = 1,706. We find the relative critical thickness of the plate h=s/D
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h2 > 0.0045. 457 - 2+1,706(1_ 22,5) 21+1,706) In 45 > 4785
1+1,706 45 \1+2-1,706 225
h>219mm
and
219

h=2"-2-0,0243
90

According to the expression of Golovlev V. D. h=0,0237, according to experimental indicators

Yakovleva S. S. h=0,0247, according to L. I. Shoffman's empirical formula D — d < (18...22)s h=0,0227.
The greatest discrepancy between the results was found with the data of Shofman L. I. and is approximately
equal to 6%.

CONCLUSION

From the above study, we can conclude that the results of calculations for expression (9) correlate well
with the data obtained earlier. The determined data reliably reflect the influence of the stretching coefficient,
flat anisotropy and the initial diameter of the work piece on the critical thickness of its plate. At the same
time, almost all the characteristics of the technological process that affect the thickness of the initial work
piece are explicitly contained in the resulting expression. This allows you to control these characteristics in
order to optimize the thickness of the work piece. The dependence obtained as a result of the study allows
accurate and qualitative calculation of the optimal thickness of the initial work piece at the stage of
development of the technological process of manufacturing the bodies of battery cells of electric vehicles.

For example, the specific gravity of steel is 7,85 g/cm® and that of dense polyethylene is 0,95 g/cm®.
Then, according to simple calculations, the weight of the steel case of the battery cell with dimensions of
10x50x0,8 cm will be determined at 8,9 g, and the polyethylene case with dimensions of 10x50x2,5 cm will be
only 2,79 g. That is, the polymer case of the battery cell will be lighter than the steel one almost 3 times.

Nevertheless, to protect the passengers of electric vehicles, automakers produce metal cases of battery
cells. But if you increase the thickness of the steel body by 0,2 mm, the weight of the element will increase to
10,95 g, which is 2 g more than the previous calculation. Therefore, the relevance of the above study to
determine a more accurate value of the thickness of the blanks of the battery cell bodies, taking into account the
mechanical characteristics of their material, is not in doubt.
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Ilaenenko O.B., Enicmpamos B.O, Yepnum A.A., Xapvkoe O.A. Y10CKOHAJIEHHSI TEXHOJIOTil BUTOTOBJICHHS
KOPIYCiB TArOBUX aKYyMYJIATOPHHUX 6aTapeii eJIeKTPOMOOLTIB A1 3aXMCTY Bil yIapHUX NMOIIKOIKEHb

Ha cydacHHMX eneKTpOMOOUISIX TATOBHH aKyMyJISITOP BCTAHOBIIIOETHCS 3HH3Y HAa JHHUINI Ky30Ba, IO 3MEHIIYE
BHCOTY LIEHTPY Baru TPAHCIOPTHOIO 3acO0y Ta MOKpAIIly€e MOMEPEYHy CTIHKICTh aBTOMOOLIS i Yac KPUBOJIHIHHOTO
pyxy. Henomnikom Takoro po3rairyBaHHS € IiJIBUIIEHUH PU3UK MOLIKOPKEHHS i PyHHYBaHHs 3aXHCHOTO KOPIYCY Ta,
BIZIMOBITHO, E€JIEKTPUYHUX EJIEMEHTIB aKyMyJsiTopa, SKUMH € JECSATKM 3BHYAHUX MNOOYTOBHX JIITIH-IOHHUX
aKyMyJsITOpiB TUITY AAA. AJle KOPIyCH IIMX €JIeKTPUYHUX €JIEMEHTIB BUTOTOBIISIOTHCS 3@ CIEIiabHO TEXHOJIOTIENO,
IO CIpHsE TiJBUIICHHIO MIITHOCTI KOpPIyCy, Ta 3 MaTepiady 3 BHCOKOIO TemoBimmadero. IlokazaHo, mo TAroBHi
aKyMYJISITOp € HaHZOPOKYMM KOMIIOHEHTOM eleKTpoMoOutsi. ToMy po3poOka MeToiB BUPOOHHITBA, CIIPIMOBAHUX Ha
30UTBIIICHHS TEPMiHY HOTO eKCIDTyaTallii, € akTyaJTbHUM 3aBIaHHSM.

IMpoBeneHo ypaxyBaHHA MEXaHIYHHX XapaKTEPUCTUK aHI30TPONHOTO MaTepialy WiJ 4Yac BHUTOTOBJICHHS
MMOCWICHNX KOHTEHHEPIB [UIA KOPIYCiB ENCKTPUYHUX CIIEMCHTIB. BU3HaueHO maHi, SKi JOCTOBIPHO BiZOOpa)karoTh
BIUIMB KOe(ili€HTa pO3TATYBaHHS, IUIONIMHHOI aHI30Tpomii Ta ITOYaTKOBOTO JiaMeTpa 3aroTOBKM Ha KPUTHYHY
ToBuMHY 11 miactuHu. OTpUMaHO BHpa3, SKMH BPaxOBYE BCI XapaKTEepUCTHUKH TEXHOJOTIYHOTO IpOIecy, L0
BIUIMBAIOTh HA TOBIIMHY MIOYaTKOBOI 3aroTOBKH. Lle /103B0JIsSiE KOHTPOIIIOBATH 11i XapaKTEPUCTUKHU 3 METOIO ONITHMIi3allii
TOBLIMHU 3aroToBkd. OTprMaHa B Pe3yJIbTaTi JIOCHIPKEHHS 3aJIeKHICTh JO3BOJIIE TOYHO Ta SIKICHO pO3paxyBaTu
ONTHMAJIbHY TOBLIMHY BHXIJHOT 3arOTOBKM Ha €Tami pO3pOOKH TEXHOJIOTIYHOTO IPOLECY BHTOTOBJICHHS KOPITYCiB
aKyMYJSITOPHHX €JIEMEHTIB JUIsl €IeKTPOMOOLIIB.

Kuro4oBi ciioBa: enexkTpoMoOie, TiTiH-IOHHAH aKyMyJIATOp, 3aXUCT aKyMYJISITOpa, aHI30TPOIIHI MaTepiaiy.
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USING CLUSTER ANALYSIS TO STUDY THE CHARACTERISTICS OF MICRO-FREIGHT
FLOWS OF SHOPPERS

The article presents the results of a study aimed at identifying socio-demographic and behavioral factors
influencing people’s choice of transport mode during shopping trips. Considering the increasing volume of shopping-
related trips and the growing attention to the environmental aspects of urban mobility, the study examines the
phenomenon of micro-shopping flows as part of the broader urban freight transport system.

The study is based on an online survey of 479 respondents. Using hierarchical clustering, two main clusters of
shoppers were identified. The first cluster consists of middle-aged individuals, predominantly women, who combine
active employment with medium-weight purchases (2-5 kg), mostly during daytime hours, and prefer traveling by
private car or on foot. The second cluster primarily comprises students who make small purchases (up to 2 kg), more
often after 3:00 p.m., often combining public transport and walking.

The results confirm the presence of statistically significant differences between the groups in terms of age,
gender, occupation, shopping time, and purchase weight. A clear relationship was found between purchase weight and
choice of transport mode: as the weight increases, the likelihood of using a private car rises significantly. Similarly,
temporal characteristics influence modal choice — walking predominates in the morning hours, while the share of car
and public transport trips increases in the afternoon.

The practical significance of this study lies in providing a scientific basis for developing targeted sustainable
transport planning measures aimed at specific user groups. For young people, it is advisable to focus on improving
access to public transportation and developing micro-mobility infrastructure. For the working population, effective
measures may include incentives to reduce private car use.

Future research prospects are related to modeling the impact of micro-shopping flows on overall urban traffic.
Such analysis is important for managing peak loads in the transport system and for developing policies aimed at the
environmentally sustainable development of urban transport.

Keywords: shopping trip, cluster analysis, socio-demographics indicators, mode choice, micro freight flows

INTRODUCTION

Despite the growing popularity of online shopping, travel demand for shopping purposes remains a
significant component of overall travel demand within urban areas [1, 2].

In recent years, the number of studies on “green purchases” has increased significantly, focusing on
the environmental impact of consumer habits [3]. Researchers examine the factors influencing consumers’
intention to make environmentally friendly purchases (individual characteristics, cognitive and social factors,
product features, and marketing aspects) and assess the potential effects of an increasing share of such
purchases [4-6]. “Green purchases” are part of the broader concept of “green behavior” (GB), which refers
to private-sphere habits related to everyday environmentally responsible actions — such as household
consumption aimed at reducing waste, saving water and energy, prioritizing products with a lower
environmental impact, and using reusable goods [7]. Within this broader context, the choice of travel mode is
an integral part of GB [8]. If “green purchasing” practices are carried out using a private car, the
environmental benefits of such actions are largely offset. Therefore, the choice of transportation mode
constitutes an essential component of green behavior overall and is a factor that directly influences the real
contribution of “green purchases” to reducing environmental impact.

To effectively respond to new mobility trends and develop a comprehensive planning approach that
promotes “soft” modes of transport while preventing undesirable consequences, public authorities need
access to information not only on urban freight transport and logistics but also on individual travel patterns
and consumer behavior [9]. To design a system of measures that fosters an environmentally sustainable
transport system, it is essential to understand which individual and contextual variables influence people’s
choice of travel mode [10]. Compared to commuting trips, shopping-related trips are more flexible in terms
of destination and timing. Therefore, measures that encourage the use of more environmentally friendly
transport modes for shopping trips may prove to be more effective [11].

ANALYSIS OF LITERATURE DATA AND FORMULATION OF THE PROBLEM

Recent studies in the field of last-mile logistics have expanded the scope of urban freight transport to
include, in addition to actual last-mile delivery, shopping trips made by private cars [12]. Ensuring
sustainability in last-mile distribution is a complex challenge due to the growing volume of deliveries
combined with strict time requirements [13]. Therefore, a promising direction may be the development of
measures aimed at encouraging consumers to switch to more environmentally friendly modes of transport.

m 2025, Ne2 (25) ISSN 2313-5425




© H. Pivtorak, Ye. Pruskyi 2025

Factors influencing users’ choice of travel mode in a transport system can be divided into three
groups: socio-demographic characteristics, built environment (building density, land-use mix, distance to
various facilities, etc.), and attitudes (comfort, convenience, travel satisfaction) [10]. While the scientific
literature contains a substantial number of studies on these factors, there are relatively few publications
focusing specifically on shopping-related trips. In recent years, researchers have primarily concentrated on
examining changes in consumer purchasing behavior associated with the Covid-19 pandemic and/or the
growing share of online shopping [1, 14, 15]. However, most studies focus on trips in general or commuting
trips [10].

According to the study presented in [16], as population density and the density of shopping locations
decrease, the frequency of shopping trips made by car increases.

In [17], based on the analysis of survey results conducted in Munich, Germany, purchasers were
divided into six latent classes according to their shopping behavior (including the frequency of offline and
online purchases and the mode of transport used for offline shopping). These studies indicate that the groups
most inclined to use a car for shopping trips are employed individuals with high income, those with children
and access to a private car, as well as residents of less dense residential areas.

In [18], consumer shopping behavior was analyzed based on survey data from Japanese respondents.
According to the published results, the choice of travel mode for shopping trips is influenced by employment
status (working respondents typically choose the car, while non-working respondents prefer cycling or
walking), the distance to the shopping location, and the duration of stay at the destination (those who walked
spent the least time shopping, while those who arrived by car spent the most).

According to the studies presented in [19], the frequency of shopping trips made by car is influenced
more by habit than by socio-demographic characteristics (the research was based on survey data collected in
Sweden). The authors recommend that when developing measures aimed at changing urban travel behavior,
special attention should be given to alternatives that prevent and/or reduce the formation of strong habitual
patterns.

RESEARCH QUESTIONS

Based on the literature review, the following research questions are formulated:

-RQ1. What factors influence consumer purchasing behavior, and what typical groups of shoppers can be
identified?

-RQ2. How can sustainable urban transport policies be adapted to meet the needs of specific groups of
shoppers?

RESEARCH RESULT

Data collection procedure and general characteristics of the survey results

To collect data, an online survey of the population was conducted (the questionnaire was created in
Google Forms and distributed via social media). A total of 491 completed questionnaires were collected, of
which 479 were retained for further analysis after excluding those containing incomplete or evidently false
information. The data gathered through the survey can be divided into the following blocks: socio-
demographic and socio-economic characteristics of the respondents; general behavior during the purchase of
food and non-food products (frequency, place of purchase, typical mode of transport for shopping trips); and
information regarding the most recent offline purchase (time, place, amount spent, and mode of transport).

The sample consisted of 63% women. The survey mainly involved young people, with 83% of
respondents under the age of 40. The distribution of the sample by average monthly household income was
as follows: up to UAH 14,000 — 29%, UAH 14,000-20,000 — 16%, UAH 20,000-30,000 — 16%, UAH
30,000-40,000 — 13%, and over UAH 40,000 — 26%. Employed individuals accounted for 45% of
respondents, students for 46%, and the remaining respondents were unemployed (6%) or retired (3%).
Among the respondents, 53% (253 individuals) had lived in a large city (population over 300,000) for at least
the past six months, 30% (142 individuals) in a city with a population under 300,000, and 17% (83
individuals) in a rural area.

Place of residence affects the frequency of both food and non-food purchases, although the difference
is more pronounced for non-food items (Fig. 1).

ISSN 2313-5425 , 2025, Ne2 (25) ﬂ



© H. Pivtorak, Ye. Pruskyi 2025

. 2688
é 80% g w e
£ on L 26,76
B a0% & 60%
g g
S 0% 5 0%
g" 40% Eﬂ 0%
g 0% § 30%
S 0% 1620 2 0m
10% 10%
% 0,00 N
big city (300 000 population) medium and small city (< 300 villages big city (>300 000 population) medium and small city (< 300 villages
000 population) 000 population)

a) = Pas ma sicmms a6o pimme B Kimsia pasis Ha sicams PasmaTminems 8 Kimexa pasis ma Temagens b) ®Pas masicams a6o pimme  WKiTka pasis mastcmme ¢ PasmaTmsmens @ Kinmwa pasis na TERTems

Fig. 1. Distribution of purchases by frequency: a) food products; b) non-food products

Most respondents, regardless of their place of residence, purchase food products several times a week.
For rural residents, this figure is slightly lower, with a larger share of purchases occurring once a week. Less
than 9% of respondents buy food products less frequently than weekly. For non-food purchases, the
differences are more pronounced. The share of respondents making such purchases once a week is almost the
same across different residential locations, with only a small variation in the proportion of those purchasing
non-food items no more than once a month (15-20%). However, several times a week, 7.5% of residents of
large cities make non-food purchases, compared to 22.5% of residents of smaller cities.

Small-volume purchases prevail: 47% of respondents indicated that their most recent purchase
weighed less than 2 kg, while 39% reported a weight between 2 and 5 kg. Moreover, 83% of respondents
stated that a purchase of this size is typical for them.

The distribution of responses regarding the choice of transport mode for shopping trips is shown in

Fig. 2.
Private car, public transport, walk
Private car, public transport
Private car, walk Taxi
Public transport,
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Walk
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Fig. 2. Mode choice for shopping trips: a) usually; b) during the most recent purchase

Approximately 26% of respondents usually choose a car for shopping trips, while around 23%
indicated it as one of the alternatives they use regularly. For public transport, these figures are 15% and 36%,
respectively. Overall, transport-based trips account for 41% of all shopping trips, with an additional 43%
regularly combining them with walking. Fifty-one percent of respondents reported using some form of
transport during their most recent purchase.

Clustering procedure

Among the methods for assessing travel behavior in urban areas, regression models and machine
learning techniques are the most popular [10, 20]. Cluster analysis, as one of the machine learning
algorithms, is an effective method for dividing datasets into subgroups characterized by distinct differences.
Conducting cluster analysis involves the following main steps [21]:

-normalization and standardization of input data;

- dimensionality reduction (excluding data from the sample that do not influence the clustering
results);

-cluster identification (based on distance to a cluster centroid, dissimilarity and linkage between
groups of observations or density);

-evaluation of results (assessing the reliability of clustering for a given number of clusters).
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If the input dataset contains different types of data (numerical, categorical, binary, and multiple-
choice), they need to be represented using a common standard. Several methods can be used for encoding:

-One-Hot Encoding is applied to features with a single choice among multiple categories (e.g., gender,
time of purchase). This approach helps avoid false assumptions about the order or equidistance
between categories, which is particularly important for models sensitive to numerical values (such as
decision trees or logistic regression).

-Multi-Hot Encoding is applied to fields where respondents could select multiple options simultaneously
(e.g., modes of transport to the shopping location). Each category is transformed into a separate binary
variable indicating the presence or absence of the corresponding feature.

-Ordinal Encoding is used for ordered variables, such as income level or purchase weight. Preserving the
order allows the model to account for monotonic relationships, which is appropriate when the values
have a logical progression (e.g., «less than 2 kg» < «2—5 kg» < 5-10 kgy).

As a result of the preprocessing, a complete set of features suitable for use in clustering and
classification algorithms was created. Each row in the table represents an individual respondent, and each
column corresponds to a standardized, encoded feature.

Clustering of respondents based on the mode of transport they most frequently use for shopping trips

The study employed hierarchical clustering with dendrogram construction using Ward’s method. The
proximity matrix was calculated using the normalized Manhattan distance metric. The clustering process
workflow in Orange software is shown in Fig. 3. To determine the importance of variables in the clustering
procedure, the Rank function was first applied to the target variable, “mode of transport for shopping trips,”
and the variables that most influenced the choice of transport mode were selected.
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Fig. 3. Hierarchical clustering procedure using Orange software

First, six factors were selected using the Rank function:

- age;

- gender;

- type of employment;

- household size;

- time of the trip;

- purchase weight.

The optimal number of clusters was determined based on the silhouette score values (Table 1).

Table 1. Selection of the optimal number of clusters

Total number | Weighted average Silhouette score values for each cluster
of clusters silhouette score Cl C2 C3 C4 C5
5 0.24 0.564 0.413 0.084 0.199 0.119
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4 0.40 0.564 0.413 0.133 0.455 —
3 0.38 0.382 0.142 0.455 - -
2 0.63 0.498 0.702 - — -

The silhouette score reflects the level of cohesion within a cluster. Its values range from -1 to +1, with
values closer to 1 indicating that an object fits well within its cluster [22]. For the selected set of factors, the
best results were obtained by dividing the sample into two clusters.

Members of the first cluster primarily make shopping trips by private car (48%) or on foot (33.7%).
This group consists mainly of middle-aged working individuals, predominantly women. The second cluster
mainly comprises students who prefer using a private car (41%) or public transport (32.4%) for their trips. A
more detailed characterization of the resulting clusters is presented in Table 2.

Table 2. Clustering parameters and factors considered in the cluster division

Mean value
and
Variable Value type dispersion Percentage dlstrlbu_tlon (for a categorical Estimate
(fora variable)
numerical
variable)
Cluster C1
Student’st=
Age Numeric 44.75+10,1 22,19
p=0,000
Student’st=
Homgg?old Numeric 3,48+1,2 1,51
p=0,133
2
. o x° =27,05
Gender Categorical 84,3% — female =0,000
Type of . 0 . x* = 117,69
employment Categorical 83,15% — employed population p=0.000
21,35% — 9:00 — 12:00
Time of the Cateqorical 30,34% — 12:00 — 15:00 x> =11,08
trip g 22,3% — 15:00 — 18:00 p=0,050
22,5% — after 18:00
17,3% — purchases weighing up to 2 kg 2 _
P\tjvré(:ih?]ie Categorical 56,8% — purchases weighing 2-5 kg x :_02(?(’)%7
g 17,3% — purchases weighing 5-10 kg P~
Cluster C2
Student’st=
Age Numeric 20,24+3,8 22,19
p=0,000
Student’st =
Hoisizgsold Numeric 3,24+1,3 151
p=0,133
2
. o yx =27,05
Gender Categorical 50% — female =0,000
Type of . . x> =117,69
employment Categorical 69,3% — students p=0.000
14,77% — 9:00 — 12:00
Time of the Cateqorical 22,7% — 12:00 — 15:00 x> =11,08
trip g 37,5% — 15:00 — 18:00 =0,050
23,3% — after 18:00
53,9% — purchases weighing up to 2 kg 2_
P:Vgh?ie Categorical 34,2% — purchases weighing 2-5 kg x :_02(?(’)%7
g 9,4% — purchases weighing 5-10 kg P~
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The p-value for the variable “household size” is greater than the critical value of 0.05; therefore, the
clustering was performed without taking this factor into account. The calculations presented in Table 3
confirm the appropriateness of this step, as the weighted average silhouette score increases.

Table 3. Selection of the optimal number of clusters

Total number | Weighted average Silhouette score values for each cluster
of clusters silhouette score C1 C2 C3 C4 C5
5 0,27 0,657 0,423 0,100 0,318 0,112
4 0,44 0,657 0,423 0,162 0,526 —
3 0,42 0,393 0,170 0,526 — —
2 0,67 0,522 0,739 — — —

Members of the first cluster mainly make medium-weight purchases (2-5 kg), with more than half of
the trips occurring before 3:00 p.m. (55%). In the second cluster, purchases weighing up to 2 kg prevail
(54%), and shopping trips are shifted toward the afternoon hours (after 3:00 p.m.) — 61% of purchases.

Separate graphical dependencies were constructed between the time of purchase and choice of
transport mode, as well as between purchase weight and choice of transport mode (Fig. 4 and Fig. 5).

after 18:00 — 45,9 -
15:00 - 18:00 - 43,0 _
12:00 - 15:00 _ 322 -
09:00 - 12:00 _ 31,9 _
wpto000 (NSO 250 D
0% 20% 40% 60% 80% 100%
mwalk © private transport ™ public transport
Fig. 4. The impact of purchase time on the mode choice
>10kg 100,0 l
5-10kg _ 60,0 -
2-5kg 32,2
0% 20% 40% 60% 80% 100%

uwalk private transport M public transport

Fig. 5. The impact of purchase weight on the mode choice

The highest share of walking trips occurs during morning shopping (50% for purchases before 9:00
a.m. and 38% for purchases between 9:00 a.m. and 12:00 p.m.). After 12:00 p.m., the overall use of
transport, particularly private vehicles, increases. Public transport is most actively used during the afternoon
hours, with over 38% of respondents utilizing it for shopping trips between 3:00 p.m. and 6:00 p.m.
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The relationship between the choice of transport mode and purchase weight is even more pronounced.
For the smallest weight category (< 2 kg), walking is the predominant mode of transportation (48%). As
purchase weight increases, the use of transport also rises: for medium-weight purchases, the share of walking
slightly decreases in favor of public transport, while for purchases over 5 kg, the share of trips made by
private car sharply increases, reaching nearly 100% for purchases weighing more than 10 kg. This is
supported by other studies, which indicate that a larger shopping list or visiting multiple stores in a single
shopping trip significantly increases the likelihood of using a private car [23].

DISCUSSION OF THE RESULTS OF THE STUDY AND SUMMARY

The conducted study made it possible to identify the key socio-demographic and behavioral factors
that determine consumers’ choice of transport mode for shopping trips. The application of cluster analysis
allowed the identification of two groups of respondents differing in age, gender, occupation, as well as the
weight and timing of their purchases.

Middle-aged respondents, predominantly women with active employment, prefer to use private cars or
walk for shopping trips. Their purchases are typically of medium weight and occur throughout the day, with
slightly higher activity between 12:00 and 3:00 p.m., possibly during lunch breaks at work. A separate
cluster of younger respondents, primarily students, more often combines car trips with public transport. Their
purchases tend to be lighter, and shopping trips are shifted toward the afternoon (after 3:00 p.m.). Some
studies indicate that younger people are more inclined to use environmentally friendly transport modes,
partly due to their mobility and fewer established travel habits [24]. The present study partially confirms this,
as the combined share of public transport and walking trips is higher in the second cluster (69% versus 61%
for the first cluster). These findings provide a foundation for more targeted sustainable urban transport
policies, particularly aimed at younger population groups, who are more open to changing travel behaviors.
For students, it is advisable to focus on improving access to public transportation and micro-mobility
infrastructure. For the employed population, incentives to reduce private car use—such as developing ride-
sharing systems, enhancing walking conditions, and integrating mobility services—are particularly
important.

A prospect for further research is the assessment and modeling of the impact of shopping-related
travel flows on overall traffic. Considering that shopping trips using transport are most frequent between
3:00 p.m. and 6:00 p.m. (including the start of the evening peak), studying these micro-mobility flows is a
highly relevant issue.
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Iligmopax I'.B., Ilpycokuii €.B. BUKOpHCTaHHS KJIACTEPHOIO AaHAJi3y [Jsi BHBYEHHS
XapaKTePUCTHK MiKPOBAHTAKHUX NMOTOKIB MOKYNIiB

Y crarTi mpeicTaBieHO pe3yJbTAaTH JIOCHIPKEHHS, CHPSAMOBAHOI'O HA BHUSBJICHHS COI[IAJIbHO-
neMorpadiyHux i TOBEAiHKOBUX YMHHHUKIB, 10 BIUIMBAIOTH Ha BUOIp criocoOy mepecyBaHHS HACENEHHS i
Yac 371IICHEHHS TIOKYIIOK. 3BaXKar04n Ha 3POCTaHHS 0OCATIB IMOI3/I0K, MOB’S3aHKX 13 3aKyIiBJICIO TOBAPIB, i
Ha TOCHJICHHS YBard JI0 C€KOJIOTIYHHX AacCHeKTiB MiChbKOi MOOUIBHOCTI, y po0OOTI po3risHyTO (eHOMEH
MIKPOBaHTaXHHUX ITOTOKIB IMMOKYIIIIB SIK YaCTHHY IIMPILIOi CHCTEMH MICHKUX BaHTQKHUX NIEPEBE3CHb.

HocnimkeHHs 6a3yeTbcsl Ha pe3yibTaTax OHJAH-onuTyBaHHA 479 pecrionnentiB. Ha ocHOBI MeTomy
lepapxidHOi KJacTepw3allii BU3HAYEHO JBa OCHOBHI KjlacTepw MOKymmiB. Ilepmmii xmactep chopmyBanm
MIPEACTABHUKHA CEPEIHBOTO BiKy, MEPEBAXKHO JKIHKH, SIKI MOETHYIOTh aKTHBHY 3aiHATICTH i3 BHKOHAHHSIM
MOKYTIOK CepelHbol Baru (2—5 kr), 3ae0UIbIIOr0 y IEHHWHM 4Yac, 1 BIJIalOTH MEpeBary IepecyBaHHIO
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MIPUBATHUM aBTOMOOiTeM abo mimku. J[pyruii Kiactep OXOILTIOE TEPEBAKHO CTYACHTCHKY MOJIOIb, SKa
3MIHCHIOE HEBEIHUKI MOKYNKHU (10 2 Kr), yactimie micist 15:00, KoMOiHyI0YH rpOMaJChKH TPAHCHIOPT 1 MmiLi
nepeMilleHHS.

OTpumaHi pe3ynbTaTH MiATBEPAXKYIOTh HAsBHICTh CTATUCTUYHO 3HAYYIIMX BiAMIHHOCTEH Mik
TpynaM# 3a BIKOM, CTAaTTIO, BHJOM MisIIHOCTI, YaCOM BHUKOHAHHA Ta BAaror MOKYIKHA. BHSBIEHO HiTKY
3aJIe)KHICTh MDK Baror TMOKYIDKH Ta BHOOPOM TpPaHCIOPTHOTO 3aco0y: 31 3pOCTaHHAM Barm CYTTEBO
MiABUIIYETHCS WMOBIPHICTH BUKOPHCTaHHS MIPUBATHOTO aBTOMOO1S. AHANOTIYHO, YaCOBI XapaKTEPUCTHKH
BIUIMBAIOTh HAa MOJANBHUA BUOIp — y paHKOBI TOOWUHHM TEPEBAXKAIOThH IMIIIl NMEpeMIMIeHHs, TOAlI 5K Y
OO0 THIN TIEPioJT 3pOCTa€E YaCTKa aBTOMOOIFHUX ITOI3IOK Ta MOi30K TPOMAaICEKIM TPAaHCITIOPTOM.

[IpakTnune 3HaueHHA PoOOTH mojsrac y (opmyBaHHI HayKOBOTO MIATPYHTS Uit PO3POOICHHS
LITBOBUX 3aXOiB CTAJIOT0 TPAHCIIOPTHOTO IJIaHYBaHHS, 30pi€EHTOBAHUX Ha KOHKPETHI TPy KOPUCTYBAYiB.
Jts MoToTi OIITBHO 30CepEeUTHICS Ha TIOKPAIIEHH] TOCTYITHOCTI TPOMAaJICHKOTO TPAHCIIOPTY Ta PO3BUTKY
1HPPACTPYKTYpH MIKPOMOOINBHOCTI, TOAI SIK Ui TPALIOIUYOro HaceleHHS ¢(pEeKTHBHUMH MOXYTb OyTH
CTUMYJIM IO CKOPOYEHHS! BUKOPUCTAHHS IPUBATHOT'O aBTOMOO1IIS.

[lepcriekTHBH MOJANBIIMX JIOCTIPKCHb IIOB’S3aHI 3 MOJCNIOBAHHAM BIUIMBY ITOKYIICIIBKHX
MIKpOBaHT)XKHUX IIOTOKIB Ha 3arajbHi TPaHCHOPTHI MOTOKH Micta. Takuii aHami3 € BaKIMBUM IS
yIpaBiiHHS MIKOBUMH HAaBaHTOKEHHSAMH TPAaHCIIOPTHOI CHUCTEMH Ta PO3POOJICHHsS TONITHK EKOJIOTiYHO
CTaJIOTO PO3BHUTKY MiCHKUX ITI€PEBE3CHb.

KarouoBi cioBa: mepeMilieHHS 3 METOIO TOKYIKH, KJIACTEPHHUH aHali3, COIialbHO-IeMorpadidHi
MOKa3HHUKH, BUOIp BUAY MEepPEeMillIeHHs], MiKPOBAHTaXKHi TOTOKH
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MODELING OF ADDITIONAL TIME COSTS IN THE ROAD TRANSPORT SYSTEM AT THE
LAST MILE STAGE

The article addresses the problem of optimizing loading and unloading operations in road transport as a key
element of the transport and logistics process that significantly affects the overall efficiency of freight delivery. It has
been established that considerable time expenditures during the execution and waiting for loading and unloading
operations lead to increased operating costs and reduced fleet productivity. An analysis of the regulatory framework
showed that the existing regulations were developed under the conditions of a centralized economy and do not
correspond to modern market requirements.

The necessity of updating these standards has been substantiated, taking into account contemporary conditions
and the characteristics of vehicles, types of packaging, as well as the specifics of goods and organizational approaches
to logistics operations. The use of regression models has been proposed to formalize the dependencies between the
duration of loading and unloading operations and the key parameters of the process. The obtained values of time
parameters can be incorporated into the construction of linear and regression models, which will ensure greater
accuracy in predicting time expenditures and in developing recommendations for improving the efficiency of transport
and logistics systems. The integration of regulatory, mathematical, and digital approaches to the optimization of
loading and unloading operations in last-mile retail logistics is identified as a necessary condition for enhancing the
effectiveness of logistics processes under current market conditions.

Keywords: loading and unloading operations, road transport, logistics processes, transportation efficiency,
regression modeling, time expenditures, last mile.

INTRODUCTION

Loading and unloading operations in road transport represent one of the most resource-intensive and
critically important components of the transportation process, significantly affecting its overall efficiency.
Considerable time expenditures for performing or waiting for loading and unloading operations lead to
prolonged vehicle downtime, which results in higher operating costs and reduced turnover of the rolling
stock.

The main causes of such time losses include: insufficient mechanization of operations, outdated
technical equipment, lack of unified logistical coordination among participants in the transport process at
transshipment points, as well as inefficient organization of preparatory and accompanying operations [1, 2].

Within the framework of the modern logistics approach, optimization of loading and unloading
operations involves a comprehensive review and streamlining of operations at points of cargo dispatch and
receipt, particularly at warehouses, logistics terminals, and consolidation centers.

The foundation for improving efficiency lies in ensuring the prior readiness of cargo for shipment:
formation of consignments taking into account the technical parameters of vehicles (load capacity,
dimensional restrictions), packaging of cargo into transport containers, precise identification of cargo
location within storage zones, as well as timely preparation of mechanization equipment (forklifts,
conveyors, cranes, etc.) for operation. The packaging of small-batch and piece cargoes has become
particularly relevant, as it minimizes the number of operations and reduces the impact of the human
factor [2, 3].

LITERATURE REVIEW AND PROBLEM STATEMENT

The regulation of vehicle downtime during loading and unloading operations is governed by
normative documents, in particular the «Unified Time Standards», which establish baseline values for first-
class cargo per ton. For second-, third-, and fourth-class cargoes, adjustment coefficients are applied that
account for the actual coefficient of vehicle load capacity utilization, taking into consideration full loading
within permissible dimensions (including volumetric limitations) [3-5].

Modern research confirms the significant variability in the actual duration of loading and unloading
operations, which is determined by cargo characteristics, vehicle parameters, the level of mechanization, and
personnel qualifications. To refine these dependencies, the use of regression models is proposed, as they
make it possible to formalize the relationship between processing time and key process parameters [5-9]. For
example, calculations have shown that additional time expenditures for documentation amount to
approximately 0.24 hours, while the standard time for loading and unloading operations per ton of cargo is
0.07 hours, which confirms the necessity of accounting for these factors in practical planning.
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In a broader context, the literature review [3-9] indicates that the problem of optimizing vehicle
servicing at cargo handling points extends far beyond the purely technical aspects of loading and unloading
operations. It encompasses:

— optimization of vehicle service sequencing as a task of minimizing total costs;

— implementation of information technologies to enhance the efficiency of logistics systems;

— strategic planning of logistics processes and rational use of resources;

— application of mathematical models — from the classical vehicle routing problem (VRP, PVRP) to
modern methods of fuzzy logic and queuing theory;

— digitalization and automation using blockchain, cloud services, and artificial intelligence.

Particular importance is attached to the integration of these approaches into practical solutions that
focus not only on minimizing downtime but also on incorporating loading and unloading operations into the
overall management of transport and warehouse flows.

Thus, loading and unloading operations optimization serves as a fundamental element in improving
vehicle service systems at logistics terminals and provides a foundation for the development of more
advanced digital and mathematical management models.

PURPOSE AND OBJECTIVES OF THE STUDY

The purpose of this article is to substantiate the necessity of considering additional time expenditures
for loading and unloading operations and documentation processing in the organization of road
transportation of small consignments.

The objective of the study is to develop an approach to formalizing these factors within a
mathematical model, which enhances the accuracy of logistics cost assessment and supports effective
managerial decision-making.

RESEARCH RESULTS

However, the existing regulations were developed under conditions of centralized economic
management and were primarily oriented toward typical processes, which no longer fully correspond to the
realities of modern market-oriented logistics.

In connection with the transition to a decentralized economic management system, the increasing role
of private carriers, and the implementation of flexible logistics strategies, there arises a need to update and
adapt the regulatory and methodological framework.

Modern logistics planning requires a revision of the regulations regarding the duration of individual
stages of loading and unloading operations, taking into account changes in vehicle characteristics (body
types, level of automation, platform parameters), new types of containers and packaging, as well as the
specific features of the cargo being handled.

The time for loading and unloading is determined either by regulatory standards or by the dependency
(1), which has the following form:

tyy =2-(t, 40,707y ). (1)

where t, — additional time for documentation processing, h;

g, —nhominal vehicle load capacity, t;

r,_, — standard time for loading or unloading 1 ton of cargo, h/t;
7., — coefficient of static load capacity utilization.

According to current regulations, the average duration of procedures related to the documentation of
cargo operations is 15-20 minutes [1-3]. The normative time expenditures for performing loading and
unloading operations per ton of cargo generally amount to about 3 minutes. However, the results of modern
empirical studies demonstrate significant variability in these indicators depending on the specific conditions
of logistics operations. This variability is determined by a number of factors, in particular: the physical and
mechanical properties of the cargo (volume, weight, shape, fragility), the type of transport used, the level of
mechanization, the organizational structure of the logistics operation, and the qualifications of the personnel.

Considering the substantial dispersion of actual loading and unloading operations duration values,
there is an objective need for an in-depth analysis of the functional dependencies between time expenditures
and the parameters that determine them. Such an approach makes it possible not only to adapt existing
regulations to modern conditions but also to develop recommendations aimed at improving the efficiency of
logistics operations through rational planning of resources and time.
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This issue becomes particularly relevant in the context of organizing the “last mile” stage in retail
logistics systems [5]. The delivery of small-batch cargoes to the end consumer is generally carried out by
light and medium-duty vehicles, which results in higher frequency of loading and unloading operations while
reducing the volume of individual shipments.

At the same time, even when using the same method of performing cargo operations (for example,
with a manual hydraulic trolley), the level of efficiency largely depends on such factors as the infrastructural
characteristics of the delivery point (availability of ramps, elevators, access roads), time of day, road traffic
density, and the workload of logistics personnel.

DISCUSSION OF RESEARCH RESULTS

To refine the recommended data, it is necessary to study the functional dependencies of the
corresponding performance indicators on various factors. The specific feature of the last mile stage in retail
logistics systems is that the delivery of small-batch cargo is carried out by vehicles of different load
capacities, while the same method and organization of loading and unloading operations are applied. These
dependencies are predominantly linear in nature [10], therefore, the time expenditures for their execution can
be represented by the corresponding linear model:

Y =a, +b,x, (2)

where Y = t,, — time for loading and unloading cargo, h;

Y =t,., — additional time for documentation processing, h;

by = 27,., — standard time for loading or unloading 1 ton of cargo, h/t;

X = Qu'yer'— product of the nominal vehicle load capacity and the coefficient of static load utilization, t.

For conducting calculations and approximating the dependence of loading and unloading operations
duration on its components, regression analysis is applied. To obtain the coefficient values, field observation
data on the time vehicles spend at loading and unloading points during cargo delivery by vehicles of different
load capacities are used [5, 10].

The coefficients of the regression models obtained in the course of calculations, as well as the
verification of their statistical significance, are presented in Table 1.

Table 1 — Calculation results and verification of regression model coefficients

t- criterion for p — null hypothesis
. coefficients of probability values for
Indicator Value Standard error regression regression equation
equations coefficients
a, = 2t, 0,483289 0,0228 21,1181 2,23-10°
by = 22, 0,13466 0,0232 15,789 2,19-10™°

The correlation coefficient for calculating the duration of loading and unloading operations is 0,91, the
standard approximation error amounts to 0,6. The adjusted multiple correlation coefficient is 0,87 and the
probability value of the null hypothesis (F-test) equals 0.000001.

As a result of the performed calculations, it was established that the additional time expenditures
associated with the preparation of accompanying documentation amount t, =0.24 h, while the duration of
loading and unloading operations for 1 ton of cargo is 7. =0.07 h.

CONCLUSIONS

The obtained quantitative values should be taken into account when formalizing the mathematical
model that describes the structure and dynamics of logistics costs associated with small-batch cargo delivery
at the final stage of the logistics chain. Their inclusion in the model makes it possible to adequately account
for time expenditures accompanying logistics servicing, particularly vehicle downtimes caused by
administrative and technological procedures.

This, in turn, ensures greater accuracy in forecasting total costs and supports the adoption of well-
founded managerial decisions in route planning and resource provision for logistics operations.
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IImuys H.B. MojenoBaHHsl 101aTKOBUX BUTPAT Yacy B CHCTEMi aBTOMOOUILHUX MepeBe3eHb HA
erami last mile

VY cratTi posrisiHyTO mpoOieMy omTuMi3alii HaBaHTa)KyBaJbHO-PO3BAaHTAXXKYyBaJIbHHX pOOIT Ha
ABTOMOOUTLHOMY TPAHCIIOPTI K KIFOYOBOTO €JIEMEHTY TPaHCHOPTHO-JIOTiICTUYHOTO IMPOIECY, 10 CYTTEBO
BIUTMBAa€ Ha 3arajbHy €(QEKTHBHICTh TEepeBE3¢Hb. BCTAaHOBIEHO, IO 3HAYHI YacOBI BUTPATH Mia dYac
BHKOHAHHSI Ta OYIKyBaHHS HAaBaHTAKyBaJIbHO-PO3BAHTAXYBAIBHUX pPOOIT 3yMOBIIOIOTEH ITiIBHIICHHS
SKCIUTyaTalliiHUX BHUTPAT 1 3HWKCHHS NPOJYKTUBHOCTI PYXOMOTrO CKJIaay. AHali3 HOpPMAaTUBHOI 0a3u
IT0Ka3aB, 0 YWHHI periIaMeHTH OyJIi po3po0iIeHi 32 YMOB IIEHTPaTi30BaHOI EKOHOMIKH Ta HE BiANOBITAIOTH
CyJacHHM PUHKOBHM ymMoBaM. OOTpyHTOBaHO HEOOXIAHICTH X OHOBJICHHS 3 ypaxyBaHHSIM CyJacHHUX YMOB
Ta XapaKTEPUCTHUK TPAHCIOPTHUX 3acO0iB, BUJIB Tapyd 1 YIMAKOBKH, a TaKOX CHEIU(pIKA BaHTAXKIB i
OpraHi3amiifHuX MiXO/iB J0 JIOTICTUYHUX OIepailii. 3apoONOHOBAaHO BUKOPUCTAHHS PErpeciiHiX Mopaesnei
st opmamizariii  3aJeKHOCTEH MK TPHBANICTIO HAaBaHTAKYBAIBHO-PO3BAHTAXYBAILHUX pOOIT Ta
KIIFOUOBHMH ITapameTpamu nporecy. OTpuMaHi 3HaYCHHS YaCOBUX MapaMETPiB MOXYTh OyTH BKIIFOUCHI Y
MOOYIOBY JIIHIMHHMX 1 perpeciiHux MojeneH, 1o 3a0e3leunTh TOYHICTh IPOrHO3YBAaHHS BUTPAT 4acy Ta
(hopMyBaHHS pEKOMEHAAIIN IS TABUIICHHS e(DEKTUBHOCTI TPAHCTIOPTHO-JIOTICTHIHNX CHUCTeM. [HTerparis
HOPMATHBHUX, MaTeMaTHYHHX Ta [OHQPOBHX  MIOXOMIB OO  ONTHMI3amil  HaBaHTAKyBaJIbHO-
PO3BaHTAKYBAILHUX POOIT mpu 3abe3mneueHHi «last mile» y po3apiOHili noricTuill € HeoOXiTHOK YMOBOIO
M IBUIICHHS €(EKTHBHOCTI JIOTICTHYHHX MPOIECIB Y CYYaCHUX YMOBaX.

KurouoBi ciioBa: BaHTa)KHO-PO3BAaHTAXYBaNBbHI oOrmepallii, aBTOMOOUTBPHHI TpPaHCIIOPT, JOTICTHYHI
mpoliecH, e(h)eKTUBHICTh TIEPEBE3CHb, pErpeciiiHe MOICIIOBAHHS, YaCOBI BUTPATH, OCTAHHS MUJISL.
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THE ROLE OF ARTIFICIAL INTELLIGENCE IN BUILDING ADAPTIVE AND SUSTAINABLE
SUPPLY CHAINS

The article explores the role of artificial intelligence (Al) in the digital transformation of logistics systems. It
highlights the practical benefits of Al integration, including optimization of supply chain management, predictive
demand modeling, reduction of operational costs, increased delivery speed, and improved customer service quality.
Particular attention is given to the contribution of Al to sustainability by analyzing CO, emissions, supporting the use
of alternative fuels, optimizing packaging cycles, and providing tools for ESG-oriented strategies. The study also
identifies new professional roles emerging within logistics, such as logistics data analysts, Al system architects, digital
twin engineers, and specialists in Al ethics in supply chains. At the same time, challenges related to data unification,
cybersecurity, standardization of APIs, and compliance with regulations on automated data processing are underlined.
From an engineering perspective, successful Al implementation requires compatibility of hardware and software
infrastructure, reliable communication channels, and protection against cyberattacks. The article emphasizes that the
effectiveness of Al deployment depends not only on technology availability but also on organizational maturity,
readiness for change, and data-driven decision-making culture. It is concluded that logistics of the future will evolve
into an intelligent ecosystem where human and artificial intelligence complement each other, forming autonomous,
adaptive, and sustainable supply chains, thus strengthening global competitiveness and resilience in conditions of
uncertainty.

Keywords: artificial intelligence, supply chain management, digital transformation, sustainability, predictive
analytics, automation.

INTRODUCTION

Over the past decades, logistics has undergone significant transformation, evolving from a supporting
business function into an independent field of knowledge and a technological platform that determines both
the competitiveness of companies and the efficiency of global markets. Its technical evolution is
characterized by the widespread implementation of cyber-physical systems, digital twins, automation
solutions, and integration with information platforms capable of self-learning and autonomous management
[1]. In this context, logistics is no longer limited to the coordination of material flows. It has become a
complex adaptive network that operates in real time, utilizing big data analytics, predictive algorithms,
intelligent information processing systems, and autonomous robotic devices that interact with each other
through open communication protocols.

LITERATURE REVIEW AND PROBLEM STATEMENT

Modern logistics processes are built upon automated warehouses, autonomous vehicles, transportation
management systems (TMS), warehouse management systems (WMS), as well as advanced telemetry, which
includes real-time monitoring of transportation conditions, object location, and equipment technical status
[2]. From the perspective of engineering system integration, logistics today represents a combination of
physical infrastructure, hardware-software complexes, network environments, and control algorithms that
function as a unified intellectualized system with elements of decentralized management. Such systems
enable enterprises to achieve flexibility, adaptability, and high levels of customer service in an unpredictable
environment of global risks. Another important trend in the technological development of logistics is the
proliferation of 10T solutions that ensure full digital visibility of the supply chain. According to [1], more
than 70 % of logistics companies in Europe and the USA already employ loT devices to monitor cargo,
equipment, and routes. Sensors measuring temperature, humidity, pressure, and spatial positioning are
integrated directly with pallets, containers, or cargo platforms, thereby creating a distributed sensor network
with the capability of dynamic real-time data acquisition. The collected information is transmitted via 5G or
LTE-M networks to cloud computing environments or edge devices, where it is pre-processed prior to
further analysis [1, 3, 4]. All the collected information forms the foundation of analytical modules, enabling
anomaly detection, failure prediction, route optimization, and minimization of cargo spoilage risks. Large
manufacturing and transportation enterprises increasingly adopt digital twins — precise virtual replicas of real
objects or processes — which make it possible to model various behavioral scenarios of logistics systems
without physical intervention. Major logistics corporations actively apply such digital models for simulating
port operations and managing railway logistics at the interregional level. All these components constitute
part of a new engineering paradigm in logistics that requires deep automation, interoperability, and adaptive
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management [3, 5]. Another significant vector of technological development in the industry has been the
introduction of autonomous mobile platforms and robotic systems in warehouses. Solutions based on AMR
(Autonomous Mobile Robots) and AGV (Automated Guided Vehicles) are employed in leading logistics
hubs, including Amazon, DHL, FedEx, and XPO Logistics [4, 6]. Robots perform automated pallet delivery,
barcode scanning, cargo transportation between warehouse zones, and interaction with sorting systems.
Collaborative robots (cobots), particularly those operating within hybrid human-machine systems, help
reduce the workload on personnel and increase the accuracy of operations. The programming of such robots
is carried out through visual learning modules and reinforcement learning algorithms, which make them
adaptable to changing environmental configurations.

PURPOSE AND OBJECTIVES OF THE STUDY

The purpose of this study is to analyze the role of artificial intelligence in the transformation of
logistics systems, to identify the benefits and challenges of its integration, and to outline prospects for
building sustainable and adaptive supply chains.

RESEARCH RESULTS

The automation of logistics operations in transportation has also reached a new level. Many countries
are conducting pilot projects in autonomous truck management (TuSimple, Einride, and Aurora), integrating
computer vision, LIDAR, GPS, deep learning, and real-time environmental modeling [7]. Such solutions
enhance the efficiency of long-haul transportation, especially under driver shortages. The development of
drones for last-mile delivery, although limited, is gaining traction. In the United States, giants such as
Walmart and UPS already carry out regular deliveries of small cargoes to rural areas using Al-enabled
navigation drones, reducing operating costs by 30-40% compared to traditional methods.

However, despite the impressive progress of automation, artificial intelligence itself has become the
system-forming element of modern technical logistics. Its implementation enables the creation of adaptive,
self-organizing, and self-optimizing logistics networks capable of responding to changes in real time without
human intervention. Machine learning algorithms, neural networks, deep learning, fuzzy logic, and heuristic
methods have become fundamental tools for analysis and decision-making in environments characterized by
a high number of variables. Demand forecasting systems based on LSTM and XGBoost achieve high
accuracy even under unstable markets and seasonal fluctuations, which is critically important for distribution
centers. Further integration of artificial intelligence in logistics is being implemented through intelligent
route management systems, which account for numerous real-time variables—including traffic conditions,
weather, technical specifications of vehicles, customer service time windows, and delivery constraints.
Dijkstra’s algorithms, genetic algorithms, Q-learning, as well as deep neural networks can generate optimal
routes that simultaneously minimize costs and prioritize service requirements [8]. Such systems are already
in use by global operators: UPS applies its ORION (On-Road Integrated Optimization and Navigation)
platform, which, according to reports, saves the company over 100 million miles of travel annually and
reduces fuel consumption by 10 million gallons. Amazon, FedEx, and DHL are actively testing solutions for
autonomous route selection, combining GPS monitoring with predictive analytics and machine learning
systems for environmental recognition.

Acrtificial intelligence is also widely applied in inventory management, particularly in demand
forecasting, service level evaluation, safety stock management, and order generation. The use of algorithms
such as ARIMA, Prophet, CatBoost, and LSTM significantly reduces forecasting errors compared to
traditional statistical methods. For instance, by implementing Al-based demand forecasting systems,
companies can reduce excess inventory by approximately 30-35 % while simultaneously decreasing
stockouts on retail shelves by around 20 % [3, 4, 6]. Furthermore, integrated Al-based platforms can
automatically generate orders in ERP systems, taking into account time periods, service levels, multi-
warehouse logic, and minimum supply lots.

In the field of vehicle and logistics equipment maintenance, the concept of predictive maintenance is
being increasingly adopted, based on the analysis of 10T sensor data combined with machine learning
methods. This approach enables the reduction of equipment downtime by up to 40%, lowers service costs by
25-30 %, and extends equipment lifespan [9]. Logistics centers of major technology corporations have
implemented equipment condition monitoring systems with Al modules that generate alerts before a critical
wear threshold is reached. One of the key directions of development is the implementation of the «control
tower» concept, which ensures centralized coordination of logistics processes based on artificial intelligence
[8, 10]. Such systems aggregate data from all levels of the logistics chain: GPS positioning, order statuses,
vehicle load indicators, transportation conditions, warehouse data, customs clearance, payment processing,
and more. Al-powered analytics capabilities are used to detect critical deviations, predict disruptions, and
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automatically generate recommendations or decisions. Through cognitive modules built on fuzzy logic, these
systems are capable of making decisions under uncertainty, even when data is incomplete or contradictory.

Blockchain is also finding wide application as a complement to artificial intelligence systems. It
provides transparency and trust among logistics stakeholders by creating an immutable chain of records on
product origin, routing, and condition [11]. In combination with Al analytics, blockchain enables real-time
cargo tracking, supply source verification, and automatic execution of smart contracts, which, in turn, trigger
subsequent actions — such as shipment from an alternative warehouse in the event of a delay. IBM Food
Trust and VeChain are examples of platforms that integrate Al and blockchain to enhance transparency and
decision-making speed. Recent developments increasingly utilize generative models that are capable not only
of analyzing but also of creating new behavioral scenarios for logistics systems. In particular, large language
models (LLMs) such as GPT are used for generating logistics documentation, modeling routes,
communicating with suppliers through virtual assistants, and managing tender processes. Moreover,
generative models are applied in the visualization of current and forecasted conditions in transport corridors,
risk assessment related to supplier changes or country of origin, and the creation of simulations for new
supply chain configurations.

Growing interest is also directed toward the concept of AloT (Artificial Intelligence of Things), which
involves the integration of artificial intelligence directly at the edge-device level [3, 5, 6, 10]. This allows
data processing without transmission to the cloud, thereby reducing latency and enhancing autonomy. In
logistics, this is particularly relevant for warehouses, ports, and transportation systems where decision-
making within milliseconds is critical. For example, edge-Al modules are used in drones for navigation, in
autonomous robots for decision-making within distribution centers, and in monitoring devices that process
images or detect anomalies in real time without reliance on a central server.

It is also important to highlight the contribution of artificial intelligence to enhancing the
environmental sustainability of logistics systems. Al algorithms analyze CO, emissions, identify routes with
the lowest ecological footprint, and model the use of alternative fuels and electric transport. Companies
oriented toward ESG strategies employ Al to assess environmental impact, build sustainability reporting,
reduce waste disposal costs, and optimize packaging circulation.

DISCUSSION OF RESEARCH RESULTS

Alongside technological development, there is a growing demand for professionals capable of
integrating, maintaining, and advancing Al solutions in logistics. This has led to the emergence of new
professions: logistics data analyst, logistics Al systems architect, digital twin engineer, and Al ethics
specialist in supply chains. At the same time, companies face a number of challenges, including data
unification, cybersecurity, APl standardization, compliance with national regulations on personal data
processing, and automated management.

Despite the existing barriers, the trends of Al adoption in logistics remain irreversible. Commercial
benefits such as cost reduction by 15-35 %, order processing acceleration by 25-40 %, forecast accuracy
improvement up to 95 %, and flexibility in adapting to changing market conditions stimulate investors,
governments, and the scientific community to continue integration efforts. Clearly, logistics is no longer
merely a technical system but a digitally intelligent environment where machine agents collaborate with
humans in decision-making, creating the foundation for self-regulated supply chains of the future.

Thus, against the backdrop of deep digital transformation, logistics emerges as a complex adaptive
system evolving through the interaction of digital technologies, automation, intelligent solutions, and self-
learning algorithms. Artificial intelligence, in particular, serves not only as a tool for productivity
enhancement but also as a catalyst for a paradigm shift in supply chain management — from reactive to
proactive, from manual to automated, from isolated to integrated. Modern solutions make it possible to
manage logistics assets effectively in a dynamic environment, forecast demand, optimize routes, reduce
losses, improve customer service quality, and strengthen the environmental sustainability of business
operations. From an engineering standpoint, the integration of artificial intelligence into logistics represents a
complex technical challenge that requires compatibility of hardware (edge devices, sensors, robotic
platforms), flexibility in configuring software infrastructure, high reliability of data transmission channels,
protection against cyberattacks, and compliance with data processing regulations. At the same time, the
advancement of artificial intelligence in logistics systems necessitates a rethinking of planning
methodologies, staff retraining, and the creation of hybrid teams consisting of logisticians, data analysts,
security specialists, model developers, and managers capable of systemic team-oriented thinking under
technological complexity.
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The effectiveness of Al implementation depends not only on the availability of relevant technologies
but also on the organizational maturity of enterprises, their readiness for change, strategic vision, and data-
driven decision-making culture. The logistics of the future is not simply an automated warehouse or a self-
driving truck — it is an ecosystem in which human intelligence is augmented by artificial intelligence,
ensuring the capacity for continuous adaptation, learning, improvement, and development.

CONCLUSIONS

The expansion of artificial intelligence applications in logistics will enable the formation of fully
autonomous supply chains, where all operations — from demand generation to final delivery — will be
coordinated in real time with minimal human intervention [12]. Under such conditions, enterprise
competitiveness will be determined not only by the availability of vehicles or warehouse capacity but also by
the ability to create digital logistics platforms with powerful analytics, advanced decision-making
algorithms, and deep integration with global data networks. The integration of artificial intelligence into
logistics is no longer a prospect but a present reality that is transforming the technological landscape,
economic approaches, environmental standards, and management practices. The successful use of these
technologies will determine the level of national innovation capacity, business efficiency, supply chain
continuity, and market stability under global challenges.
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INFLUENCE OF LASER WELDING PARAMETERS ON THE GEOMETRY OF WELDED
JOINTS OF THIN-SHEET STAINLESS STEEL AISI 304

Laser welding is one of the most promising methods of joining metals, combining high precision, minimal
thermal deformation, and the possibility of process automatization. Due to the high energy density of the laser beam,
the technology provides deep penetration with a narrow heat-affected zone, making it effective for welding corrosion-
resistant austenitic steels, in particular AISI 304. At the same time, the peculiarities of thermal processes in laser
welding, such as intense heating and rapid cooling of the metal, significantly affect the formation of the structure and
properties of the welded joint, so the choice of optimal modes is crucial for preventing defects and ensuring high
quality of the welded joint. The paper presents the results of an experimental and statistical study of the laser welding
process of 1.5 mm thick AISI 304 steel using response surface methodology (RSM). The aim of the study was to
determine the patterns of influence of the main parameters of laser welding on the formation of the geometry of the
welded joint. Based on a factorial experiment, regression models were developed to describe the change in the area
and width of the weld depending on changes in process parameters. Analysis of the results has shown that the main
factors determining the geometry of the joint are the power of the laser radiation and the welding speed. Increasing the
laser power contributes to an increase in the weld area, while increasing the speed reduces it. At high values of laser
radiation power, the process becomes more stable, and the weld geometry becomes less sensitive to parameter
changes. Laser beam defocusing has a negligible effect, only slightly increasing the width of the weld. The most
pronounced interaction was found to be between power and speed, which tends to determine the maximum values of
the weld area. The developed regression equations with a deviation of less than 10% confirmed the adequacy of the
model and the effectiveness of using RSM to predict the geometry of the welded joint. The optimal welding modes
identified in the study ensure the formation of high-quality, defect-free joints that defect-free joints and correspond to
quality level “B” according to EN ISO 13919-1:2019.

Keywords: laser welding, thin-walled products, welding process optimization, response surface methodology,
stainless steels, AISI 304.

INTRODUCTION

Laser welding is one of the most promising modern methods of joining metals. This technology is
actively growing due to its unique advantages over traditional welding methods. Compared with plasma,
microplasma, and argon arc (TIG) welding, laser welding is characterized by higher precision in the
formation of welded joints, minimal thermal deformation and residual stresses, as well as a significantly
higher process speed [1, 2]. This is due to the high energy density of the laser beam at the focal point, which
allows deep penetration with a minimal heat-affected zone. Due to the combination of high quality,
reproducibility of results, and the possibility of process automatization, laser welding has become an integral
technology in the production of products for the aviation, automotive, electronic, energy, medical industries,
etc.

One of the most widely used steels in industry that can be welded using laser radiation is austenitic
corrosion-resistant steel, such as AISI 304. This material has a range of technological and operational
advantages: low thermal conductivity, high resistance to oxidation and aggressive environments, stability of
mechanical properties at elevated temperatures, and the ability to effectively absorb laser radiation [3, 4]. At
the same time, the peculiarities of thermal processes during laser welding - rapid heating and cooling -
significantly affect the structure formation, phase transformations, and mechanical properties of austenitic
steels, distinguishing their behavior from the reaction to welding with high heat input [5]. One of the main
problems during the welding of corrosion-resistant steels is sensitization, a process in which part of the
chromium in the alloy binds with carbon to form Cr,3Cs carbides along the grain boundaries. This leads to
local depletion of the solid solution of chromium and, as a result, to a decrease in the corrosion resistance of
the welded joint [6]. To prevent this phenomenon, it is necessary to take into account the parameters of laser
welding and the cooling rate.

The formation of the geometry of a welded joint, in particular its penetration depth and width,
significantly depends on the technological parameters of welding, such as laser radiation power, welding
speed, laser beam defocusing, and the composition and flow rate of the shielding gas [7]. Even slight
changes in these parameters can lead to defects such as undercut, incomplete fusion, porosity, or burn-
through [8]. Therefore, selecting the optimal parameters is crucial for achieving the required balance
between the depth, width, and shape of the welded joint.
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In this regard, it is particularly important to develop mathematical models that describe the
relationship between the technological parameters of the process and the characteristics of the resulting joint.
Such models make it possible not only to interpret the results of experiments, but also to predict the behavior
of the system under various combinations of parameters, which significantly reduces the number of
experimental studies and saves time and resources [9].

To improve the efficiency of research and the accuracy of forecasting, numerical and statistical
methods for optimizing technological parameters have been actively implemented in recent years. In
particular, Response Surface Methodology (RSM) allows for determination of the relationships between
process parameters and system response [9]. This method also allows optimization of the expected
characteristics of a welded joint by adjusting technological parameters such as laser power, welding speed,
and beam defocusing. It is effectively used to build mathematical models that predict output parameters, such
as penetration depth, aspect ratio, and joint area, while determining the optimal combination of input
parameters [10]. The Taguchi method aims to reduce the influence of random factors and ensure process
stability using orthogonal matrices and statistical analysis of variance [11]. In addition, genetic algorithms
(GA) and artificial neural networks (ANN) are used to model complex nonlinear dependencies, which allow
effectively finding the optimal process conditions even with a large number of interacting factors [12, 13].

LITERATURE ANALYSIS AND PROBLEM STATEMENT

Response Surface Methodology (RSM) is an effective statistical approach to modeling and optimizing
processes where the result depends on several variables. When planning laser welding experiments, this
method allows for investigation of the relationship between power, speed, focus position, gas protection
parameters, and joint characteristics. The use of RSM makes it possible to reduce the number of experiments,
identify key influencing factors, and obtain optimal welding modes with minimal heat input and defects. For
this reason, this method has been widely used to analyze and improve laser welding processes in recent
years, as confirmed by the results of a number of studies.

In a study by Vijayan et al. [9], the effectiveness of RSM and genetic algorithm (GA) methods was
compared in optimizing the parameters of laser welding of low-carbon steel. The experiments were
conducted on 7 mm thick plates using a CO, laser with power of up to 3.5 kW. Power, speed, and focal
length were selected as variables. The models developed using RSM proved to be quite accurate (R of up to
0.87). It was found that with an increase in power, the penetration depth increases, while with an increase in
speed, it decreased. RSM showed better accuracy and reliability in determining the optimal modes compared
to the GA method.

Chellu et al. [14] applied RSM to optimize the welding of 2.5 mm thick AISI 304 steel using a CO,
laser. This paper focused on studies of the effect of welding power and speed on weld width, penetration
depth, and heat input. The study confirmed that increasing the power deepens the weld, but excess heat
widens it and increases the heat affected zone (HAZ), while increasing the speed reduces the depth but
improves the depth-to-width ratio. The optimal modes ensured minimal thermal impact and a stable weld
shape.

In the work of Touileb et al. [10], RSM was used to study the influence of laser welding parameters
and sulfur content on the shape of a 2 mm thick AISI 316 steel weld. It was found that the focal length and
amount of sulfur significantly affect the convection currents in the molten pool and the penetration depth.
For steel with a high sulfur content, deeper, narrower welds were formed, while for steel with a low sulfur
content, wider and shallower welds were formed. The best results in this study were obtained at a laser
power of 5 kW, a welding speed of 2.4 m/min, a focal length of 2 mm, and the use of 100% helium as a
shielding gas.

Thus, all the considered studies confirm the effectiveness of RSM as a method for determining the
influence of laser welding process parameters on weld geometry. However, the complex influence of
material composition, welding parameters, and gas protection require further study to ensure process stability
and improve joint quality.

AIM AND OBJECTIVES OF THE RESEARCH

The aims of this study are:

1. Optimization of the laser welding process of thin-walled stainless steel AISI 304 with a
thickness of 1.5 mm using response surface methodology (RSM);

2. Selection of optimal welding parameters that ensure creation of defect-free welded
joints.

RESULTS OF RESEARCH
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The optimization of laser welding parameters for 1.5 mm thick AISI 304 stainless steel was performed
using response surface methodology (RSM). For this purpose, the laser welding parameters were coded
(Table 1) and an experimental matrix was planned (Table 2) based on a simple polynomial model,
equation (1):

y = .EJD + .E:lx1+£::x: + ngg + et 'E'x-ri'(l)

Table 1. Coding of laser welding parameters

Coding -1 0 +1
Laser radiation power (P), KW 1,5 2,5 3,5
Welding speed (V), m/min 15 2,5 3,5
Laser beam defocusing value (AF), mm 0 +2 +3

The following independent variables were selected: laser power (P), welding speed (V), and laser
beam defocusing (AF). The response function Y was selected as the weld area Y and weld width Y,

Tabnuus 2. Matpuis eKCIepuMEHTY

Ne P, |V, F | P, |V, |F
- 1 ) s | KW | m/min | mm - ! 2 8 kKW | m/min | mm
1 15 |15 25 |25
1 1 1 5 1 3
2 15 15 2,5 3,5
1 1 2 6 1 1
3 15 |15 25 |35
1 1 1 3 7 1 2
4 15 2,5 2,5 3,5
1 1 8 1 1 3
5 15 |25 35 |15
1 2 9 1 1 1
15 2,5 3,5 15
6 1 1 3 20 1 1 2
15 3,5 3,5 15
[ 1 1 1 21 1 1 1 3
15 3,5 3,5 2,5
8 1 1 2 22 1 1
15 3,5 3,5 25
9 1 1 1 3 23 1 2
2,5 15 3,5 2,5
10 1 1 24 1 1 3
2,5 1,5 3,5 3,5
11 1 2 25 1 1 1
2,5 15 3,5 3,5
12 1 1 3 26 1 1 2
2,5 2,5 3,5 3,5
13 1 27 1 1 1 3
2,5 2,5
14 9

Based on the compiled experiment matrix, bead-on-plate welding was performed. A Rofin-Sinar
DY044 solid-state laser with a maximum laser power of P = 4.4 kW and a wavelength of A = 1.06 um was
used for the experiments. The chemical composition of AISI 304 steel is shown in Table 3.
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Table 3. Chemical composition of AlISI 304 steel, % by wt.
M N C C F
C Si n i S P r u Ti e
9,00 - 17,00 —
<0,08 <0,8 <2,00 11,00 <0,02 <0,035 19,00 <0,3 <0,5 Bal.

The bead-on-plate welds obtained were certified in accordance with EN ISO 13919-1:2019 for the
presence of such weld defects as pores, undercuts, lack of fusion, and other defects specified by this
standard. In addition to identifying visual defects, the quality of gas protection of the welding zone was also
taken into account. Welded joints with obvious heat tints and non-penetrations (experiments 4, 7-9) were not
taken into account when determining the optimal welding modes.

Cross-sections, made from the obtained welds, were examined using optical microscopy, and the area
and width of the welds were measured. The results of the measurements are shown in Table 4.

Table 4. Results of measurements of the area and width of the obtained welds

Sample Area, Width, Sample Area, Width,
No. mm? mm No. mm? mm
1 1,81 1,97 15 1,57 1,61
2 2 1,83 16 1,29 1,55
3 2,26 1,94 17 1,41 1,36
Continued from Table 4.
Sample Area, Width, Sample Area, Width,
No. mm? mm No. mm? mm
4 0,94 1,44 18 1,38 1,41
5 1,38 15 19 2,53 1,81
6 1,23 1,46 20 2,62 1,71
7 0,7 1,28 21 2,54 19
8 0,83 1,25 22 2,04 1,87
9 0,67 1,23 23 2,07 1,59
10 2,43 1,45 24 2,15 1,8
11 2,6 1,52 25 1,59 1,64
12 2,43 1,92 26 1,7 1,61
13 1,68 1,61 27 1,87 1,4
14 1,6 15

To develop a linear regression equation for the area and width of welds (2), it is necessary to
determine the regression coefficients of the main factors bo, by, by, bz using formulas (3) and (4), as well as

the interaction coefficients between factors by, bis, bys, using formula (5):
¥V=Dby+ byxy + byxg + bpxg + bypxy i + by xp + E::!x:_rg(Z)

be = =T, ¥,(3)

T‘?‘-'_ L
b, = =
I

Lizy

-
b = E[:i'.le:x‘l'l::'?l:
G == -

N Fl
1 E[:i '.Ijir‘l'lf'

As a result of the calculations, regression coefficients for the weld area were obtained: by = 1,752,

bl = 0,405, bz = 0,543, b3 = 0,06, b12 = 0,11, b13 = —0,02, b23 = —0,01.

After substituting the obtained regression coefficient values and independent variable designations

into the formula (2), the regression equation for the weld area (6) was obtained:

V.= 1,752 + 0.405F — 0,543V + 0,064F + 0,11PV — 0,02PAF — 0.01VAF (6)

, 2025, Ne2 (25)
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Similarly, the regression equation for the width of weld was calculated (7):
¥p = 1,598 — 0,184P + 0,079V + 0,0024F + 0,1PV — 0,08PAF — 0,01VAF (7)
Based on the regression coefficients of equations for the area (6) and width (7) of welds, vector
diagrams were created to show the influence of factors and their interaction on the area and width of welds
(Fig. 1 a, b).

S A —DAF b A
—» PAF —»VAF

P, V, AF, PV,
PAF, VAF

—» AF
—» PAF —»VAF

P,V, AF, PV,

—————~  DPAF.VAF

a b
Fig. 1. Vector diagrams of the influence of factors on: (a) weld area, (b) weld width

The vector diagram of the influence of factors on the weld area (Fig. 1a) shows that the speed of laser
welding has the most significant impact on the weld area. As the welding speed increases, the area decreases,
and this effect is more pronounced than the effect of other individual factors. The second most important
factor is the power of the laser radiation. Its increase contributes to an increase in the area, and this effect is
slightly weaker than the effect of power, but they act in opposite directions. Beam defocusing has the least
effect and causes only a slight increase in area. Between the interactions, the most significant is the
combination of power and welding speed, which leads to an increase in the weld joint area. The interactions
between power and defocusing, as well as between speed and defocusing, have a negligible negative effect.

The vector diagram of the influence of factors on the weld width (Fig. 1b) shows that the laser
radiation power has the most negative effect — as the power increases, the width decreases. The welding
speed also reduces the width, but to a much lesser extent. Defocusing has the opposite effect, contributing to
a slight increase in the weld width. The most noticeable interaction is the combination of power and speed,
which amplifies the influence of the main factors.

The calculated values of the area and width of the welds were also determined. The deviation from the
experimental values was less than 10%, which confirms the adequacy of the obtained regression equations.

In addition to vector diagrams, graphs of the dependence of the influence of laser welding parameters
on the weld area were created. These graphs correlate well with the vector diagrams of the influence of
factors.

As can be seen from the graphs in Figure 2, with an increase in welding speed, the weld area decreases
regularly for all power levels considered. At a power of 1.5 kW (Fig. 2a), there is a noticeable decrease in
area from approximately 2.0 mm?® to 0.7 mm? when the speed increases from 1.5 to 3.5 m/min. The largest
values of the area are observed when the beam is defocused by +3 mm, especially at low speeds, while at a
laser beam defocus of 0 mm, the weld penetration is shallower. For a power of 2.5 kW (Fig. 2b), a similar
trend is observed. With increasing speed, the welded joint area decreases from 2.6 mm? to about 1.3 mm?.
However, the effect of beam defocusing is not as pronounced here, and the curves are more gradual. At a
power of 3.5 kW (Fig. 2c), the decrease in area with increasing welding speed is less intense, and the
absolute values of the areas are larger — from 2.6 mm?® to 1.6 mm?. Thus, increasing the power of the laser
radiation reduces the effect of the welding speed on the weld area, which contributes to a more stable weld
formation.
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Fig. 2. Graphs of dependence of weld area on welding speed at laser radiation power: (a) 1.5 kW,
(b) 2.5 kW; (c) 3.5 kW

The graphs in Figure 3 show the dependence of the weld area on the laser power when the welding
speed is changed. An increase in the laser power leads to a regular increase in the weld area, and this
dependence is more noticeable at low welding speeds. At a speed of 1.5 m/min (Fig. 3a), the area increases
from 1.8-2.0 mm? at a power of 1.5 kW to 2.5-2.6 mm? at 3.5 kW. The largest area is formed at a beam
defocus of +2 mm, which indicates a more uniform distribution of energy at the beam focus point. At a speed
of 2.5 m/min (Fig. 3b), the area also increases with increasing power, but the effect of defocusing is less
significant in this case. At a speed of 3.5 m/min (Fig. 3c), the increase in area with increasing power is
maintained, but the amplitude of changes decreases from 0.7 mm? to 1.8 mm? This indicates that with an
increase in the power of laser radiation, the process becomes more stable even at high welding speeds.
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Fig. 3. Graphs of dependence of weld area on laser power at welding speeds: (a) 1.5 m/min; (b) 2.5
m/min; (¢) 3.5 m/min

Based on the results of weld geometry research, three welding modes with the same energy input of
60 JJmm and laser beam defocusing of 0 mm were selected, which ensure high-quality welds in terms of
geometry, gas protection quality, and defect-free welds, and correspond to the highest level “B” according to
EN ISO 13919-1:2019 (Fig. 4).

Fig. 4. Cross sections of welds made at optimal welding parameters: (a) P=1.5 kW; V=1.5 m/min;
AF=0 mm; (b) P=2.5 kW; V=2.5 m/min; AF=0 mm; (¢) P=3.5 kW; V=3.5 m/min; AF=0 mm

DISCUSSION OF THE RESEARCH RESULTS

The results of laser welding of 1.5 mm thick AISI 304 steel using response surface methodology
(RSM) demonstrate the effectiveness of the proposed approach for quantitative assessment of the influence
of technological parameters on the shape and geometry of the weld. The use of RSM made it possible to
systematically investigate the interaction of laser power, welding speed, and laser beam defocusing and to
determine their contribution to the stability of weld formation.

Comparing the results of studies on welding AISI 304 steel with the results of Touileb et al. [10] on
welding AISI 316 steel, the following conclusion can be drawn. Under conditions of similar geometric scales
and steel types, the influence of the main technological factors is similar. Laser beam defocusing and
radiation power determine the depth of penetration, while speed affects the area and width. At the same time,
for AISI 316 steel with a higher sulfur content, there is significantly greater variability in the geometry of the
penetration due to changes in convection currents, while welding of AISI 304 steel without modifying
additives demonstrates a more predictable and stable geometry of the joint. As the power of the laser
radiation increases, the process becomes more thermodynamically stable and the effect of defocusing
weakens, which is consistent with the conclusions of Touileb et al. In general, the results indicate the
feasibility of optimizing laser welding parameters based on a balance between power and welding speed with
a correctly selected defocusing value of the laser radiation, which ensures efficient energy absorption and
optimal weld geometry.

CONCLUSIONS

During the research, an analysis was conducted of the influence of laser welding parameters on the
geometry of welds in stainless steel AISI 304 with a thickness of 1.5 mm. It was established that the main
factors determining the area and width of the weld are the power of the laser radiation and the welding speed.
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With an increase in laser radiation power, the weld area increases regularly, especially at low welding
speeds, and at high radiation power, the weld is formed more stably and its geometry is less dependent on
changes in welding speed. Defocusing the beam has a less noticeable effect, contributing to a slight increase
in the area and width of the weld. The interaction between power and welding speed is the most significant
among the combinations of parameters and determines the maximum weld area. The obtained regression
equations reproduce the experimental data well with a deviation of less than 10%, which confirms their
adequacy for predicting the geometry of welds. As a result, it was determined that the optimal welding
modes with a linear energy of 60 JJmm and a laser beam defocusing of 0 mm provide high-quality defect-
free welds and correspond to the highest quality level “B” according to EN ISO 13919-1:2019.
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HOpuenxo 10.B., Ciopa O.B., Coxonoecvoxuii M.B., I'punv A.Il., ®ponoe M.O., bepnayvkuii A.B.
BrnumB mapameTpiB JiazepHOro 3BaplOBaHHST Ha reoMeTpil0 3BapHHX 3’€IHaAHb TOHKOJHUCTOBOI
KoposilHocTiiikoi craai AlSI 304

JlazepHe 3BaproBaHHS € OJHUM i3 HAMMEPCIEKTHBHIIIMX METOIIB 3’€IHAHHSI METaJiB, L0 MOEIHYE
BHCOKY TOYHICTH, MiHIMalbHI TepMiuHiI aedopmariii Ta MOXIHMBICTH aBTOMAaTH3aIlii TpoOIeEcy. 3aBISKH
BHCOKIH WIIJIFHOCTI €Heprii Jla3epHOro MPOMEHS TEXHOJIOTis 3abesnedye rirOOKe MPOTUIABICHHA MPH
BY3bKill 30HI TEPMiYHOTO BIUIMBY, IO POOUTH ii €()EKTHUBHOIO AJISI 3BapPIOBAHHS KOPO3IMHOCTIHKUX cTanel
aycTteHiTHOro kiacy, 3okpema AISI 304. BogHowac 0COOMMBOCTI TEIUIOBHX MPOILECIB MPH JIA3€PHOMY
3BapIOBaHHI, TakKi SK IHTEHCHUBHUI HAarpiB 1 IIBHIKE OXOJOPKEHHS METaly — ICTOTHO BIUIMBAIOTh Ha
(hopMyBaHHSA CTPYKTYpW Ta BIACTUBOCTEH 3BAPHOTO 3’€JIHAHHS, TOMY BUOIp ONTHMAIbHUX PEKUMIB Ma€
BUpIIIATbHE 3HAYEHHS IS 3ano0iraHus nedexram i 3a0e3neueHHs BUCOKOI SIKOCTI 3BapHOTO 3’ €qHaHHS. Y
po0bOTi TPEACTAaBICHO pE3yIbTaTH EKCHEPHUMEHTAIBHOTO Ta CTAaTHCTHYHOTO JOCTIDKEHHS MPOLeCy
nmazepHoro 3BaptoBanHs cTaii AISI 304 ToBmmHOIO 1,5 MM 13 3aCTOCYBaHHSIM METOJIOJIOTIi TOBEPXHI BIATYKY
(RSM). Metoto mocmimkenHs: OyJio BU3HAYEHHS 3aKOHOMipHOCTEH BIUTUBY OCHOBHHUX MApaMETPiB JIA3EPHOTO
3BaplOBaHHA Ha ()OPMYBAaHHS T€OMETPIi 3BapHOTO 3’€AHAHHA. Ha OCHOBI MOBHO(AKTOPHOTO EKCIIEPUMEHTY
moOymoBaHO perpeciiHi Mopeni, 0 ONMUCYIOTh 3MiHY IDIONI Ta INMHPHHMA TPOBApy 3aJe)KHO BiA 3MiHU
napameTpiB mporuecy. AHani3 pe3yIbTaTiB 0Ka3as, 110 OCHOBHUMHU (paKTOpaMHU, sIKi BH3HAYAIOTh T€OMETPil0
3’€IHAHHSA, € MOTYXHICTh JIA3¢PHOTO BUIIPOMIHIOBAHHS Ta HIBUKICTh 3BaPIOBAHHS. 301JIbIICHHS TOTY>KHOCTI
CIpUsi€ 3pOCTAaHHIO IUIONI TPOBapy, TOAI SK MIABUIICHHS MIBUAKOCTI 3MeHmye ii. [lpm Bucokmx
MOTYXKHOCTSIX JIA3€PHOTO BUIPOMIHIOBaHHS TPOLEC CTa€ CTAOUIBHIIINM, a TEeOMETpis NpoBapy MEHII
YyTIUBOIO JI0 KOJIUBaHb MapameTpiB. Po3¢okycyBaHHsS YMHNUTH HE3HAYHUH BILUIHB, JIUIIE TPOXH 30UTBIIYIOUH
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EXPERIMENTAL EVALUATION OF METHODS FOR CALCULATING VEHICLE
ACCELERATION TIME

The article demonstrates that the advancement of automobiles inevitably leads to a dramatic increase in the
complexity of the mathematical description of their motion. Modern vehicles are complex technical systems comprising
numerous interconnected components and subsystems - electronic, mechanical, hydraulic, and pneumatic - each of
which influences the overall dynamic properties of the vehicle. Consequently, the use of simple analytical relationships
becomes ineffective: they do not fully account for the real physical processes occurring during acceleration, braking,
gear shifting, or changing road conditions. To calculate acceleration time standards during vehicle diagnostics, it is
advisable to use numerical methods that allow for the consideration of a large number of parameters, including engine
power and torque, transmission characteristics, air and rolling resistance, mass distribution, and road surface conditions.
Such methods ensure the required accuracy regardless of the complexity of the mathematical model and allow for the
description of nonlinear processes, transient conditions, and random parameter deviations.

The use of numerical models also opens up extensive opportunities for conducting virtual tests and preliminary
predictions of vehicle performance without the need for costly in-kind experiments. This is especially important when
developing automatic diagnostic systems that can analyze unit operating parameters in real time and identify deviations
from the norm. Furthermore, numerical methods make it possible to optimize vehicle design at the design stage, select
optimal engine and transmission operating modes, reduce fuel consumption, and improve driving safety. The ideas
presented in the article are supported by calculations of specific examples and a comparison of the obtained results with
experimental data, demonstrating the validity and practical applicability of the proposed approach. The results of this
work can be used in the development of intelligent technical control systems, modeling vehicle dynamics, and
improving methods for assessing their performance.

Key words: car, wheel, acceleration, calculation, numerical methods, discretization, step, Hyundai Accent,
Honda Accord.

INTRODUCTION

The modern automotive and transportation industries are increasingly focused on reducing their
negative impact on the environment, particularly thermal and greenhouse emissions. Addressing this
challenge is directly linked to the need to reduce fuel consumption, especially hydrocarbon fuel. An
important area of development in this area is improving the theoretical foundations of vehicle and engine
design, which allows for the creation of more fuel - efficient and environmentally friendly vehicles.

Maintaining the technical condition of rolling stock is a key task for transportation workers. This
requires promptly identifying and eliminating faults, which is achieved through regular diagnostics and
forecasting of vehicle technical conditions. Modern vehicles are typically equipped with built-in self-
diagnostic systems capable of monitoring the condition of key components and assemblies. However, in
Ukraine, the share of such vehicles remains relatively small. According to [1], the average age of the
passenger car fleet is approximately 15.5 years, indicating a significant degree of wear and tear and
obsolescence.

Furthermore, the number of specialized traction testers required for accurate diagnostics remains
limited. In this regard, simplified methods for checking the technical condition of a vehicle, which can be
performed directly by the user without the use of complex equipment or the need for specialized knowledge,
are particularly important. Such methods include, for example, determining the vehicle's acceleration or
coastdown time and subsequently comparing the obtained values with established standards [2]. These
approaches allow for a quick and accurate assessment of the engine, transmission, and chassis, making them
particularly relevant in conditions where diagnostic resources are limited.

AIM AND TASKS OF THE RESEARCH

Traditionally, the unsteady motion of a car during acceleration or coasting is described using a
differential equation:

dv . P P.—2P,
= (1)
dt m, -8 m. -8

a

where P, — is the force accelerating the vehicle;
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P, — is the circumferential force on the drive wheels;

>P.—is the total resistance force to movement;

m, — is the mass of the vehicle with the load;

— is the coefficient for taking into account rotating masses (the product m, * & is the reduced mass of
the vehicle).

Menmpikio H
P=——— 2P.=tP +P;, +P,; P =m,0-i;, Pr=m,g-f;
r

K

P, =05pC F-Vv? )

where M, — is the effective engine torque, Nm;

nye— 1S the transmission efficiency;

i, io — are the gear ratios of the transmission and final drive;

r.— is the dynamic radius of the wheel, m;

P, P, P,, — are the downward rolling resistance, rolling resistance, and air resistance, respectively, in

g — is the acceleration due to gravity, 9.81 m/s%;
i —is the slope;
f — is the rolling resistance coefficient;
p — is the air density, kg/m?;
C, — is the aerodynamic drag coefficient;
— is the frontal area of the vehicle, m?;
v is the speed, m/s.

RESEARCH RESULTS

The process of simulating the unsteady motion of a vehicle on a roller rig is described in a virtually
identical manner. The fundamental difference is that in this case, it's not the vehicle itself that accelerates,
but the rig's rollers, which are connected to the flywheels and other rotating masses. The system is subject to
a different type of resistance than when the vehicle is moving on the road.

Differential equation (1), which describes the dynamics of such a process, is solved relatively simply
in cases where all its parameters and functions depend on velocity to a power of no greater than two. After
combining the coefficients for equal powers of velocity and dividing the resulting expression by the total
reduced mass of the system, the equation can be represented in the following form:

ﬂ+Av2+Bv+C:0 or ZL:—dt.
dt Av°+Bv+C
The integral of the right side is —t. The integral of the left side:
| dv 1 [2Av+B-V-2a)
AZ+BV+C J-A ‘2Av+B+«/ Al

Where A=4AC — B?, and A<O0.

. [ 2AV, +B—=A| | [2Av, +B-V-4| -
‘2Av +B++/- ‘ ‘2Av +B++— ‘
If A>0, then
1 2Av, +B 2Av, +B
t==——|arcty —2— —arctg ———— J (4)
\/Z( JA JA
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DISCUSSION OF THE RESEARCH RESULTS

This method ensures satisfactory agreement between calculated data and experimental results in
cases where the dependence of engine torque on engine speed can be accurately approximated by a square
parabola. However, even for carbureted engines, such a simplified description of the torque characteristic is
only a rough approximation and does not always yield reliable results.

In situations where the differential equation of dynamics includes third-degree terms, E. A.
Belogurov [2] proposed the following general solution:

+— +
In (Vz - yl)

o [ In (v, - yl)J B, In‘vl’"+pvl + q‘
B 2 In‘vz2 +pv, +q‘

(®)

( Blpj 2 2v, +p 2V, +p
+|C, - arct —— —_—

2 )\4q-p’ V4q - p’ V4q-p?

The resulting formula is already significantly cumbersome and inconvenient for practical application.
Meanwhile, for modern injection engines with electronic control systems, the dependence of torque on
crankshaft speed is becoming increasingly complex. In such cases, the torque curve is described not by
simple second- or third-degree polynomials, but by expressions of the fourth to sixth degree, or even by
several functions with a piecewise approximation (Fig. 1). A similar situation is observed for driving
resistances, which also have a complex nonlinear dependence on vehicle speed.

With such a complex nature of parameter changes, the use of labor-intensive analytical
approximations and subsequent integration of cumbersome expressions becomes pointless. This approach
requires significant computational effort and does not guarantee high accuracy, since the original

dependences are still only an approximate description of real processes. The result is only a rough estimate
of the desired quantities, not their reliable values, which reduces the practical value of the obtained results.

—arctgy

1680

— —
155 _mrr'"‘t - -
iy Bes
£ 150 . ‘:.f./ %
< 145 i ‘*:ﬁ ‘ b
i L Honda Accord LN
S 140 e -
= -
B 135 — "'t_‘
= 130 o N‘a,
» '
125 ~
120 [/
1000 2000 3000 4000 5000 6000 TO00
Crankshaft speed, min -1
Fig. 1. Torque on the drive wheels of the Honda Accord [3].
Table 1
Piecewise approximation of characteristic sections of the torque curve at the drive wheels of a Honda
Accord
Speed range Approximation formula
From 1000 to 3009 y =-7,1602-10 °x° + 3,4648-10 °x" — 3,3273-10 °x + 126,88
From 3009 to 6806 y =—5,7073-10 °x* + 5,1800-10 °x + 40,369
From 3009 to 4311 y =—8,0338-10 °x° + 8,7483-10 °x* —3,0390- 10 'x + 486,63
From 4311 to 5518 y=4,0051-10 "% — 5,5474-10 °x* + 2,4920- 10 "x — 205,54
From 5518 to 6806 y =-3,1948-10 x* + 7,8463-10 'x° —7,2183-10 °x” + 29,461x —44839
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Validation of Numerical Methods. Numerical methods for solving vehicle dynamics problems are well
known and widely used in practice. The examples below examine real-world cases of vehicle diagnostics,
particularly when testing their traction characteristics. The main goal of such diagnostic procedures is to
determine the actual engine torque as a fraction of its nominal value. This fraction is determined by
comparing the calculated vehicle acceleration time with the experimentally measured one.

The purpose of this analysis is to evaluate the accuracy of the numerical method—specifically, to
identify and quantify two error components: the error associated with the numerical solution of the
differential equation and the error caused by the approximation of the initial relationships.

Example 1. It is necessary to evaluate methods for calculating the acceleration time of a Honda
Accord on a road section from 60 to 100 km/h (the so-called elasticity test). During field tests conducted by
Autoreview magazine [4], the car demonstrated an acceleration time of 6.7 seconds in Drive mode.

The torque at the vehicle's drive wheels, i.e., the torque measured by the engine's external speed
characteristic (ESC) minus transmission losses, is shown in Figure 1. Figure 2 shows the automatic
transmission (AT) gear shift sequence during acceleration. The graph shows that acceleration from 60 to 100
km/h is accomplished in second gear, with the crankshaft speed range being from 3179 to 5298 min~ '.

0 113 163

Engine speed (x1000/min)

40 80 120 160 200 240
Speed, km/h
Fig. 2. Acceleration graph of the Honda Accord [4]

The vehicle's final drive ratio is i, = 4.437. Goodyear UG 500 205/55 R16 tires have a dynamic
radius r(7 = 0.307 m. These tires are classified as ECO in terms of rolling resistance [5].

The vehicle's unladen weight, determined based on weighing results at the test site, is 1,280 kg. Since
information on the actual load is unavailable, the minimum standard load for a passenger car of 180 kg, is
assumed in the calculations. Therefore, the total vehicle weight, including the driver, passengers, and
measuring equipment, is m, = 1,460 kg.

The reduced mass of the rotating wheels is 43 kg, and that of the driven transmission elements is 6.4
kg (determined experimentally using the bifilar suspension and coasting methods). The calculated effective
mass of the engine and transmission in second gear is 149 kg. Consequently, the total effective mass of the
vehicle during acceleration is 1,658 kg.

The manufacturer's stated aerodynamic drag coefficient is Cy = 0.31 [6]. However, according to the
results of processing the experimental coastdown data, performed using the methodology [5] based on tests
conducted by Autoreview magazine, the actual value of the coefficient was C, = 0.381.

Vehicle frontal area (calculated):

F=084-B-H

where B, H are the width and height of the vehicle, respectively, in m.
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F=0,84-1,715-1,44=2,074 M

The air density on the day of the Autoreview experiment is unknown. Therefore, the standard average
value commonly used in similar problems, p = 1.2 kg/m?, was adopted in the calculations.

The dependence of the torque on the drive wheels on the crankshaft speed in the range of 3000-6800
min~ ' is shown in Figure 1 (dashed line, second line of the caption). For this frequency range, this
dependence is approximated by the following equation:

M, =-571.10°-n” +518-107°n +40,4. (6)

Substituting (5) into (2), we obtain the dependence of the traction force on the torque; in numbers for
the 2nd gear:

M, -1534-3945
© 0,303

=M, -17,8=-1140-10"* -n* +1,035- n + 806. 7)

Further calculations will become more convenient if we switch from crankshaft revolutions to vehicle
speed in m/s:

Vel ol 9155v-1,534-3,945 <191y | ®)

n=955
r, 0,303

Then the dependence of the traction force on the speed will take the form
P. =—415-v* +197-v +806. )
The equation for the dependence of air resistance on speed:
P,=05pC F-v*=05-12-0,38-2,074-v* = 0,473v* (10)

Based on the vehicle coasting [4], the rolling resistance coefficient f = 0.0122 was calculated for a
speed of 6.6 m/s (23.75 km/h), therefore the f(v) dependence was adopted according to the upper curve for
ECO tires [7], which gives a close value of 0.01238 for this speed:

f(v) =1,36-10" v* - 7,54-10° v + 0,01248 (11)

Coefficient that takes into account the reduction in rolling resistance when tires are not fully loaded
(at Gpax = 615 kg for tires with index 91):

Ke =13-03-4-G,,, /m, =13-0,3-4-615/1460 ~ 0,80 (12)
Then the dependence of the rolling resistance force on speed:
P, =m.g- f(v)-K, =2,73:10% v* -0,471v +152.(13)
The force accelerating the car:
P,=P,—3P,= —411-v* +176v +565. (14)

The equation of motion of a car during acceleration:
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v _

dt

j, =—2,19-10°v* +9,39-10°v +3,22-10" .

(15)

The solution using formula (3) yielded a time value of 6.6996321 s, which is closest to the 6.7 s
measured in the test, with the engine torque reduced to 89.4%. The results of the numerical calculations are

shown in Table 2.

Table 2

Results of calculating acceleration times from 60 to 100 km/h using a numerical method with different
speed increments

Step, km/h Time from 60 to calcﬁll; St?cl)ztgrror Relative.error of
' 100 km/h AL s calculation g, %
By solving the differential
equation 6,6996321 0 0
0,5 6,699673 4,072-10° 0,000608
1 6,699795 0,000163 0,002432
2 6,700284 0,000652 0,009733
5 6,703712668 0,004081 0,060907
10 6,716027314 0,016395214 0,244718124
20 6,766356427 0,066724327 0,995940172

As the table shows, even at a 10 km/h increment, the numerical calculation result deviates from the
differential equation solution by less than 0.02 s. This is a relatively small error, as acceleration time is
typically measured to the first decimal place. Therefore, using a numerical calculation instead of a general
solution to the differential equation is acceptable.

In the example shown, the diagnosis was: torque is reduced to 0.894 of the nominal value. This value
is excessively low for a practically new car, too close to the maximum of 0.85. It is possible that the
diagnosis is incorrect, caused by an excessively rough approximation of the section of the torque curve from
3000 to 6800 min—-1. To estimate the error caused by the approximation, the torque characteristic was
represented as a piecewise smooth curve, broken down into characteristic sections, and approximated by
polynomials of degrees 3—4 (Fig. 1). The acceleration calculation was performed in 5 km/h increments — as
shown in Table 1, this yields an error of less than 0.1%. The calculated acceleration time at a torque of 0.894
was 7.04 s (versus 6.7 s for the general approximation of the 3000...6800 min—1 section). A discrepancy of
0.34 s is 80 times greater than the error of the numerical method of 0.00408 s.

The diagnosis made using the piecewise approximation is 93.3% of the nominal value. Since the car is
new, this is a more probable estimate.

A more refined solution in general would require solving three differential equations for three
sections, where the dependencies are described by polynomials of degrees 3 and 4, and the integrals are not
reducible to tabular ones. Under these conditions, the numerical method should be considered more rational.

Example 2. Evaluate methods for calculating the acceleration time in fourth gear (ix = 1.031) for the
drive wheels of a Hyundai Accent vehicle using the PDS KHADII test rig (certified by the Institute of
Metrology, certificate No. 100-2151/2006). In our experiment, the average acceleration time from 50 to 70
km/h was 1.60 s with a load (additional resistance) of Pu = 600 N created by the rig's hydraulic brake.

The engine's maximum torque curve is shown in Fig. 3. The actual torque as a percentage of the
nominal torque is Km = 0.9835 (our measurement on the rig in steady-state mode). The final drive ratio is i0
=4.412. We will adopt the efficiency of the mechanical transmission as nrp = 0.92. The dynamic radius of
Fulda Montero 2 195/65 R15 91T tires on a working roller with a diameter of 0.24 m is rd = 0.295 m. The
load on the drive wheels, taking into account the operator's weight, is 800 kg. The reduced mass of the rig is
200 kg (included in the design, verified using the drop weight method). The reduced mass of the two drive
wheels and the driven part of the transmission is 27.5 kg (our measurements). The calculated reduced mass
of the engine with the driving part of the transmission in 4th gear is 61.8 kg. Total reduced mass of the
system tpr.s = 289.3 kg.
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Crankshaft speed, rnin‘1
Fig. 3. External speed characteristics of the Hyundai Accent 1.4 petrol engine [8]

The generally accepted range for testing traction properties from 50 to 70 km/h corresponds to

speeds from 2045 to 2863 min-1. This section is marked in Fig. 3 with triangular markers and is
approximated by a second-degree polynomial.

M, =1-10°n* -3,9-10%n +157 (16)
Traction force on this section in 4th gear:

M, i iy 1031 .
p _Mehido (M, 10814412002 (oo
r, 0,295 17)
=M, -1395=1,372-10* - n® — 0,535n + 2154.

Relationship between the crankshaft rotation speed and the linear speed of the wheel contact with the
rollers in m/s:

Ny =955 T _gggV 10314412 ) \7, (18)
r, 0,295

Traction force versus speed:
P. =2975-v* —788-v +2154.(19)

The dependence of the total resistance force to rotation of the wheels and rollers of the stand on the
speed (our measurement):

P, =0,460-v*> —8,98-v +404. (20)
Accelerating force:
P,=P,—Ps— P, = 2,515-v* —69,8-V +1150. (21)

The acceleration equation for a system with reduced mass tpr.s = 289.3 kg:
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v _

= s =8,693-10° -v* —2-0,1206 v +5,06 . (22)

Here A>0, and the solution using formula (4) yielded an acceleration time from 50 to 70 km/h of
1.6009506 s. The results of the numerical calculation are shown in Table 3.

Table 3 Results of calculating acceleration time from 50 to 70 km/h using a numerical method
with different speed increments

Time from 50 to Absplute Relative error of
Step, km/h calculation error .
70 km/h ALS calculation ¢, %
By solving the differential
equation 1,600951 0 0
1 1,600897 —0,00005 -0,0034
2 1,600734 —-0,00022 -0,0135
5 1,599599 -0,00135 -0,0844
10 1,595568 —0,00538 -0,3362

An attempt to apply a general approximation of the torque curve to this example using a fourth-degree
polynomial (Fig. 3) yielded a clearly erroneous result of 2.2 s.

In both examples, the acceleration was described by a second-degree polynomial. If we analyze more
complex cases, using fourth- to sixth-degree polynomials, the general solution will be cumbersome and
difficult to use, and the numerical method will be the only viable solution.

CONCLUSIONS

The numerical method can yield negligible errors even with a fairly coarse partitioning of the range
into intervals.

The error caused by a generalized approximation can be excessively large, so it is better to use a
piecewise approximation.
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HO0.B. 3ubues, II1.A. Bopowunos, IM. Illegepdin. ExcnepuMeHTaJbHa OLIHKA MeETONIB
PO3paxyHKY 4Yacy po3roHy TPaHCIOPTHOIO 3aC00y

VY crarTi mOKa3zaHO, IO PO3BHTOK aBTOMOOUIIB HEMHWHYYE IPH3BOAMUTH JO PIi3KOTO 3POCTaHHS
CKJIQJIHOCTI MaTeMaTHYHOTO OMUCY IXHBOro pyxy. CydacHi TPaHCHOPTHI 3aCO0M — II¢ CKJIaJHI TEeXHIYHI
CUCTEMH, IO CKIAJATHhCA 3 YHCICHHHX B3a€EMOIIOB’SI3aHMX KOMIIOHEHTIB Ta MiJICHCTEM — EIIEKTPOHHUX,
MEXaHIYHUX, TIPaBIIYHUX Ta THEBMATUYHUX — KOXKHA 3 SKUX BIUTUBAE HA 3aralibHi TUHAMIYHI BIACTHBOCTI
TPAHCIOPTHOTO 3aco0y. OTKe, BUKOPUCTAHHS MPOCTHX aHAIITUYHHUX CIIBBIIHOIICHb CTA€ HEC(PEKTHUBHHM:
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BOHH HE IIOBHICTIO BpaxOBYIOTh peajbHi (i3MuHI MPOLECH, IO BiAOYBAalOThCS I Yac pO3TOHY,
raJbMYyBaHH, IEPEMUKAHHA Tiepenad abo 3MiHU TOPOXKHIX YMOB. JIJIsl po3paxyHKy HOPM Yacy pO3TOHY IIij
Yac MiarHOCTHUKH TPAHCIIOPTHOTO 3aco0y AOLIJIIHO BHKOPUCTOBYBAaTH YHCIIOBI METOAHM, IO JO3BOJSIOTH
BpPaxOBYBAaTH BENUKY KUIbKICTh MapaMeTpiB, BKJIIOYAIOYM MOTYXHICTh 1 KPYTHHH MOMEHT JABWIYHA,
XapaKTEPUCTHKHU TPAHCMICIi, OITip MOBITPS Ta KOYCHHIO, PO3IOILT MACH Ta CTaH JOPOKHBOTO MOKPUTTS. Taki
MEeTO 3a0e3MeuyloTh HEOOXiHYy TOYHICTh HE3aJIeKHO BiJ] CKIAQOHOCTI MaTeMaTHYHOI Mojaemni Ta
JI03BOJISIIOTH OMUCYBATH HEJiHIMHI MPOLIECH, TIEPEXiAHI PeXKUMH Ta BUITAKOBI BIIXUICHHS MapaMeTpiB.

BukopucTaHHs 4YHCIIOBHX MOJENEHl TAaKOXK BIIKpPUBA€ IIMPOKI MOMKIMBOCTI ISl TPOBEACHHS
BIpTyaJbHUX BUIPOOYBaHB Ta MOMEPETHHOTO MPOTHO3YBAHHS XapaKTEPUCTHK TPAHCIOPTHHX 3aco0iB 0e3
HEOOXIAHOCTI MPOBENEHHS JOPOTHX HATypajbHUX eKClepuMeHTiB. Lle 0coOiarBO BaskiIMBO NMpH po3poOLi
ABTOMATUYHUX IIarHOCTHYHHUX CUCTEM, SKi MOXKYTh aHaji3yBaTH poOOdYi MapaMeTpH arperatiB y pexumi
peaslbHOTO dYacy Ta BHSBIITA BIiAXWIEHHS Bix HOpMH. KpiM TOro, YHCIOBI METOIM O3BOISIOTH
ONTUMI3yBaTH KOHCTPYKIIIIO TPaHCIOPTHOTO 3aco0y Ha eTami NPOSKTYBaHHS, BUOUpPATH ONTHUMAIbHI
PEXUMH poOOTH ABUTYHA Ta TPAHCMICii, 3MEHIIYBaTH BUTpATy MaJMBa Ta MiJBUILYBaTH Oe3neky pyxy. luei,
MIPENICTaBIeHI B CTaTTi, MATBEPKYIOTHCA PO3paXyHKaMH Ha KOHKPETHUX IPHUKIAgaX Ta MOPIBHSHHIM
OTPUMAaHHX PE3YJbTATIB 3 €KCIICPUMEHTAIBHIMHU JaHUMH, 110 JAEMOHCTPY€E OOIPYHTOBAHICTh Ta MPAKTUYHY
3aCTOCOBHICTh 3alPOMOHOBAHOTO TMinxomy. Pesymbrate miei poOOTH MOXYTh OYTH BHKOPHCTaHI NpHU
PO3po0IIi IHTENEKTya IhbHUX CUCTEM TEXHIYHOTO KepyBaHHS, MOJICITIOBaHHI JMHAMIKH TPAHCTIOPTHUX 3aC00iB
Ta BIOCKOHAJIEHHI METO/IB OI[iHKH IXHBOI MPOTyKTUBHOCTI.
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ONTUMIBALIA ONEPATHUBHOI'O INIAHYBAHHS BAHTAXKHHUX
ABTOMOBUIBHUX ITIEPEBE3EHD 3 YPAXYBAHHSAM OCOBJIMBOCTEU TOCTABKHU
MAJINX ITAPTIA BAHTAXKIB

T
VY crarti Z[OCJ'IiI[)KeHO METOIM KEpYyBaHHA ONEPATUBHUM IIJIAaHYBAHHAM BaHTAXHUX aBTOMOOIIBLHUX

MepeBe3eHb 3 OCOOIMBUM aKLEHTOM HAa Oprafi3auii JOCTaBKM MaJMX MapTiii BaHTaXiB Ha OCHOBI JIOTICTHYHHUX
npuHimmiB. IIpoaHani3oBaHO 3arajbHi BUKJIMKUA OIEPAaTHBHOTO IUIAHYBAaHHSA, TaKi SK IUHAMIYHICTH PHHKY Ta
HEBH3HAYCHICTh YMOB, a TaKOX CHeLU(iuHI NpoOsieMH MepeBe3eHb MAIUX MapTiii: HU3bKE 3aBaHTAXKECHHS, MOPOKHI
MpoOIry, CKIagHICTh MapUIPyTH3alii BETUKOi KUIBKOCTI Touok [1; 2]. Po3risHyTo Ta mOpiBHAHO KIacH4Hi i cydacHi
METOIY IUIaHyBaHHS (TOYHI, €BPHUCTHYHI, METaeBPUCTHYHI, iMiTawiitHi, MeToxu III) 3a kpuTepisMu SKOCTI pillIeHb,
MIBUAKONIT Ta rHy4KocTi [3; 4; 5]. 3anponoOHOBaHO CTPYKTYpHY MOJENh MEpeKi KOHCOMIJamil Ul MaluX MapTid Ta
MaTeMaTH4YHy MOJIeNb ONTHMI3allii MapIIpyTH3aii, [0 BpaXxoBye BUTPATH, Yac, KOe(ilieHTH 3aBaHTaXKEHHS Ta YacOBi
BikHa [6; 7]. Po3risiHyTO €BpUCTHYHHI aJTOPUTM IS NMPaKTHYHOI peamizalii MoJemi, o BKIIOYAE Kiachdikariro
3aMOBJICHb, KOHCOJIJalifo maptiii Ta Meroau Mmapiupyrusainii (Clarke-Wright, 2-opt). TIpoaHasizoBaHO MOKIHBOCTI
iHTerpamii MeToxmiB ruiaHyBaHHA 3 cydacHuMH [T (GPS, TMS) [8; 9]. HaBeneno mpukian po3paxyHKy Ta OLIHKY
E€KOHOMIYHOI €()eKTHBHOCTI 3alpONOHOBAHOTO TMiIXOAy VIS perioHambHOI Mepexi. HamaHo pekomeHpmamii mono
BUOOpY METOIIB Ta BOPOBAKEHHS JIOTICTUYHHX NPUHLUINB JUIA MiABUIICHHS €(EKTHBHOCTI OIEPaTHBHOTO
IUTaHYBaHHA NIepEBE3eHb, 0COOIMBO MANUX MapTii, B yMOBaX Y KpaiHH.

KarwuoBi ciioBa: onepaTvBHE TUIaHYBaHHS, BAHTaKHI aBTOMOOITBHI TIEPEBE3CHHS, Mali MApTil BAHTAXIB,
KOHCOJIIIaIlisl, JIOTICTHKA, METOIM KepyBaHHs, ONTUMI3alliss MaplIpyTiB, MaTeMaTHIHA MOJIENb, eeKTUBHICTE, TMS.

BCTYII

BanTakHi aBTOMOOUTBHI TEPEBE3CHHSI € KIIOYOBOIO JIAHKOK CYYacHHX JIAHIIOTIB MOCTadyaHHS,
3a0e3rmedyloul THYYKICTh Ta JOCTYNHICTh JOCTaBKHM ToBapiB [1]. EdexkrtuBHiCTH TpaHCTIOPTHO-
JIOTICTUYHOI CHCTEMHU Oe3MocCepeHhO BIUIMBAE HA KOHKYPEHTOCHPOMOXHICTH Oi3HECY Ta €KOHOMIKY
3arasioM. OcoOIMBY poJIb BiJlirpae onepaTuBHE TIAaHYBAaHHS (TOPHU30HT BiJl KUTBKOX TOJAWH 10 A00M), sIKe
BKIIOYA€ MPHU3HAYCHHS TpaHcHopTHUX 3aco0iB (T3), hopmyBaHHS MapmipyTiB, ckiajaHHA TrpadikiB Ta
pearyBanHs Ha 360i [2; 3].

CydacHU#l pUHOK XapaKTEepPHU3YEThCS BHUCOKOI JTUHAMIYHICTIO, HEBU3HAYCHICTIO (3MIHU IOMHTY,
JOPOXKHBOT 0OCTAHOBKH, YMOB JIOCTaBKH) Ta YKOPCTKUMH BHUMOTaMu 10 cepBicy [4]. Tpaauuiiiai MeToan
IUTaHYBaHHSI, IO MOKJIAJal0ThCsl HAa AOCBiA AMcHeTdepa, CTaloTh HeeheKTUBHUMHU. OCOOIMBO TOCTPO Iie
MIPOSIBIISIETBCA TIPU OpTaHi3allii nepeBe3eHp Manux naptiid BaHTaxiB (MIIB), 3HauymIicTh SIKUX 3pocTae
4yepe3 PO3BUTOK e-commerce Ta 30iiblIeHHs 4acTku Mmanoro OisHecy [5]. Tumomi JoricTuuHi cxemw,
Opi€HTOBaHI Ha BEJHKI mapTii, mpu podoti 3 MIIB npu3BoaATh 10 BUCOKOT YaCTKH MOPOXKHIX MpoOiris [6;
10], mm3bkoro 3amoBHeHHs T3, CKJIAJHOCTI IUIAHYBAaHHS MPH BEIHKiH KiIBKOCTI TOYOK TOCTaBKU Ta
notpedn y mBHAKIA 00poOui Ha TepmiHanax. Lli BHUKIMKM BHMAararoTh MOIIYKY KOMIIPOMICY MixX
IIBUJIKICTIO Ta €KOHOMIYHICTIO IIISXOM 3aCTOCYBaHHS JIOTICTUYHUX HPUHIUITIB: KOHCOJIIa1lii BAaHTaXIB,
onTUMizauii MapmpyTiB Ta 1M(POBOI KOOpAUHALII.

Bunukae notpe6a y po3poOIli Ta BIPOBAKEHHI HAYKOBO OOTPYHTOBAHMX, aJIallTHBHUX METOJIIB
KepyBaHHS OIEPATUBHUM IUIAHYBAHHSM, sKi O J0O3BONWIN €(QEKTHBHO BHKOPHUCTOBYBATH PECYpCH,
MiHIMI3yBaTH BUTpaTd Ta THYYKO pearyBaTH Ha 3MiHHM, ocoOnmuBo mpu poboti 3 MIIB B ymoBax
noricTn4Hoi iHppacTpyKTypu YKpainu.

AHAJII3 JIITEPATYPHUX JKEPEJ TA IOCTAHOBKA IMMTPOBJEMH

[MpobnemaTuka orepaTUBHOTO TUIAHYBAHHS Ta MapIIpyTU3allii TPAHCTIOPTY JOCIIKYETHCS TABHO.
Knacuuni 3amadi TSP ta VRP 3 pizHUMU OOMEKEHHSMU € OCHOBOIO Oaratbox MeTofiB. Jlmsa ix
PO3B'SI3aHHST BAKOPHCTOBYIOTh:

eTouni meroau omTumizamii (MaremMaTW4yHe MPOTPaMyBaHHS, METOJl TUIOK Ta MEX), MO0
rapaHTyIOTh ONTUMAJbHICTh, aJIe MalOTh BUCOKY OOUMCIIIOBAIbHY CKJIaIHICTD AJIsl peajbHUX 3a1ad.

eEBpucTHyHi MeToaM (KOHCTPYKTHUBHI, HAIpUKIad, METOJ HAMOMMKUYOro cycifa, airoputMm
Knapka-Paiita (savings), Ta iTepaiiiiini, Hanpukiam, 2-0pt, 3-opt), fAKi IIBHIKO JalOTh HaOJIMKEHI
PO3B'SI3KH.

eMeTaeBpucTHYHI MeTOAU (TCHETHYHI aJITOPUTMH, IMITallis BigNaily, MypalliHi alrOPpUTMH), IO
3a0€3MeqyIOTh Kpally SKIiCTh PIIlIeHb IS CKIAHHUX 3a7a9 MMOPIBHSHO 3 TPOCTUMHU €BPUCTHKAMH.
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elMiTaniiine MoaeJIOBAHHSA /IS OITIHKY CTPATETiH B JMHAMIYHHX Ta CTOXaCTUYHAX YMOBaX.

eMetoaqu Ha ocHOBi mTy4yHoro inrtesexkrty (IHI) (excriepTHi cHUCTEeMH, MAaIlMHHE HaBYAHHS,
areHTHI CUCTEMH) JJIs TPOTHO3YBAHHS Ta aJlallTHBHOTO IIaHyBaHHs [4-9].

Takox U1 aHaMi3y TPAHCHIOPTHUX HMOTOKIB Ta pOOOTH TEPMiHATIB 3aCTOCOBYIOTHCS MOJIEII CHCTEM
MacoBoro oOciyroByBaHHs. [Ipami po3rismaioTh JOTICTHYHI CHCTEMH Ta OpraHi3allifo MiKHapOTHHX
nepeBesenb [11-14]. locmimkeHHs TPUCBSYCH] aHaTi3y TPAHCTIOPTHUX CUCTEM Ta MOJICIFOBAHHIO.

Hes3Bakatoun Ha BENHMKY KiNBKICTh METOJIB, OaraTo IOCIiMXEeHb (OKYCYIOTHCSI Ha BEIHKHX
ITOTOKaX a00 TCOPETUIHHX MOJEIIAX, HE 3aBXKIM 3aCTOCOBHHX 0 CICIHU(]DIKHA perioHATHHUX ITePEBE3CHD
MIIB. bpakye nopiBHSJIPHOTO aHai3y €(eKTUBHOCTI METO/IIB CaMe B YMOBAX OIEPATUBHOTO TNTAHYBaHHS
MIIB Ta pexoMmeHaaIii mozao0 ix inrerpamii 3 cydacuumu IT [8; 9; 16].

HIJIb TA 3AJAYI JOCJIIIKEHHS

MeTor0 CTarTi € AOCHI[KeHHS Ta TOPIBHSAUIBHUN aHaji3 METOMIiB KepyBaHHS ONEepaTHBHUM
IJIaHYBaHHSIM, PO3pO0OKa Ta OI[iHKAa MaTEMAaTHYHOI JIOTICTUYHOI MOJIENTI JUIS ONTUMI3allii aBTOMOOUTEHUX
nepeBe3eHb MaMX MapTiii BAHTAXKIB IUIAXOM KOHCOMiIamii Ta eekTuBHOI MapmpyTu3aii [1; 2].

3aBIaHHS:

1.CucremaTn3yBaTé Ta TpoaHali3yBaTH iCHYIOUlI METOIU OIEPATHBHOTO IIAHYBAaHHS, BU3HAUNATH
iX mepeBaru Ta HEeJOJIKH.

2.BuzHaunTi KpuTepii 1t MOpiBHAHHS €()eKTHBHOCTI METO/IiB.

3.IlobymyBaTH CTPYKTYypHY MOAENH Mepexi koncomiaamii mis MIIB.

4.®opmanizyBaTH MaTeMaTW4Hy MOAeib (UiTbOBY (YHKIIO Ta OOMEXKEHHS) IUIS ONTHMizalil
MapuipyTtusanii MIIB.

5.Po3po0uTH eBpUCTHYHMIA aNTOPUTM JUTSI IPAKTHYHOI peatizallii MoIei.

6.PosrisiHyTH iHTErpanito MeToAiB mianysanHs 3 [T.

7.IlpoBecTy NMPUKIATHUI PO3PAXyHOK Ta OLIHUTH €KOHOMIUHY €()EeKTHBHICTH MOJIEI.

8.Hagatn pexomeHmanii momo BUOOPY Ta 3aCTOCYBaHHS METOMIB IS TPAHCIOPTHUX KOMIIAHIH
Ykpainu.

PE3YJbTATHU JOCIIIKEHDb
1. KTACU®IKALIS TA AHAJII3 METOIIB OIIEPATUBHOI'O IVIAHYBAHHSA

MeToan KepyBaHHS ONEPATUBHUM IUIaHYBaHHIM KJIACH(IKYIOTh 3a MiAX0AO0M JI0 MOIIYKY PillIeHHS
(onTuMizaniiiai, imiTamidHi, Ha ocHoBi II) Ta 3a BpaxyBaHHSM JWHaMiKu  (CTaTHYHI,
JTUHAMIYHI/aaNTUBHI) .
eTouni meroaum : l'apaHTYyIOTb ONTHMAIBHICTH , ajle OOYMCIIOBAJIBHO CKJIagHI A BEIMKHX Ta
JUHAMIYHUX 331a4. BUKOPUCTOBYIOTECS Ul HEBEJIMKHX MAPKiB a00 SIK €TaoH.
eEBpuctuyni Mmeronu : [IBuiKi Ta mpocTi , aje He rapaHTYIOTh ONTUMAJIBHOCTI, IIOTaHO MPAIOIOTH 3i
CKJIIaJJHUMH OOMEXEHHSIMH. 3aCTOCOBYIOTHCS JUI IMIBUAKOrO (OpPMYBaHHS IUIaHIB ab0 SIK 4YacTUHA
METAaEeBPHUCTHK.
eMeTaeBpuCTHYHI MeTOAM : 3HAXOIAThH SIKICHI PIIICHHS JUIs CKJIQJHUX 33ja4 3a NPUHHITHUN Yac,
aIanTylOThCs JI0 JUHAMIKA Ta OOMEXEeHb. BuMmararoTh HamamrtyBaHHS napamerpiB. OCHOBHUI
iHCTpYMeHT cyyacHUX TMS, miaxoasaTs 11 IMHAMIYHOT MapLIpyTH3alii.
elmiTaniline MogenwBaHHsl @ AHaNi3ye CKIaJHI CUCTEMH 3 YpaxyBaHHSM BHITaJKOBOCTI, JO3BOJISE
TecTyBatu crieHapii. He e onrumizamidiHuM MeTonoM. BHKOPHUCTOBYEThCS i OLIHKH IIPaBHII
JHcIieTYepr3allii, aHalizy MpOIMyCKHOI CIPOMOKHOCTI.
eMetonun nHa ocHoBi LI : HaBwaroTbcs Ha naHuX, poONATH MPOTHO3M, IO3BOJISIIOTH CTBOPIOBATH
ajanTuBHI cucteMu. [1oTpeOyrOTh OaraTto JaHuX, CKIIJIHI B iHTepIpeTallii Ta peaisallii. 3acTOCOBYIOThCS
JUISL TPOTHO3YBaHHS, TMHAMIYHOTO KOPUTYBaHHs, MIATPUMKH pileHs [3; 4].

[NopiBHsTbHA XapakTepycTHKaA HaBeAeHa B Tabmmui 1.

2. JOTICTUYHUAM MIIXII 10 OPTAHI3AIIL IEPEBE3EHD MAJINX ITAPTIIA BAHTAXKIB
(MIIB)

KitouoBuM TIpUHIMIIOM MiIBUIICHHS e(QeKTUBHOCTI mepeBe3eHh MIIB € koHcomimamis —
o0'eqHaHHS APIOHUX BIANIPABICHb Yy OUIBINI MApTil JJIS MOJANBIIOTO TPAHCIIOPTYBAaHHS MariCTpalbHUM
TPAHCIIOPTOM MK TepMiHajdaMu (xabamu) Ta MOAANBIIOI "PO3YKpYMHEHHS" JUIS JAOCTaBKH "OCTaHHBOT
M,

2.1. CTPYKTYPHA MOJEJb MEPEXI KOHCOJIITALIII

IIpomoHyeTbCA PO3MIIAAATH TPAHCIIOPTHY Mepexy sk opierroBanuii rpap G(N,E), me N —
MHOXXMHA BY3IiB (IIyHKTH BiAIpaBieHHS S, mMyHKTH orpuMaHHs D, xoncomigamiiini xabm H), E —
MHOXMHA Iyr (TpaHcmopTHi cromydyeHHs). Koxxma myra (i,)) XapaKTepusyeTbCs MOBXKHHOK Lij,
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CEPENHBOI0 IUBUJIKICTIO V7, BAPTICTIO mepeBeseHHs (y;. Y Bysnax BinOyBaeThcs 00poOKa BaHTaxIB 3
gacoM £;. 3aMOBJIEHHS h MalOTh 0OCST _n, BaroBi 0OMeXeHHS Ta YacOBi BiKHA TIOCTaBKH [a_n, b_n].
CrpykTypHa cxeMa MOXe BKIIOYaTH KiuTbKa pIBHIB Xa0iB (HampuKiIaj, MEHTPaTbHUN Ta
perioHaNbHi) I ONITHMI3allii MaricTpalbHUX Ta MicleBUX HepeBe3eHs [6; 10].
2.2. MATEMATHYHA MOJIEJIb OIITUMI3BAIII MAPIIPYTHU3AIIIL (MIIB)
3aBmaHHs monsrae y (GOpMyBaHHI MHOXHHH MapuipyTiB R mms TpancmoptHuX 3aco0iB K, mio
00CITyTOBYIOTh MHOKHHY 3aMOBJIeHb N, MiHIMI3YIOUH CYKYIIHI BUTPATH 3 ypaXyBaHHSIM 4acy JOCTaBKH Ta
eekTHBHOCTI BUKOpHCTaHHs T3.

HinboBa ¢pynkunis:
N _ » 0t~ Enerkdn
minimize Z = %rer( L, erCij Lij - X +a-T.) + B EkEK(T) (1.1)

ne: R — MHOXWHA MapmipyTiB;

(i, j) — myra (Big mMyHKTY 1 0 TyHKTY j);

C;; — BapTiCTh MepeBe3eHHs 1o Aitsni (i, j);

L;; — BimcTanb Mixk myHKTaMH | Ta J;

xj; — 6inapua 3minna (1, sikimo ayra (i, j) Bxoauts y MapuipyT r; 0 — inaxie);

i — KoeQiieHT BaroMocTi yacy (abo mtpad 3a 3aTpUMKY);

K — MHOXXMHA TPaHCTIOPTHHX 3aC00iB,;

;. — BAaHTaXXOIi THOMHICTh TPAHCTIOPTHOTO 32c00Y kK;

{; — BAaHTAX, [0 TIEPEBO3UTHCS 10 MYHKTY N;

T3, — MapuIpyT, 3aKpilICHU 32 TPAHCIOPTHUM 3aco00M k;

B — koedimieHT mTpady 3a HEBUKOPUCTAHY MICTKICTb TPAHCIIOPTY.
Cucrema 00MekeHb MoOAeTi:
1.IlokpuTTA 3aMOBJIEHb:

KoyxHe 3aMOBIIeHHS n Mae OyTH BKITFOUEHE PIBHO B OJIMH MapIIPYT I.

ErER}": =1, VnENﬂ?“dE‘?“S(l'Z)

ae ¥y = 1, K110 3aMOBIJICHHS N OOCIIyTOBYETHCS MapIIPYTOM I.

2.bananc norokis:
JIst KOXKHOTO By3ia il y mMapmpyTi Fff KiTbKICTh BXIZHHX YT JOPIBHIOE KiIBKOCTI BHXiTHHX (OKpiM
MTOYATKOBOTO Ta KiHI[EBOTO ITyHKTIB).

E_;I'E;".l'x_;'i = E}-EJ-.;_‘X.';, VEE N,VPE R (13)

3.00MexkeHHsI MICTKOCTi TPaHCTIOPTY:
3arajbHa KiJIbKICTh BAaHTaKy Ha MapIIPyTi, AKUM BUKOHYETHCS TPAHCIIOPTHUM 3aco00M K, He mepeBuiirye
HOro BaHTAKOMIIIHOMHOCTI.

EnEern = Qk: Wrk (14)

4. Yacosi BikHa:
Yac mpulyTTs 10 KOKHOTO IMyHKTY Ma€ 3HAXOIUTUCH ¥ MEKaX JJO3BOJICHOTO iHTEpBaIy.

ty = trz?"?'m = ‘hm vnENordars (15)

5.00MekeHHSI HA MAKCUMAJILHMI Yyac a00 JOBKMHY MapIIpyTy:
3aranpHMiA yac (200 JTOBXXWUHA) MApIIPYTy HE TIOBUHEH TEPEBHUIIYBATH BCTAHOBIICHHUH JIIMIT.

T, = Tpuw» ¥r €R (1.6)

AbGo
L= Liae, ¥FrER(T)
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6.Inmi od0MekeHHs: MOXYTh BKJIIOYAaTH CYMICHICTh BaHTaXiB, NPIOPUTETHICTH 3aMOBJICHb,
0oOMexeHHs poO0Y0ro 9acy BoaiiB Tomro [6; 7].

2.3. EBPECTUYHHM AJITOPUTM PEAJIIBALIII
Ockinbkn 3amada Mapmpytuzanii € NP-ckmagHoo, i NpPakTHYHUX PO3PaxyHKIB MPOMOHYETHCS
E€BPUCTUIHHH ITi X1

1 Knacudikanis Tta kjiacrepusaiis 3amMoBJieHb: [pymyBaHHS 3aMOBJIeHb 3a TeorpadidHOIO
Onu3bKICTIO (Hanmpukiam, MeTogoM k-cepennix a6o DBSCAN) Ta yacoBUMU BiKHaMHU.

2.@opmyBaHHa naptiid koHcodiganii (Batching): OG'eqnanHs 3aMOBJIeHb 3 OJHOTO a0o
ONMM3BKUX KJIACTEPiB y MApTii, M0 HE MEePEBUINYIOTh MICTKICTh T3, 3 ypaxXyBaHHSIM CYMiCHOCTI BaHTaXiB
Ta YaCOBUX BIKOH.

3.IMouarkoBa mapmpyTu3anisi: [loOyzoBa mMapipyTiB Al K0xHOI napTii abo rpynu mapTii 3a
JIOTIOMOTOI0 KOHCTPYKTHUBHOT eBpucTHKH, Hanpukiaa, aCCucnroputmy Knmapka-Palita (savings), skuii
00'eTHy€E MapIIpyTH Ha OCHOBI €KOHOMIT mpoOiry.

4 Jlokanbna ontumizanisi: [TokpameHns noOyAoBaHUX MapLIPYTiB 3a IOTIOMOTOO iTepamiiHuxX
EBPUCTHUK, TaKHUX AK 2-opt a00 3-opt, 10 3MIHIOIOTH MOCIIOBHICTD BiIBIIyBaHHS TOYOK IS 3MEHIIIEHHS
JOBXHHU MapIupyTy.

5.Po3noain mapmpytiB nmo T3: [lpuzHaueHHS roTOBHX MapUIPYTiB Ha JOCTYIHI TPaHCHOPTHi
3aco0M 3 ypaxyBaHHSIM iX XapaKTepUCTHK Ta rpadikiB poOOTH.

6.Cumynsanis Tta kopekuisi (3a morpedm): llepeBipka peamicTHYHOCTI TIAHY 3a JTOTIOMOTOFO
IMITallifHOrO MOJICNIIOBaHHSI Ta MOXIIMBICTh HOrO KOPUTYBaHHS B PEXHUMI pPEANbHOIO Yacy IpH
HAJXOJPKEHHI HOBUX JqaHuX [7; 8].

3. IHTET'PAIISA 3 ITHOOPMAIIIMHAMHA TEXHOJIOT IIMHA

CyuacHi IT € HEBiI'€MHOIO YaCTHHOIO €(PEKTHBHOTO OTIEPATUBHOTO MJIAHYBaHHS:

¢TMS: IlentpanizoBana miardgopma sl YHOpPaBIiHHS BCiMa MpoOlEcaMu: NPUIOM 3aMOBJICHB,
TJIaHyBaHHS (4acTo 3 BOyIOBaHWMH €BPUCTHKAMI/METAEBPUCTUKAMHI), MOHITOPHUHT, aHAJIITHKA. BakmBa
TS KoopAwHaMii koHcomiamii MIIB.

¢GPS-moniTopunr: Hanae nani mpo peainbHe MICHE3HAXOKCHHS T3, IIBUIKICTB, MpPOOIr,
JI03BOJISIIOYH BiJICTEKYBaTH BUKOHAHHS [UIaHY Ta OTIEPATUBHO pearyBaTH Ha BiAXMICHHS.

oITS Ta cepricu nmpornosyBanHsi Tpadiky: J[03BOJIAIOTE OTPUMYBAaTH akKTyalbHY iH(oOpMaLio
PO JIOPOXKHIO CUTYAIIIO JJist O1IBII TOYHOTO PO3PaXyHKY Yacy pyxy Ta KOPUTYBaHHS MapUIpyTiB.

eMoOiIbHI momaTku A BodiiB: 3a0e3mneuyloTh 3B'SI30K, IMepeaadyy 3aBlaHb, HaBIrailo,
migTBep/pkeHHst qoctaBku (Proof of Delivery - POD), mo BaxiInMBO Hpu BENHMKiH KUTBKOCTI TOYOK Y
Mapupytax MIIB.

*EDI Ta API: ABTOMaTH3YIOTH OOMIH JaHUMHM 3 KJII€EHTaMU Ta MapTHEpaMH (CTaTyCH 3aMOBJICHb,
JOKYMEHTH), IPUCKOPIOIOYH MPOLIECH Ta 3MEHIYIOYH TOMHUIIKH.

[HTerpamis MX TEXHOJIOTIH MTO3BOJISE peali3yBaTH JWHAMIYHE (aJanTHBHE) IUTAHYBaHHS, IO €
KPUTUYHO BaYJIMBUM JUIs1 €EKTHBHOTO YIpaBJiHHs niepeBe3eHHssMu MIIB.

4. TIPUKJIA PO3PAXYHKY TA OIIHKA ECEKTUBHOCTI

PosrissHeMo yMOBHHMII TpWKIaa perioHanmpHOI Mepexi 3 Tpboma xabamu (H1, H2, H3) Ta
moaeHHrM motokoM MIIB. BxinHi gaHi (KiTbKIiCTh 3aMOBIIEHB, CEpeHIN 00csT, Tapudu, IMBUAKICTE, Yac
00po0Oku) HaBeaeHo B Tabmuiii 1.

Tabnuus 1. BxigHi naHi (YMOBHO)

IToxa3nuk H1 H2 H3 OnuHuns
loxenna 120 80 60 IIT.
KIJIBKICTh
3aMOBJICHb
CepenHiii 00'em 0.08 0.06 0.07 M3
Ha 3aMOBJICHHS
Yac 006poOku Ha 0.25 0.20 0.22 TOJI.
xa0i
Tapud (rpa/xm) 6.5 6.2 6.8 TpH
Cepenns 45 42 40 KM/TOJT
IIBUIKICTH
(xm/ro)
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[Ipunyctumo Bukopuctanas 13 mictkicTio 10 M. 3acTocyBaHHS 3alpOIIOHOBAHOTO €BPUCTHUIHOTO
anroputMmy (KJacTepu3altisi, KOHCOJIIAIlis IBiYi HA IeHb, MAPIIPYTH3AIlisl METOJAOM Savings 3 JIOKaJTLHOIO
ONTUMI3AIli€l0) T03BOJISIE OTPUMATH Taki pe3ynbraty (Tabmurs 2 cTarTi):

Tabmurs 2. PesynpTat MOgENIOBaHHS

TToxazuuk o BOpoBaKEHHS [Micas 3wmina (%)
BITPOBAKCHHS
CepenHili yac 3.20 2.62 -18.10
JIOCTaBKH, TOA
CobiBapricTs 1 145.00 127.60 -12.00
JOCTaBKH, TPH
Koedirmient
BUKOPHUCTaHHS 0.68 0.78 +14.70
aBTOMAPKy

*3MEHIICHHS CEPEeIHBOI0 Yacy ocTaBKu Ha ~18%.

e3HMKECHHS cO0IBapTOCTI OfIHI€T focTaBKU Ha ~12%.

e[limBuIIeHHS KoedilieHTa BAKOPHCTAHHS aBTONapKy Ha ~15%.

Exonomiunmii edexkt: mpu moneHHiil kimpkocti 260 3amoBieHsr Ta ekoHoMii 17.4 TpH Ha
JOCTaBKy, piyHa €KOHOMisl MOXke ckiacTu O6mu3bko 1,13 mumH rpH. Lle meMoHCTpye 3HauHMIA MOTEHIian
onrtuMizaiii nepese3eHb MIIB Ha OCHOBI JIOTICTHYHUX IPUHITUIIIB.

5. PEKOMEHJIAIIT OO0 3ACTOCYBAHHS

Bubip meroniB Ta cTparteriii raHyBaHHS 3aJI€KUTh Bil CIIETIU(IKKA KOMITaHii.

e3aranbHi pexoMenaanii: BrpoBampkeHHs 1neHTpanmizoBaHoi TMS s 300py HdaHuX Ta
IUIaHYBaHHS; BU3HAYEHHSA YiTKAX MPAaBWI Ta HOPMATHBIB KOHCOMNifamii (MiHIManpbHHMNA 0OCAT TapTii,
qacoBi pamku); BUKOpHCTaHHS GPS-MOHITOPHHTY 1711 KOHTPOJIO Ta JUHAMIYHOTO KOPUI'YBaHHS;
perynsipHuii aHaii3 epextuBHOCTI MapmpyTi Ta KPI mist qucnieTuepis 1 BoAiiB; HaBYaHHS TEPCOHATY.

eBubip meroxiB: /lns MIIB 3 Benukow KUIBKICTIO TOYOK Ta JWHAMIYHAMHU 3aMOBJICHHIMH
nepeBary Clig BiiJaBaTH MeTAeBPUCTHYHMM AJropuT™MaMm, iHterpoBanuM y TMS, mo no3BonsoTh
IIBUJIKO 3HAXOJUTH SKICHI pIlIEHHS Ta ajanTyBaTHCS g0 3MiH. EBpucTHKHM (K savings) MOXYTh
BUKOPUCTOBYBaTHCs Ui nodaTkoBoro eranmy. Meroau LI € mepcriekTMBHUMU il IPOTHO3YBaHHS Ta
aBTOMAaTHYHOTO KOpuryBaHHsA. ImiTamiline MoJeqi0BaHHSI KOPUCHE Uil CTPATETiYHOTO aHANI3y Ta
TectyBaHHs npasui [8; 9; 13; 14]

OBI'OBOPEHHA PE3YJIBTATIB JOCJIAKEHDb

OtpuMaHi pe3ynbTaTH JOCHIDKEHHS TiATBEPKYIOTh JOIUIBHICTh BHKOPUCTAHHS JIOTICTHYHUX
MIPUHIIMIIB KOHCOJifamii Ta €BpUCTHYHUX METOJIB MapIIpyTH3amii ITijJ] Y4ac OMNEepaTUBHOTO IIaHyBaHHS
nepeBe3eHb MarX MapTiil BaHTaXiB. 3anpolIOHOBaHa MaTeMaTHYHa MOJIeNh 3a0e3neuye ehekTHBHUI OataHc
MiXK MiHIMI3aIli€l0 TPaHCIIOPTHUX BHUTPAT, CKOPOYCHHSIM 4Yacy JIOCTAaBKM Ta MiJBUIICHHSM KoedilieHTa
BUKOPHUCTAHHS aBTOIApPKY.

[NopiBHSHHS pe3yNbTaTiB MOJICITIOBAHHS 3 JJAHUMU KJIACHYHUX gociipkeHp (Dantzig & Ramser, 1959;
Laporte, 1992; Toth & Vigo, 2014) noka3ye, o 3aCTOCYBaHHS KOMOIHOBAHOTO €BPHCTHYHOTO MiIXOMy
(xmacrepusanis, meron Kimapka-Paiita, 2-opt) no3Bonse HOCATTH NPUHHATHOI SKOCTI IUIAHIB 3a 3HAYHO
MEHILHUH Yac PO3paxyHKiB, 10 € KPUTUIHUM JUIS OTIEPaTUBHUX 3a]ad.

YMOBHUI TpUKIA)] TOKa3aB, MO IICJIsS BIPOBAKEHHS 3alpONOHOBAHOI MOJENl cepelHiil dvac
JIOCTaBKH 3MeHIIMBCs Ha 18 %, cobiBapTicth — Ha 12 %, a koe(illieHT BUKOPUCTaHHS aBTONapKy 3pic Ha 15
%. Taki NOKa3HUKU CBiAYaTh MPO MPAKTUYHY Peajli3oBaHICTh PO3POOJICHOTO MigXOLy Ta MOTO €KOHOMIYHY
e(EeKTHBHICTH JIsl TPAHCIIOPTHUX MIIMTPHEMCTB, SIKI MPAIIOIOTh 13 MaJMIMHU TAPTisIMU BaHTAXIB.

Pazom i3 THM, Mozenh Mae TeBHI oOMexeHHs. BoHa He BpaxoBye CTOXacTHYHI 3MIiHH IOIUTY,
JOPOXKHBOI CUTyalii Ta MOTOJHUX YMOB, a TaKOXX HE OILHIOE PU3HKH, MOB’S3aHi 3 Hemeper0ayeHUMHU
3aTPUMKaMH YH BiIMOBaMH TPAHCHOPTHHUX 3ac00iB. Y moaanpUIoMy AOLUIBHO aJanTyBaTH ii 10 TMHAMIYHHUX
YMOB CepeJIOBHIIA 3a JIOTIOMOTOI0 METO/[IB MAIITMHHOTO HABYaHHS a00 IMITaIiiHOTO MOICITFOBAHHSI.

TakuMm 4YMHOM, TOCTaBJICHI y CTATTi HUIl Ta 3aBIaHHS BHKOHAHI MOBHICTHO: 3iliCHEHO aHai3
ICHYI0UHMX METOIB, MOOYJOBaHO CTPYKTYpHY Ta MaTeMaTHUHY MOJEIb, PO3POOJICHO €BPUCTUYHUHN alTOpUTM
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peamizamii, TPOBEICHO pO3PAXYHKOBHM TPHKIAA 1 MIATBEPMHKEHO EKOHOMIUHY  JOILUIBHICTH
3amPOIIOHOBAHOTO MiIXOTY.

BUCHOBKHU

1.0OnepatuBHe MiaHyBaHHS BaHTaXHUX aBTONEPEBE3EHb, OCOOIMBO MalMX MAapTii, € CKIAJHOIO
ONTUMI3alIHHOI0 337adelo, IO YCKIAAHIOETHCA IUHAMIYHICTIO PHHKY Ta HEBH3HAYEHICTIO YMOB.
[lepesesennst MIIB marots crierudivni mpodbmemu (HU3bKE 3aBaHTKEHHS, CKIQJIHICTh MapIIpyTH3allii),
10 BUMAararoTh 3aCTOCYBaHHS JIOTICTHYHHUX MPHHIIHIIIB, 30KpeMa KOHCOJiailii.

2.IcHye MIMPOKUI CIIEKTP METOJIB IJIAHYyBaHHS (TOYHI, EBPUCTHYHI, METACBPUCTUYHI, IMiTaIliiHI,
L), BuOip SKUX 3aJCKHUTH BiJ PO3MIPHOCTI 3a7adi, BUMOT IO TOYHOCTI Ta IIBUIAKOMIl, JUHAMIKH
npouecy. st oneparuBHoro mianysanHs MIIB HailOipIn TOUITBHUM € BUKOPHCTaHHS METAeBPHCTHK
Ta riOPUIAHUX MiIXO0IIB, 110 MOETHYIOTH Pi3HI METO/IH.

3.3amponoHoBaHa MaTeMaTU4Ha MOJIENb Ta €BPUCTUYHUIN aNrOPUTM, IO BKIFOYAE KOHCOJIJIAINFO
Ta ONTHMI3alil0 MapIIpPyTiB, JO3BOJISIOTH CYTTEBO MiABUIIUTH eeKTUBHICTH nepeBe3ens MIIB, 3HU3MTH
BUTpPATH Ta 4Yac JOCTAaBKH, MOKPALIUTH BUKOPUCTAHHS aBTOMapKy. [IpuWkiaa po3paxyHKy IE€MOHCTPYE
MOTEHIIHHY eKOHOMIYHY €(peKTUBHICTD i TXOMY.

4 TaTerparisi METOJiB TNIaHYBaHHSA 3 cy4acHUMH iH(opmamiitanMu TexHodorismu (TMS, GPS,
ITS) € xarouoBuUM (hakTOpOM JUIsl peajizallii aJanTUBHOTO KEPYBaHHS Ta IMiJBUIICHHS S(PEKTUBHOCTI
OTIEPATHBHOTO TNIAHYBAaHHS B peaTbHOMY Yaci.

5.l yKpaiHCHKMX TPaHCHOPTHUX KOMIIAHIM BIPOBAKEHHS HAYKOBO OOTPYHTOBAHHMX METOIIIB
OIIEPAaTUBHOTO TUIAHYBAHHS, JIOTICTUYHUX NpUHIMTIB KoHcomiaanii MIIB Tta cydacHux IT € HeoOxinHOO
YMOBOIO MiJBHINECHHS KOHKYPEHTOCIPOMOXHOCTI. [loganpIimi MociipKeHHsT MatoTh OyTH CIIPSIMOBaHI Ha
PO3pOoOKy Mopeneil, Mo BpaxOBYIOTh CTOXAacCTHYHI ()aKTOpH, IHTETpallilo 3 MPOrHO3YBAHHAM IIOIUTY Ta
ABTOMATUYHY aJIaNTaIlif0 MapaMeTPiB Y PeKUMI peanbHOTO yacy.
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I. Baranov, M. Baranskyi, S. Shvets. Optimization of Operational Planning for Freight Road
Transport Taking into Account the Specifics of Small Batch Delivery

The article investigates methods for managing the operational planning of freight road transport with a
special focus on organizing the delivery of small cargo batches based on logistics principles. General
challenges of operational planning, such as market dynamics and condition uncertainty, as well as specific
problems of small batch transportation (low utilization, empty runs, complexity of routing numerous points),
are analyzed. Classical and modern planning methods (exact, heuristic, metaheuristic, simulation, Al
methods) are reviewed and compared based on criteria of solution quality, computational speed, and
flexibility. A structural model of a consolidation network for small batches and a mathematical model for
route optimization, considering costs, time, load factors, and time windows, are proposed. A heuristic
algorithm for the practical implementation of the model, including order classification, batch consolidation,
and routing methods (Clarke-Wright, 2-opt), is considered. The possibilities of integrating planning methods
with modern IT (GPS, TMS) are analyzed. An example calculation and an assessment of the economic
efficiency of the proposed approach for a regional network are provided. Recommendations are given for
selecting methods and implementing logistics principles to improve the efficiency of operational
transportation planning, especially for small batches, in the context of Ukraine.

Keywords: operational planning, freight road transport, small cargo batches, consolidation,
logistics, management methods, route optimization, mathematical model, efficiency, TMS.

BAPAHOB Ie0p Onecosuu, XaHaumaT TEXHIYHUX Hayk, goueHt, [ABH3 «IIpua3oBcbkuit
JepKaBHUI  TeXHIYHWMA yHiBepcuteT», M. JHimpo, VYkpaina, e-mail: baranov_i_o@pstu.edu,
https://orcid.org/0000-0002-1551-0973

BAPAHCBKUM Muxaiino Bopucoeuu, MaricTpanT kadeapu aBTOMoOinbHOro Tpancropty, JIBH3
«[Ipra3oBCHKHMI  JOep)KaBHMI  TeXHIYHHMA  yHiBepcuteT», M.  Juinpo,  Vkpaina, e-mail:
baranskyi_m_b@students.pstu.edu, https://orcid.org/0009-0000-4748-6755

112 , 2025, Ne2 (25) ISSN 2313-5425


https://doi.org/10.1287/mnsc.6.1.80
https://doi.org/10.1016/0377-2217(92)90192-C
https://doi.org/10.1287/opre.12.4.568
https://doi.org/10.1016/j.tre.2009.05.001
mailto:baranov_i_o@pstu.edu
mailto:baranskyi_m_b@students.pstu.edu

© bapanos 1.O. bapancekuit M.b. llIeus C.E. 2025

HIBEIIp Cepeiti Edyapoosuy, wMaricTpant Kadempum aBToMOOUTBHOTO TpaHcmopty, JIBH3
«[Ipra3oBCHKHMI  Jep)KaBHME  TeXHIYHMH  yHiBepcureT», M. Jminpo, VYkpaina, e-mail:
shvets_s_e@students.pstu.edu, https://orcid.org/0009-0004-0555-902X

lhor BARANOV, PhD in Technical Sciences, Associate Professor, Pryazovskyi State Technical
University, Dnipro, Ukraine, e-mail: baranov_i_o@pstu.edu, https://orcid.org/0000-0002-1551-0973

Mykhailo BARANSKY]I, Master's student at the Department of Automotive Transport, Pryazovskyi
State Technical University, Dnipro, Ukraine, e-mail: baranskyi_m_b@students.pstu.edu,
https://orcid.org/0009-0000-4748-6755

Serhii SHVETS, Master's student at the Department of Automotive Transport, Pryazovskyi State
Technical University, Dnipro, Ukraine, e-mail: shvets s _e@students.pstu.edu,

https://orcid.org/0009-0004-0555-902X

JaTa HagxomkenHs ctaTTi 1o Buganns: 18.09.2025
Jlata mpuifHATTS cTaTTi 10 IpyKy micis penensyBanas: 09.10.2025
DOl 10.36910/automash.v2i25.1916

ISSN 2313-5425 CULACHI TEXHOAOM B MAWMHOSYAYBAHHI TA TRPAHCAOPTI, 2025, Ne2 (25) RN


mailto:shvets_s_e@students.pstu.edu
https://orcid.org/0009-0004-0555-902X
mailto:baranov_i_o@pstu.edu
https://orcid.org/0000-0002-1551-0973
mailto:baranskyi_m_b@students.pstu.edu
https://orcid.org/0009-0000-4748-6755
mailto:shvets_s_e@students.pstu.edu
https://orcid.org/0009-0004-0555-902X

© bopak M.B., bogak B.I. 2025

VJIK
uDC

bonak M.B., bonak B.I.
Jhyybkuti HayioHanbHUL MEXHIYHUL YHIgepcumem

BUJIU CUCTEM TEPMOPEI'YJIAIII TATOBOI BATAPEI EJIEKTPOMOBLIS TA IX AHAJII3

36ibmenHs BUpoOHMITBA enekTpomoOuniB (EM) 3HauHOIO Miporo 3aleXuTh Bif HaAiHOCTI Ta Oe3nexu
OCHOBHHX BY3JIiB Ta arperaTiB. OfHOIO 3 HalIOPOKYNX Ta HEOE3IMEYHUX YaCTHH eJIeKTPOMOOIIS € CHIOBa (TSroBa)
enekTpudHa O6atapest. Haiibinbioro nomupeHHs HaOynu niTiii-ionHi 6arapei (Li-ion). BaxxinnBor XxapakTepUCTHKOI,
II0 BIUIMBAE HA iXHIO OE3IeKy, € MPOIyKTHBHICT Ta TepMiH ciayxOu. L{i moka3sHuku Garapei 3aiexaTh Bil cepeIHbol
po6odoi TeMmepaTypH, sika ITOBHHHA 3HAXOAUTHCS B ONTHMAIBHOMY Jiana3oHi M 3aM00iraHHs psy HETaTHBHUX
spunl. Came ToMy pobota cucreM TepmoperymoBanHs (CTP) akymymsatopaux Onokie EM € BaxknmBoio ais
3a0e3mevyeHHsI KOPEKTHOTO (PYHKIIOHYBaHHS B OyAb-SKUX YMOBaX HAaBKOJHMIIHBOTO CEPEIOBHIIA Ta EKCILTyaTalli.

Jlitiii-ionHi (Li-ion) Gatapei cTanu HOMiIHYIOUOIO TEXHOJOTI€I0 A aBTOMOOLIBHOI MPOMUCIOBOCTI 3aBISKH
JESIKUM YHIKaJIbHAM OCOOJMBOCTSIM, TaKMX SK BHCOKA IOTYKHICTb, €MHICTb, 3[aTHICTH 30epiraHHs Ta BeJHKa
KUTBKICTh MOXKJIMBHX Tepe3apsiok. OqHak, B yMOBax IIIMOOKOTO PO3psAy TeHEPYETHCS BENMKAa KUTBKICTH TEIUIOBOL
eHeprii BHACINIZIOK OKHMCHO-BITHOBHHMX peakiii, i Temreparypa OaTapei HaAMIpHO Ta HEKOHTPOJIbOBAHO 3POCTAE 3
MOXKJIMBUM TOJAJbIINM caMo3ananeHHs M. OTke, HeoOXiTHO pO3pOOUTH TaKy CHCTEMY OXOJIOJDKeHHs OaTapei, oo
3amo0irTH MONIKO/DKEHHIO eIEMEHTIB Yepe3 BUCOKY pobody TeMmeparypy. BunukaroTs i iHmi mpoGnemu, komu Li-
ion Garapei 10cATalOTh TEMIEPATYPH, HIDKIO1 32 ONTHMANIBHI 3HAYCHHS, HAIIPUKIIAJ, He3IaTHICTh BiAIaBaTH CHEPTIiI0
abo mBHAKA Jerpajalis Ta 3MEHIIEHHA eMHOCTi. Came ToMy TOTpiOHa eeKTHBHA CHUCTEMa, 3[aTHA PO3IrpiTH
MPUCTPiH [UIs TOCATHEHHS ONITUMAIBHOTO TEMIIEPATypHOTo Jiama3oHy, ToOTo cucteMa TepmoperyitoBanas (CTP).

KuarouoBi ciaoBa: enexrpoMoOinmi, TepMoperymamis, Oe3meka, JmiTili-ioHHa Oartapesi, TEIIOOOMIH,
eHeproedeKTHBHICTh

BCTYII

Barapei mnepeTBOpIOIOTH XiIMIYHY €HEprilo, M0 MICTUThCS B iXHbOMY aKTUBHOMY Marepiaii,
0e3nocepeIHRO B EIIEKTPUYHY €HEPTii0 Yepe3 peakilii OKuCHeHHs Ta BigHoBieHHs [1]. barapei ckimamatoTecs
3 OKPEeMHUX EJIEMEHTIB, 3’€IHAHUX TIOCIIIOBHO Ta MapajieibHO JUIS JIOCSATHEHHS OakaHOi HOMIiHAJIBHOT
MOTYXKHOCTI, Hanpyrd Ta crpymy. [lix yac HOpManbHOi poOOTH BiOYBa€ThCS MpOIEC PO3PSKAaHHS abo
IpoLeC 3aps/PKaHHS.

[Ipu po3pskanHi OaTapest )KUBUTH €NEKTPUYHE OONAJHAHHS, i XiMIYHA €HEpris, IO MIiCTUTHCS B
aKTUBHOMY MaTepiali, IepeTBOPIOEThCS Ha eNeKTpHUHy eHeprito. [Ipu 3apsypkanHi  OaTapest miJKIIouaeThCs
o TreHepartopa (abo eJeKTpUYHOI Mepexki), 1 BXigHa eJIeKTpUYHA EHepris MepeTBOPIOETHCS Ha XIMIYHY
€Heprilo Ta HAKONMMYYETHCS B AKTUBHOMY MaTepiali.

Besneka, TOBroBiUHICTh Ta MPOJYKTHUBHICTH OaTapeil 3HAYHOIO MIpOIO 3ajiekKaTh BiJl TOrO, SIK BOHHU
PO3PSIKAIOTHCS Y1 3aPSIKAIOTHCS.

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA INPOBJIEMH

Cuctemu tepmoperymosanss (CTP) Li-ion Oatapeit EM BinirparoTs KiIt0o4oBY poJib y poOOTi CHI0BOT
Oarapei Juis 3amo0iraHHs HETaTHBHUX SBHII, SKi MOXYTh BIUIMHYTH Ha Oe€3MeKy, MPOAYKTHBHICTH Ta
Jerpaalito aKkyMyJISITOPHOTO OJIOKY.

IcHYIOTH THIIOBI Ta HETHIIOBI YMOBH, 3a SIKUX CEPEIHs TeMIepaTypa aKyMYJIATOPHOTO OJIOKY MOKe
HEKOHTPOJILOBAHO 3pOCTaTH, CIPUYUHAIOYM aHOMaJbHI XIMiYHI 3MIHH, Taki $K PO3KIJIaHHs
CJIEKTPOJIITY,a00 peakiii MK eJIeKTpoaaMu Ta ejiekTpositoM. [lig Yac THUIOBMX IMKIIIB 3apsDKaHHS Ta
PO3psIKAHHS TEIUIO, L0 TeHEPYEThCS IPH €IEKTPOXIMIYHIN peakiii miIBUILy€e TeMmIeparypy Oarapei.

HexoHTposibOBaHE MiIBUINEHHS TeMIepaTypu Oarapei Moxke BiJOyBaTHUCh IIiJ] 4Yac HETHIIOBHX
pobounx yMOB TIpH TepMmidHOMy posrodi (thermal runaway). Tepmiunuii po3riH CKIAma€ThCcs 3
€K30TEpPMIYHHX JAaHLIOIOBUX peakliid ycepenuHi Oarapei, AKi CIpUUMHSIOTH JecTadinizalilo Ta Jerpajamito
BHYTPIIIHBOI cTpykTypu [2].lle sBuIme MOXe BHMHUKHYTH BHACHiZOK pPi3HUX (OPM MEXaHIuHOIO,
CJIEKTPUYHOTO T4 TEPMIYHOTO BIUIMBY, IO TPU3BOJUTH 1O KOPOTKOTO 3aMHUKAHHS MK €JeKTPOJaMu
eJleMeHTa Oarapei yepe3 BHUXiJ 3 JIady eJeKTpoiiTy. Tero, o reHepyeTses, BIUIMBAE HAa CYCiIHI €JIEMEHTH,
SK1 MiJAAI0THCS TOMY X sIBULTY. L5 maHItorosa peakuis He TiJIbKH MiABHILYE TEMIEPaTypy aKyMyJIATOPHOTO
00Ky, aje W BUIIsIe O6arato Jerko3aiMUCTUX Ta3iB, sKi 30UIBIIYIOTh BHYTPIIIHIM THCK OJOKY Ta MOXYTb
CIIPUYMHUTH BUOYX 1 OKexXy cuitoBoi yctanoBku EM [2]. 3rigno Peiyi Sun et al. [3], y 2018 pomi cranocs
MOHAA ITSITHAAUATH MOXEXK PI3HUX MapoK eNeKTpPOMOOiTiB dYepe3 BHHUKHEHHS IPOLECy TEPMidyHOTO
posrony. [lpuunau 1MX BUOYXiB pi3HI. BOHM BUHWKamW T 9ac pyxy, 3apspkaHds abo MapKyBaHHS
aBTOMOOWTIB. B 1HmMMX BUIMamkax MOJyM’S BHHHKAJIO TICHs 3ITKHCHHS, SK€ BIUIMHYJIO HA MEXaHIUuHY
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MOBEIIHKY aKyMYJIATOPHOTO OJIOKY, CIIPUYMHHUBIIN BHOYX CHJIOBOI YCTaHOBKH. TEpMIUHHI PO3TiH TaKOX
MOJYKE€ MaTd HeOE3MEeUHHM e(eKT Iia yac MPUPOJHUX KaTtacTpod, TaKHMX SK MOBiHb. EaekTpomoOim micis
LIBOTO CTAIOTh HEMPUAATHUMHU I BUKOPUCTAHHS 3 MipKyBaHb OC3IEKH.

[logibHo 1o TOrO, SIK HEKOHTPOJbOBaHE IiABUIIEHHS CEPEeIHBbOI TeMIepaTypyd BIUTUBAE Ha
MPOAYKTHBHICTh, HEKOHTPOJIHOBAHE 3HIDKEHHS TEMITEpaTypy OaTapei Mo)Ke 3MEHIINTH eJIeKTPOIPOBIIHICTh
eNeKTpoNIiTy Ta nudysito mitiro. Le 30imbprye enekTpudHi Ta eneKTpoxiMiuHi BTpatu. Lle cyTTeBO BIMBae
Ha poOOTy eneKTpoMoOiTiB B THX KpaiHax, A€ TeMIlepaTypa HaBKOJHMIIHBOTO CEPEAOBHILNA B3MMKY YacTo
omnyckaetbes Hikue 0oC. 11i BTpatu 3011bIy0ThCS TP TeMmepartypi Hiwk4de —200C[5].

IIporiec HEKOHTPOIHOBAHOTO HArpiBaHHsA Oarapei € OUThIT HeOE3NMeYHUM, HIK OXOJIOMKCHHS,
OCKUIBKM BHHUKAIOTh YMOBH , 33 SIKHX €JICKTPOMOOLUIL HE MOXE BIIOMpPATH CHEPTil0 3 aKyMYJISITOPHOTO
omoky juis akrusaiii CTP [5].

KoHTponroBaHHS HarpiBaHHA € BaYKIIMBUM JUTSI 3aTI00ITaHHS MPOIIECY, BiANOBITATEHOMY 3a 3HIKEHHS
ocany mitito (lithium plating). Lle ocan MetaneBoro JiTito Ha MOBEPXHi aHOJA, BATOTOBJICHOTO 3 rpadirty, 3a
YMOB LIBHJIKOTO 3apsiKaHHs abo HU3bKOT Temneparypu [6]. Lleii npomuec ckopodye TepMiH ciry:x0u O6atapei
Ta 1l 34AaTHICTP HAKONMWYYBAaTH Ta BUBUIBHATH €HEPrii0 ]l Yac IHKIIB 3apsKaHHS Ta PO3PSDKaHHS.
HesBakaroun Ha 4HCIeHHI JOCITIKEHHS, TPOBEACHI MPOTATOM 0araTboX poKiB, Ha CHOTOAHI MEXaHi3M IIbOTO
MpoIiecy He MOBHICTIO BUBUEHMIHA [6].

Buxonmsun 3 1mx MipkyBaHb, OyJn0 BH3HAY€HO ONTHMAIBHUN Jialla3oH, y SKOMY IIOBUHHA
3HaxoauTHCs poOoda TemmepaTypa Li-ion Oarapei, mo0 3MEHITUTH SBHINA, SIKI 3MEHITYIOTh TEPMIH CITYKOH,
Oes3rmeky Ta TPOAYKTUBHICT Oarapei. 3TigHO 3 JOCTIKEHHSAMH, MOpoBeaeHMMu Pesaran et al. [7],
akyMyJsITopHi  Onoku Li-ion Oarapeit EM He BHSBISIOTH OYEBHIHUX IIOIIKO/DKCHb Ta JErpajalii B
onTUMaabHOMY miana3oHi Mik 150C Ta 350C. 3aranom, NPHAHSATHUIA TeMIEpaTypHHUil miama3oH Li-ion
Oarapeil mmpmwii 3a mel miama3oH 1 BusHavaeThest MiK —200C ta 600C. llle omHa xapakTepucTHKa
MOB’s13aHa 3 BHYTPIIIHBOIO TEMIIepaTyporo Oarapei. BaxkiiBo piBHOMIpHO KepyBaTH TeMIEpaTypHUM IOJIEM
aKyMYJSITOPHOTO OJOKY, 100 YHHKHYTH PIi3KHX TepenajiiB TeMIepaTyp MK elIeMEeHTaMH, AKi MOXYTh
CHPUYMHATH HEOKaHWK BHYTPIIMIHIA TermooOMiH. Pi3HHWI TeMrieparyp €leMEHTIB B aKyMyISTOPHOMY
070111 He moBUHHA nepeBuiyBata 50C [8].

OIJIb TA 3AJAYI JOCJIAKEHHS

3a ocraHHi poku Oyno po3pobieHo nekinbka BapianTiB CTP, pi3HMX 3a mpuHOUIIOM POOOTH Ta
KOHCTPYKITi€r0. /[0 BCTaHOBIIEHUX TEXHOJIOTIH, pO3pOOJIEHUX MIPOTATOM POKIB, HAJIEKATh!

o [ToBiTpsni CTP;

o Pignnuni CTP ;

o CTP Ha OCHOBI X0JIOJTOareHTY;

e CTP Ha ocHOBI MarepiaiiB 3i 3MiHOI0 (pa3zoBoro crany (M3DC);

e CTP na ocHosi teroBux tpyo (TT).

Ilepmi tpu 3ramani meroam € aktuBHUMH CTP, ockinbku amas poOotu iM moTpiOHa eneKTpuuHa
eHeprisi, ToAi sk ocraHHi jaBa € nacuBHUMH CTP, OCKiNBKM BOHM HE TOTPEOYIOTH JKOJHOTO JDKepelia
enektpuyHoi  eHeprii. KomOiHamiss xoua 6 JBOX 13 I[HMX CHUCTEM YTBOPIOE TOpHIHY cHUCTEMY
tepmoperyioBanus (I'CTP).

OcHOBHa I1iJTb JJAaHOI CTATTI € aHANI3 KIFOYOBUX BiIMIHHOCTEH MixK HaBeneHuMH Bapiantamu CTP.

B 3amaui qociioKeHHs BXOIWIN aHalli3

MPUHLMITY POOOTH KOXKHOI 3 CHCTEM, aHaJli3 IiepeBar Ta HeJoJiKiB 3anpornonoBanux CTP.

PE3YJIbTATHU JOCIIIKEHb

[ogiTpsiai CTP mimpoko BUKOPUCTOBYIOTHCS B EM, OCKiJIbKM BOHH MalOTh IIPOCTY CTPYKTYPY, BUCOKY
HaQIIMHICTh, HU3bKY BapTICTh Ta MHpocTe 00CIyroByBaHHA. [l XapaKTEpHCTHKH JOCSTAIOTHCS 3aBISKU
MPOCTiA CXeMi yCTaHOBKHM, L0 BHMara€ MeHIIE oOJaJHaHHA, HiX iHII MeTonu. OCHOBHOIO OCOOJIMBICTIO
nopitpstanx CTP € BuKOpHCTaHHS MOBITPS K poOovoi pedoBuHH. ONHIEIO 3 TMEepeBar IUX CUCTEM 3 TOUYKH
30py O€3MeKH Ta BIUIMBY Ha HABKOJIMIITHE CEPEIOBHIIE € Te, IO TIOBITPsI HE TOKCHYHE Ta HE 3aiimMucTe. IcHye
Kilbka Kiaacuikamiii 1mux CHCTEM IIOJO TOT0, SK IOBITPS MPOTIKAaE 4epe3 Mepexy TpyOd 1 sSK BOHO
00pOOIsIETHCS IS AOCSITHEHHS 0a)XXaHO1 TeMIepaTypt akyMyJssTopHoro 67o0ky. [lepina BigMiHHICTb moJsrae
B HACTYITHOMY:

e CucreMu TIPUMYCOBOi KOHBEKIIIl: MOTIK TOBITPS B KOHTYPI T€HEPYEThCS  EIEKTPUIHUM
BEHTHJIATOPOM. LIs cucTemMa BUMarae meBHOT KiIBKOCTI €IEKTPUYHOI €Heprii yepe3 moTpedy eNeKTPUIHOTO
JIBUTYHA BEHTUISTODA;
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e CucreMu TPUPOJHOI KOHBEKIIIi: IOTIK MOBITPsI 3a0€3MeUy€eThCsl PyXOM TPAaHCIOPTHOTO 3acoly, i
BEHTWIATOp He mOoTpiOeH. IIlo6 3MeHmmMTH mepenagy THCKY MOBITpS, BHUpIIIATbHE 3HAYCHHS Mae
KOHCTPYKIis MOBITPSPOBO/IB Ta (hopM.

Bentunarop

30BHILIHE MOBITPS d’
— — barapes —— PR ——
|
|

QW
_— |
TEH Ta/abo tennoobminank TH |~ fi{“?liyf{ujlil{f]f _I_(a_Hiui _________ J'

Bentunsarop

30BHIIIHE TOBITPS ‘
Ay, '
—_— —_— (~) —_—
I l barapes " :

’l

TEH Tta/a6o terooominank TH
Peunpxynsumiifnuii kanan

Pucynok 1 — Cxema poOOTH MOBITPSIHUX CHCTEM TepMOpeTyJsiii Oarapei

Hpyra BiIMIHHICTH IOJISITA€ B TOMY , SIK TNOBITPS OOpOONAETHCA 3a NOMOMOIOK PI3HHUX CXEM
ycTaHoBKH (puc.1):

e [lacuBHUMIT MeTOA: MOBITPS 3a0uMpaeTbcs OE3MOCepeIHBO 3 aTMOC(epu Ta HarpiBaeThcs, abo
OXOJIOJDKY€ETBCSI  TEIUIOOOMIHHHMKOM. . IIoTiM  mOBiTpST momaeTbcs B aKyMyJSITOpHUEL  Onok — ans
TEPMOpETyIIOBaHHS;

e AKTUBHUH METOJ: YaCTHHA BIANPAIIbOBAHOIO TIOBITPSl IOAAETHCA JI0 BXIJHOTO OTBOPY Ta
3MILIYETHCS 3 30BHILIHIM HOBITpsAM 3 atMocdepu. IToTiM TernooOMiHHUK 0X010/1Kye ab0 HarpiBae moBiTps
JI0 AOCSITHEHHS ONITUMAJIbHOI TEMIIEPATypH Ul KEPYBaHHS aKyMYJISITOPHUM OJIOKOM.

AKyMyJIATOPHI €IEMEHTH

Burnyck nosiTps

Kopmyc 6arapei

IToBiTpsiHi KOHTYpHU

OXOJIOJKEHHS TTOBITPS
(Ter00OMiHHUK Bryck nositps
kouuionepy abo TEH)

Pucynok 2 — Ctpykrypa 0atapei 3 MOBITPSIHOK CHCTEMOIO TEPMOPEryJIsiii OaTtapei

BukopuctoBytotecsi Ha mpaktuni obouasi  cuctemu  noBitpaHux CTP. Ili ycraHOBKM MOXKYTh
BUKOPUCTOBYBaTHCS SIK CHCTEMH OXOJOMKECHHS, Tak 1 HarpiBanHsa (puc. 2). ®akTuuHO, mig dac ¢asu
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OXOJIOJDKCHHS € XOJIOAHHM TEIIOOOMIHHUK (BHUIIAPHHK), y SKOMY TEMIIEpaTypa TOBITPS 3HIKYETHCS 3a
nmorioMororo Bumnapauka cuctema HVAC TpancnmoptHOro 3aco0y. [Hakime, SKIO aKyMyJIsSaTOpPHUN OJIOK
noTpiOHO HATPITH, TAPSUUil TETIOOOMIHHMK (HarpiBad) A03BOJISE MiABULIMTH TEMIIEPATyPy HOBITPA.

Pimuuni CTP ayxe cxoxi Ha moBiTpsiHi CTP, 3a BUHATKOM XOJIOJ0areHTy, KM € Pifjka PeYOBHHA,
CYMIIII BOJW Ta TIiKOMO [2] abo mienektpuuHi piauau. [lopiBasHO 3 moBiTpssHuMu CTP, pinnHHa cucrema
OXOJIOJDKEHHSI € e(heKTHUBHIIIO, OCKLUIBKH JIOCITAE KPAI[OoTo TEIUIO0OMIHY Ta BUMAarae MEHIIO! OTpeOu B
CJIEKTPUYHIN eHeprii BiJg aKyMyJsTOpPHOTO ONOKy. 3aBISKM KpalldM TEPMIYHHUM TAaKHM SIK BIACTHBOCTSIM
TEIUIONMPOBITHICTh T4 TUTOMAa TEIDIOEMHICTh) Ta BHINIA TYCTHHI 32 OIHAKOBHX YMOB, KOHBEKTHBHHHN
TerI000MiH TOKPAIIYEThCS, & MACOBa BUTPATa MPH TiH K€ MIBUAKOCTI MTOTOKY Ta TEOMETPIi MOBITPOIPOBOLY
€ Bumoto. Lo crocyerhes cxemu cuctemu, pianaHi CTP xapakTepu3yroTbesi 3aMKHYTHM KOHTYPOM, Y SIKOMY
pianHa 3HaXOIUTHCS B 0OMexkeHoMy mpocTopi. Bona mpeacrasiena na Puc. 3. Cxema piguanoi CTP mae
OipIIIe KOMITOHEHTIB, HiX TOBITpsHA. [[iiCHO, MOPIBHAHO 3 IMONEPEIHIMH CXEMaMH, BOHA CKJIATA€THCS 3
Hacoca, SKUH HeoOXiTHH AJsl TeHepYBAaHHS MacoBOi BUTPATH, Ta PO3LIMPIOBAILHOTO Oaka JAjs KepyBaHHS
3MiHaMH 00’€My, COPHUYMHEHWMH KOJMBAaHHSIMU TeMIEpaTypd HaBKOJMIIHBOTO cepeaoBHIIa. Sk
3ragyBajiocsl paHille, piIMHHA CHCTEMa MOXKE€ BHKOPHUCTOBYBATHCS SIK CHCTEMa OXOJOMKCHHS, TaK i
HarpiBaHHS 3a JIOTIOMOTOI0 OJHOTO MPOMDKHOTO TETUIOOOMIHHHKA, SIKUH MOXe BHUKOPHUCTOBYBATHCS SIK
0x0JI0/KyBady abo HarpiBau. SIk mpaBuno, cucrema HVAC TpaHcmopTHOTro 3aco0y € JKEpenoM TerioBoi
ab0 0XOJOomKyr0Uoi eHeprii 3a JOIOMOTOI0 YOTHPUXOIOBOTO KJIAaNaHa, SKAH MOXE IIePEeMHKATH
(GYHKIIOHYBaHHS 3 PEKHMY XOJOIMIBHUKA HA PEKHM TEIUIOBOTO Hacoca. Y NEsKHX 3aCTOCYBaHHSX JUISA
XOJIOJTHOI TOTOAM TEIUIO, IO PO3CIIOEThCS EICKTPUYHUM JBUTYHOM, MOXKE IIepelaBaTUCS PiAWHI 3a
JIOTIOMOTOI0 1HIIOTO MPOMDKHOTO TETIOOOMiHHHKA TSl BiTHOBJICHHS YaCTHHU TETUIOBOI €HEprii, po3CisHOl B
HaBKOJIMIIHE cepenoBuine [2]. 3 iHmoro O6OKy, CKJIAAHICTh CXEMH, CIPUYHHEHA OLIBIIOI KiTbKiCTHO
KOMITOHEHTIB, € OJTHUM 13 HEJIOMIKIB PiIMHHUX cucTeM. Ll mpobiieMa 30ij1bIy€e Bary TPaHCIIOPTHOTO 3aC00y
Ta 3aiiMaHuii 00’€M aKyMyJISTOpPHOTO OJOKy. 3 W€l MPUYMHU BapTiCTh BCTAHOBJCHHS BHWINA, HiXK iHIII
pitnenHs, i onepailii 3 #oro 00CIyroByBaHHS 3pOCTAOTh.

Pimuna
barapes >

[Tomma

O+

o lloBiTps 3 BUNapoByBaua

Oxonompkyroua piinHa

Y
A J
A 4

JIBUTYHa Ta IHBEPTOpa 260 XOJONOATEHT

TemwooOMiHHUKH

Pucynok 3 — Cxema pobOTH piIMHHOI CUCTEMH TepMOpETYJIALii Oarapei

{omo Toro, sik poboua pigrHA B3aEMoOji€e 3 TIoBepxHew Oarapeld, pinuaHi CTP kiacudikyroTses Ha
TpH KaTeropii:

e 3aHYpIOBJILHUI  TEIJIOOOMIH: €IEMEHTH aKyMYJSITOpHOrO OJOKY TIOBHICTIO 3aHypeHi B
nienexkTpuuHy piaunHy. [leli Metom  xapakTepu3yeTbcss HAMBHIIMM — KOE(]IIIEHTOM KOHBEKTHBHOTO
TEIUI000MiHY 3aBISIKM OLIBIIIN TUIOLII KOHTAKTY MiXK PIIMHOIO Ta eleMeHTaMu Oartapei.

o [IpsiMuii KOHTAKT: piTuHA MPOTiKae Oe3mocepeIHFO HABKOJIO eneMeHTiB Oartapei. Lls cxema € oxHiero
3 Hale()eKTUBHIIIMX 3aBISKM BEJUKIM IUIONI KOHTaKTHOI moBepxHi. HemomikoM 1boro Meromy €
HEOOXIJIHICTh BUKOPHUCTAHHS HEMIPOBIIHOT PIIUHM, 1100 YHUKHYTH KOPOTKOTO 3aMUKaHHS MiX €JIeMEHTaMH.

e HempsiMuii KOHTakT: piivHa TMpOTIKae 4Yepe3 KaHAIM B XOJIOJIHIM IUIACTHHI ANl KepyBaHHS
TEMIIEpPaTypor0 aKyMyJISITOPHOTO OJIOKY. XO0JI0JHA TUIACTHHA PO3MIIIY€EThCs B Oe3rmocepe/JHbOMY KOHTAKTI 3
MOBEPXHEIO eJIeMEHTIB Oarapei.

¢ CTP Ha OCHOBI X0JI0I0areHTy. B ocTaHHI pOoKH MPOBOAMINCS JOCHIPKEHHS, SKi 30CEPEANIN CBOO
yBary Ha BIPOBA’KEHHI MalllMH, 3aCHOBAaHMX Ha 3BOPOTHHUX IMKJaX. 30KpeMa, IUKIJIM TapOKOMIIPECIHHOTO
OXOJIOJDKCHHS MOXKYTh BHUKOPHCTOBYBAaTHCS [UIS OXOJIOMKCHHS Oarapeil 3a JOMOMOTOI0 CHELiaJIbHOTO
BHUITAPHUKA, SIKHA Ma€ pOJIb 3HIKEHHS CEPEIHBOI TeMITepaTypu aKyMyJIATOpPHOro OJ0Ky. HaiBa)kJIMBIIIONO
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[EPEeBaroo, JOCITHYTOI LHUMH CUCTEeMaMH, € e()EeKTUBHICTh TeII000MiHy. JloOpe Bimomo, 110 aBodasHui
TEIUIOOOMIH J0CATaE HAWBUIIOTO Koe(ilieHTa KOHBEKTHBHOI TEINIOBIAMAdi TOPIBHSIHO 3 piIUHAMH Ta
rasamu, a oro poboda TemrepaTypa MiATPUMYE MocTiiHe 3HadeHHs. KpiMm Toro, dikcoBana temmeparypa
JI03BOJISIE KOHTPOJIOBATH HaJIe)kKHI YMOBH ISl TepMoperyntoBaHHs Li-ion Garapei Ta oTpumyBatu OifbIn
ONTHOpIHE TeMIlepaTypHe Tmoisie. Y miteparypi € Oarato MpHKIAAiB, KONIA aKyMynsaTopHi Omoku EM
OXOJIOJDKYIOTBCS 32 JIOTIOMOTOI0 XOJOMMIBbHUKIB. LI MeToam 3a3Bmuail BUKOPUCTOBYIOTH cuctemy HVAC
TPaHCHOPTHOTO 3ac00Y, 3aCTOCOBYIOUH TEIFIOOOMIHHUK, PO3TaLIOBAaHHUK HapalieIbHO A0 BUIIAPHUKA.

o CTP na ocHoBi MatepianiB 3i 3MiHOIO (hasoBoro crany (M3®C). Marepianu 3i 3MiHOIO (ha30BOTO
crany (M3®C) — 1e marepianu, sIKi MOXKYTh TIOTJIMHATH Ta BUBIIBHATH 3HAYHI 0OCSTH MIPUXOBAHOI TEIIIOTH
3a BiHOCHO mocTiitHOI Temmnepatypu. lli CTP € macuBHUME cucTeMaMu, sSKi HE BHMararTh J0JaTKOBOI
enekTpu4Hoi eHeprii. ['0noBHA mepeBara moB'a3aHa 3 TEPMIYHOIO 130JISIII€I0, IO € QYHAAMEHTAIBHUM JUIS
NepeprUBaHHsI JAHLIOIOBOI PeakLii, sKa CIPUUMHIE IOXKEXKY Ta BUOYX aKyMYJISITOPHOTO OJIOKY.

o CTP na ocnosi teroBux tpy6 (TT). Temmosa tpy6a (TT) — ue 3akputuii Kopiyc TpyOu, B IKOMY €
THOTOBa CTPYKTypa Ta IMEBHA KiNbKiCTh piakoi pobouoi pigunu. Koiam momaerscs Temio, podoya pianHa
BUIIAPOBYETHCS, 1 Mapa MEPEXOAUTh Ha XOJOIHY CTOPOHY, € BOHA KOHIEHCY€THCSI, BUBLIBHAE IPUXOBAHY
TEIUIOTY Ta MOBEPTAETHCS HA rapsdy CTOPOHY 3a JAOIOMOIOI0 KamisipHOi Aii rHOTOBOI cTpyKTypH. Termnosi
TpyOM BUKOPUCTOBYIOTHCS JUIS TEpeladi Telula 3 MiHIMaJbHOIO DI3HUIEI0 TEeMIepaTyp Ta 3MEHIICHHS
TEIUIOBOTO OIOPY aKyMyJSTOPHOTO OJ0Ky. TemsoBi TpyOM 3a3Buuail BUKOPHCTOBYIOTHCS SIK JOJATKOBUIN
KOMITOHEHT JI0 CHCTEMH OXOJIO/PKEHHS a00 HarpiBaHHS 1 IIe He IMOBHICTIO BIpOBakeHi sk aBToHOMHI CTP.

3.6. I'iopumgui CTP (I'CTP). l'opumui CTP (I'CTP) cknamarotbes 3 aBox abo Oumbme CTP, ski
MPaIIOIOTh Pa3oM Uil MOKpAalIeHHS TermaooOMiHy Ta 3MEHIIEHHs 3arajbHOi Baru cuctemu. Hampuknarn,
YHCeNbHI CUMYJIAIIT MOKa3aiy, M0 TiOpuAHa KOHCTPYKIIiSI XONOAHOI macTuHr (Ha ocHOBI M3®DC) Moxe
3a0e3MeynTy 3MEHIIeHHS Bard Ha 53% MOPIBHSHO 3 0a30BOI0 KOHCTPYKIIIEI0 OXOJIOKYBaJIbHOI TIACTUHH
gyepe3 MeHmry ryctuHy M3®C. [HIMM BaXJIMBHM pE3yJbTaTOM € TOTY)KHICTh HaKadyBaHHS, sKa
3MeHInyeTbest Ha 90%: 3TigHO 3 OLIHKaMH, Ll CUCTeMa IMOTCHLIHHO MOXe 3a0e3[e4YnTH €KOHOMIIO MOHAJ
200 kBT'ro/ eNeKTpUIHOT eHepTii.

OBI'OBOPEHHS PE3YJBTATIB JOCJIIKEHDb

CTP H Tun H ITepeBaru H Henonikn
. o Hwuzbka eekTuBHICTS.
. 30BHIIIHE Bucoxa HaaiiiHICTD . )
[loBitpsiHa . . IMun i 3a0pyIHIOBaYi B
HarpiBaHHs/oxonomxeHHs||Hu3pka BapTicTh .
MOBITPONPOBOIAX.
SoBHilIHE [IpocTe obcmyroByBaHHs Benmuka KimbKiCTh  KOMITOHEHTIB.
Pigunana . Bucoxka eeKTHBHICTH||Brcoka BapTicTh BCTaHOBIICHHS Ta
HarpiBaHHS/0XOJIOIKEHHS .
TETI0O0OMiHY 00CITyroByBaHHSI.
Husbka notpeba B eneprii
. Bucoxka e(eKTHBHICTh||BricoKa CKIIaHICTh yCTAaHOBKH.
Xonogoare ||30BHIIIHE . o o
. TETI00OMiHY He 3aBxnu 3BOPOTHHH MpUCTpiit
HTHa HarpiBaHHs/0XOJIOKEHHS
3MEeHIIeHHS Baru||Moke OyTH PEeBEPCHUBHUM.

TPaHCIIOPTHOTO 3ac00y

Husbka TemmonpoBiiHICTh, IO HE
dikcoBaHa TemmepaTypa i1 Yac||103BOJIsIE PO3CIIOBATH TEILIO ITiJ] Yac

M3®C (PC ||3oBHimHe 3MiHHU ()a30BOTO CTaHYy OXOJIO/KEHHSI.
M) HarpiBaHHs/oxonomkeHHs||He notpedye nojaTkoBoi||[loraBanHs CTPYMOTIPOBITHHUX
€JIEKTPUYHOT eHeprii MarepiaiB  MOXe  CIPUYUHHTH
TTOKEXI.
He  motpeOye 0JIaTKOBO]
bebye Aol Mana Ioma KOHTAKTYy.
. . SJIEKTPUYHOT eHeprii
TennoBi 30BHIIIHE . ||TepmoperytoBaHHsI JOCSTAETHCS HE
. Huspka BapTICTh
TpyOH HarpiBaHH/0XOJIOPKEHHS 3aBXKJIH. Hemae ABTOHOMHUX
00CITyTOBYBaHHS
o 3aCTOCYBaHb.
Bucoka TemnonpoBigHICTh
Bucoka edexTuBHICTH||[J11  moNepeAHbOro  HarpiBaHHSA
Bayrpimmsi (|JIwmre BHYTPIIITHE|{HATPiBAHHS 3MIHHUM CTPYMOM moTpidHe
cTparerii HarpiBaHHS Bucoki mBUAKOCTI HarpiBaHHS ||30BHIITHE HKEPEIIO CHEPTil.
Xopora TemneparypHa|| Bucoxa Jerpaganis
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CTP H Tun H ITepearu H Henomnixu ‘
OJTHOPIAHICTD aKyMyJISTOpHOTO  OJOKy  depe3
yTBOpeHHst JtitieBoro ocany (Li-ion
plating).
BUCHOBKHA

CucteMu TepMOpErytoBaHHs € (yHAAMEHTaJIbHOI YaCTHHOIO CHIIOBHX YCTaHOBOK €JIEKTPOMOOITIB,
HE3aMiHHOIO JIJIsl KOHTPOJIO CEPEeIHbOI TeMIIepaTypy aKyMyJISITOPHOTO OJIOKY, Bix edekTuBHOCTI ii poGoTn
3aJIe)XKUTh €MHICTh TATOBOI Oarapei. AHami3 poOOTH Ja€ MOXKIWBICTH 3PO3YyMITH, SK aBTOMOOLIThHA
MTPOMUCJIOBICTh BIPOBAJIXKYE 1HOBAIIIT Ta HOBI TEXHIYHI PIIlICHHS Ta BUCBITIUTH 3B’ 30K MIXK JIOCIIIPKCHHIMU
HAYKOBIIIB Ta BUpOOHMKaMHU. € Kilbka CIOCOOIB KepyBaHHs TEMIIEPATypOl0 aKyMYJISITOPHHUX OJIOKIB HpHU
BHCOKHX Ta HU3bKUX TEMIIEpaTypax HAaBKOJMIIHLOIO CEPEJOBHUINA 32 JOMIOMOTOI aKTHMBHUX 200 MACUBHHX
cucreM. [lepcneKTUBHUM € 3aCTOCYBaHHS BHYTPIIIHBOTO HarpiBaHHs OaTapei, Ipy SIKOMY MOYKHA JOCSTaTH
LIBHU/IIIOTO HATPiBaHHS, HIX MPH 3aCTOCYBaHHI 3BUYaiHOI ccTeMH po3irpiBy. [IpoTe 1s TexHooris 1me He €
JIOCKOHAJIOK Ta TOTOBOIO JUIS MOJAIBIIOTO BIPOBA/PKECHHS HA MPAKTUII 4Yepe3 YTBOPECHHS OCajy JITilo B

Oarapei.
Jiist gOCSTHEHHSI OKPAILIEHOTO TEIUIO0OMiHY HEOOXiTHO BHUKOPHUCTOBYBAaTH BJIIOCKOHaJeHi (opmu
MOBITPONPOBOAIB  Ta  XOJOAHMX  IUIACTWH, HOBHUX  CXEM  yCTAHOBOK s IIi/IBUIICHHS

edexTuBHOCTI. BripoBamkeHHsT MacHBHUX MeTONiB, Taku sk M3®C, no3BOjs€ 3MEHIIUTH CIOXKWBAaHHS
eneprii CTP, ockinpku TemioBa eHeprisi poOOTH pedoBHH y (a30BOMY IMEPEXOAl MOXKE MiATPUMYBaTH
MOCTIiHY TeMmImeparypy HpOTArOM uacy, HE BHMAaraimo4d >KOJAHUX eHeproBurpatr. KpiMm Toro, HH3bKa
terionpoBigHicTh M3®C € BaxIIMBOIO AJIs TOJ0NaHHS (PEHOMEHY TEPMIYHOTO PO3TOHY, OCKIIBKH €IIEMEHTH
Li-ion i30:160BaHi OAMH BiJl OHOTO.

BinpicT HOBUX TPaHCHOPTHHUX 3ac00iB, BUMYIIEHUX HA PHHOK, BAKOPHCTOBYIOTH HEMPSAMY PiAUHHY
CTP, TemnepaTypa sIK0i KEpy€eThCSI CUCTEMOIO KOHIUIIOHYBaHHS aBTOMOOUIs. Kinbka BUpOOHUKIB, TaKUX SIK
Nissan Ta Honda, 3MiHIITH CBOIO CTpaTeriro, BiMOBHBIINCH BiJl MOBITPSHOTO METOY Ha KOPHUCTH PIAMHHUAX
CTP uepe3 ixHIO BUILY €PEKTHBHICTH KOHBEKTHBHOTO TEIJIOOOMIHY.

BupoOHrKH aBTOMOOUTIB BHTpayalOTh 3HAYHI PeCypcH Ha JOCTIDKEHHS TOTO, SIK TOKPAIUTH
TEXHOJOTIF0  aKTHBHOTO  OXOJO/DKEHHS Ta  HArpiBaHHA, JIOMIHYIO4y Ha  aBTOMOOLILHOMY
pUHKY. TermonpoBiHi Kiiel € MOKJIMBAM MPOCTUM Ta TMEPCIEKTUBHUM DIIICHHSM JJisi BIIPOBAJKECHHS IS
Henpsmux pianHHEX CTP 3 MeToro 301IbIIEHHS KOHTAKTHOI MOBEPXHI MK XOJOJHOIO IUIACTHHOKO Ta
aKyMyJsITOpHEM O51oKoM. HeoOXiTHO MPOBOAWTH HOBI JOCHIJKEHHS, IO BHBYAIOTH BJIACTUBOCTI PiIWH,
TaKUX SIK JIIENeKTPUYHI OJMBH, PiFKI METAIM Ta HAHOPIAWHUW JUIS TiIBUIIEHHS TEIDIONPOBITHOCTI PiIUHH
3aMiCTh KJIACHYHUX CYMIIICH BOJM Ta TIIIKOJIIO.
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M. Bodak, V. Bodak. Types of thermal regulation systems of the traction battery of an electric
vehicle and their analysis.

The increase in the production of electric vehicles (EVSs) largely depends on the reliability and safety
of the main components and assemblies. One of the most expensive and dangerous parts of an EV is the
power (traction) electric battery. Lithium-ion batteries (Li-ion) have become the most widespread. An
important characteristic that affects their safety is performance and service life. These battery indicators
depend on the average operating temperature, which must be in the optimal range to prevent a number of
negative phenomena. That is why the operation of thermal control systems (TCS) of EV battery packs is
important to ensure correct functioning in any environmental and operating conditions.

Lithium-ion (Li-ion) batteries have become the dominant technology for the automotive industry due
to some unique features, such as high power, capacity, storage capacity and a large number of possible
recharges. However, under deep discharge conditions, a large amount of thermal energy is generated due to
redox reactions, and the battery temperature increases excessively and uncontrollably with possible
subsequent self-ignition. Therefore, it is necessary to develop such a battery cooling system to prevent
damage to the cells due to high operating temperatures. Other problems arise when Li-ion batteries reach
temperatures below optimal values, such as the inability to release energy or rapid degradation and capacity
reduction. That is why an effective system is needed that can heat the device to reach the optimal
temperature range, i.e., a thermal management system (TMS).

Keywords: electric vehicles, thermal management, safety, lithium-ion battery, heat transfer, energy
efficiency
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MOJIEJJIIOBAHHS BIVIMBY TAPAMETPIB JOPOXKHIX ITAI'OPBIB HA POBOTY
HEPEI'YJIBOBAHOI'O NIEPEXPECTSA

JlocipkeHO BIUTMB KOHCTPYKTHBHHX IIapaMeTpiB JTOPOXKHIX maropOiB Ha MIBUIKICTH TPAHCIIOPTHHUX 3acO0iB
Ta e()eKTUBHICTE POOOTH HEeperyIboBaHUX HepexpecTb. OCHOBHA MeTa BCTAHOBJIICHHS JOPOXKHIX MaropOiB moJsirae y
MIPUMYCOBOMY 3HIDKEGHHI MIBUAKOCTI PyXy 3 METOIO IiJABHINECHHS OE3NeKH, NPOTe HENpaBWIBHE IPOEKTYBAHHS UM
PO3MIIIICHHSI MOJKE TNPHU3BECTH 10 30UIBIICHHS 3aTPUMOK, IiJABHUIIEHOI BUTPATH NAIBHOTO Ta 3POCTAHHS PIBHS
LIKiAIMBUX BUKUAIB. Lle 3yMOBITI0€ HEOOXIIHICTh HAYKOBO OOIPYHTOBAHOTO MiAXOAY 0 IXHHOTO MPOEKTYBAHHS.

Metoro OCTIPKEHHA € CTBOPEHHS MOJENEHl MPOTHO3YBaHHS 3MiHM IIBUAKOCTI TPAHCHOPTHUX 3aco0iB
3aJIeKHO BiJl TECOMETPHYHHAX XapaKTEPUCTHK IAOPOXKHIX MaropOiB Ha HEPETyIbOBAaHOMY IEpexpecTi. Y cepeaoBHUIIi
PTV VISSIM mnpoBeneHO cepil0 eKCIIEPUMEHTIB 31 3MiHOI LIMPHHH, BHUCOTH Ta BiJCTaHi BiJ CTON-TiHii. Bucoty
BPaxOBaHO Yepe3 IapamMeTpH 30HU 3HIKEHHS IIBHIKOCTI, IO JO3BOJIMJIO PEaTiCTUYHO BIATBOPHTH PEAKIil0 BOAIiB.
OmnpamoBanas nanux y STATISTICA nmanmo 3mory moOyayBaTH perpeciiiHi Mojelli 3 BHCOKOIO CTaTHCTHYHOIO
HaJIIAHICTIO.

JloBeneHo, mo HalOIIBIINIT BIUTMB Ha YIOBUIHHEHHS Ma€ BHCOTA JOPOXKHBOTO IaropOa, TOMi SIK IIMpUHA Ta
Bi[ICTaHb BiJl CTOIN-JiHii BU3HAYAIOTh XapaKTep 3MiHHM MIBHIKOCTI y CKJIAAHIMIN 3anexHocTi. Po3pobiena moxens
JIO3BOJISIE BU3HAYATH ONTUMAJIbHI TapaMeTpy JOPOKHIX MaropOiB, 3a AKUX JOCATAETHCS €PEeKT 3aCIOKOEHHS pyXy 0e3
iCTOTHOTO 3HM)KEHHSI ITPOITYCKHOT 31aTHOCTI Ta 3 MiHIMAJIbHUM BIUTMBOM HA €KOJIOTi4HI ITOKA3HHUKH.

OTpumaHi pe3yNbTaTH MAaOTh MPAKTHYHY MIHHICTH I8 TPAHCIOPTHOTO IUIAHYBaHHS, HPOEKTYBAHHS
BYJMYHO-IOPOKHBOT MepeXi, po3poOKM CXeM opraHizamii pyxy Ta OILIHIOBaHHS e(QEKTHBHOCTI 3aXOIiB 3
YIOBUIBHEHHS TPAHCIIOPTY. BOHM MOXYTB CTaTH MIAIPYHTSIM It GOpMYBaHHS Cy4acHUX IMIIXOJIB 0 MPOEKTYBaHHSI
JIOPO’KHIX MAropOiB 3 ypaxyBaHHAM yKpaiHCEKUX YMOB.

Karwuogi ciioBa: 10posxHiit marop0, TpaHCIIOPTHUI 3aci0, TPAHCTIOPTHHIA MOTIK, MOJICITIOBAHHSI, IIBUIKICTh,
BHCOTA, MIMPHHA, BiJICTAHb Bi/I CTON-JiHIi, MIKDOCHMYJISIiS,, MOJEIb.

BCTYII

Hopoxni nmaropou (I1), abo “mexadi momineticeki” (JIIT), 3acrocoByroThCs sIK edeKTUBHUIT 3acibd
MPUMYCOBOTO 3HIDKEHHS MIBUKOCTI TpaHCIOPTHUX 3aco0iB (T3) Ta minBuIIeHHs O0e3NeKH JOPOKHBOTO PYXy
(bAP). Bognowac ixHI KOHCTPYKTHBHI TapamMeTpu O€3MOoCepelHh0 BIUIMBAIOTh Ha e(EeKTUBHICTh
¢dyskiionyBanas TpancnoptHoro nmotoky (TII). HempaBunbpHO cnpoekTtoBani um BcraHosneHi JII 3martHi
MPU3BECTH A0 301IbIICHHAS Yacy MpocToiB T3, MiABUIIEHOI BUTPATU MATBHOTO Ta 3DOCTAHHS PiBHS BUKHIIB
IIKIJUIMBUX peuoBuH [1]. Y 11bOMy JOCHIKEHHI 3alIpOIIOHOBAHO PO3POOKY MOjEIeH, 10 Jal0Th 3MOTY
MPOTHO3YBaTH 3MiHy wBuAKOCTI T3 3ajexXHO Bif KOHCTPYKTMBHUX xapakrtepuctuk [Il. 3 orumsgy Ha
00MeXeHY KUTBKICTh MOJIOHMX JOCIi/KeHb B YKpaiHi, OTpUMaHi pe3yibTaTH MOXYTh OYTH BUKOpPHUCTaHi
JUIs HAYKOBO O0OTpyHTOBaHOTO npoekTyBanHs 1 y MaiiOyTHEOMY.

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA INPOBJIEMH

HAIl € Tpoxu MiAHATAMHM HEPIBHOCTSAMH Ha JI0pO3i, AKi BHUKOPHCTOBYIOTBCA [UI IPHUMYCOBOI'O
3HIDKEHHST MBUAKOCTI pyxy [2]. AIl e nHaimommpeHIimuM 3aco60M 3aCIOKOEHHS PyXY 3aBISKH HU3BKIN
BapTOCTi Ta MPOCTOTI BcTaHOBIEHHs. binbmicte T3 MOXyTh O€3MeYHO MepeTHHaTH iX 31 mBuaKicTio 25-30
km/rog. HII po3poOineni i CTBOpPEHHS “‘ToWAanku”, sika 30i1blrye TUCKOMGOPT BOAiA 31 301IbLICHHSIM
HIBUIKOCTI Tiepexony [2].

B nmocmimkenni [3] aBropamu TOSICHIOETbCS 3HIDKEHHS IMBUJAKOCTI pyXy Ha | KM/TOJ KOXKHUM
cantuMeTpoM 30utbmieHHs BucoTH [I1. B poborax [4, 5] BuB4aeThes Brums /11 pizHoi Bucotn (3, 5 Ta 7 cMm)
Ha MBUJIKICTh PyXy aBTOMOOLIIB. Bynu mpoBeieHi BUMiproBaHHS MIBUKOCTI uepe3 1 JieHb Ta 1 micsip micis
ta no BcraHoBneHHs JII1. TlopiBHSHHS MiX pPI3HUMH BHMIPIOBaHHSIMH MIBHUIKOCTI TPOBOJHIOCS 32
nonomoroto mucrepciiHoro (ANOVA) Ta post hoc anamizy. Anamni3 mokasas, 10 B MiCLSX BCTAHOBJICHHS
AII cnocTepiranocs 3Ha4HE 3HMKEHHS IIBUAKOCTI MOPIBHSIHO 3 MEPIOAOM JI0 iX BCTAHOBIICHHSL.

B crarti [6] po3poOiieHO MojeNb JUlsl OLiHKKA BIUTMBY xapaktepuctuk JII1 Ha yac 3aTpuMku B
Wopnawuii. Mozens nokasana, mo JIIT cipuuuHAIOTH 3Ha4Hi 3aTPUMKH B MIiCLIAX iX po3TairyBanHs. B poGoti
[7] TakoX TpEeACTaBICHO MPAaKTUYHE IOCHIIDKEHHs JUIs 300py Ta aHalli3y AaHUX MPO Yac MOJOPOXI Ha
ocHoBi GPS 3 meToro omiaku BBy JII1 Ha 9ac momopoki Ta 3aTPUMKH Ha MKMICHKHX JOpOTax B €THIMTI.
Pe3ynbraTi moBenu, 10 Ha BEIMUWHY 3aTPUMKH TIOIOPOKi B pi3HUH "yac 106w BrmmBae J{I1.
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Kinpka mocmimxens mociimpkyBanu BrumB JIII Ha obcar TpaHcmopTy Ta piBeHb ImIymMy. ABTOpaMu
mmyoikartii [8] mocmimkero BrutuB J[I1 Ha oOcsT TpaHCTIOPTY Ta PiBEHb IIYMY B JKUTJIOBOMY paioni Kyama-
Jlymnypy. Jnst BUMiproBaHHS JaHWX NPO OOCAT TPAHCIOPTY Ta piBeHb IIyMy OyJId HPOBEACHI MOJIbOBI
JOCIIDKEHHsI Ha TpboX BHOpaHux poporax. llepmie BuMipioBaHHS piBHS LIyMy Ha JOpO3i IOKazaio
HaWBHUINUKA OOCSAT TPAHCIIOPTY Ta HaWBHINUK piBeHHb ImyMy. KopemsamiiHwmi aHami3 Ioka3aB IOmiOHY
3aKOHOMIPHICTH ¥ B3a€EMO3B'SI3KY MiXK 00CATOM TPAHCIIOPTY Ta PiBHEM IITyMY.

B po6orax [9, 10] BuKopuCTOBYBanu paaap-micTONETH Il BUMIPIOBaHHS IIBUAKOCTI PiI3HOMaHITHUX
T3. VY crarrti [9] BUMiproBaHHS MTPOBOAMIINCS HA 3HAYHO MHPIIOMY Aiana3oni — Bif -100 m mo 80 m Bix AI1.
Harowmicte, mocmimxenns [10] 3ocepenniocss Ha Byx4ii 30HI, a came Bix -20 m go 20 m Big HIl. Ame
OCHOBHUM HEJOJIKOM poOiT [9, 10] € HEMOXKIHMBICTh BUMIPIOBAHHS MIBUAKOCTI TOTO camMoro T3 y JeKiabka
TOYKaX.

B poboti [11] BHKOpPHCTOBYBaM pamap-MiCTONET /s BHUMIPIOBAaHHS MIBHIKOCTI Ha IICTHOX
inentnuHnx [I1. OcHOBHE 0OMEKeHHs 11i€i poOOTH MOJATaIo B TOMY, IIO BOHA HE A0O3BOJISIA aHANi3yBaTH
saranpHuid BB JI1 Ha mBuakicte T3, a jumie MOpiBHIOBATH XapaKTEPUCTHKH Pi3HUX NpodiiiB
LIBUIKOCTI.

B crarti [12] nmns BUMiproBaHHS IIBHAKOCTI 3aCTOCYBalM [pOH-Kamepy I BiA€O3WOMKH Ta
mporpaMue 3abesmedeHds Tracker. OCHOBHHM HEIOMIKOM I[OTO JOCTIKEHHS OyI0 Te, M0 BOHO
MPOBOJUIOCS JIUIIE ISl OOHOro KoHKpeTHoro [I1.

B nmocmimxennsx [13, 14] Takok BHKOPHCTOBYBAaB pajap-TiCTONET, HPOBOISYA BHUMIipPIOBaHHS
IIBUAKOCTI Ha BigcTansax 10 M, 7 M, 5 M Ta 2 M (J1iBOpy4 Ta IpaBopyd Bij narop6a). HemonikoM po6oTH €, TO
110 JaHi 30upanucs Juine Ui ABoX Kareropiit T3.

B pobGoti [15] 3acTocyBamm Bimeokamepw [UIsl BHMIipIOBaHHS ImBHAKOCTI T3, 30mpatoum maHi
inTeHcuBHOCTI TTI koxkHi 15 xBriMH. BUMiproBaHHS MIBUAKOCTI MPOBOAMIUCS Ha BiacTaHsx 10 M, 7 M, 4 M
ta 1 M go i micasg AIl. OxHak, BUSBIACHO, MO ICH MiAXiJ BUSBUBCS MEHII ¢(EKTUBHUM IOPIBHSHO 3
BHMIpIOBaHHSM 32 JIONIOMOT OO pajap-TicToiera.

ABrtopu myOmikarmiit [16, 17] BukopucroByBanmu Mmikpocumyssimiro PTV VISSIM mis mopenmtoBaHHS
pyxy T3 Ta BuzHaueHHsI e)EKTUBHOCTI AOPOKHBOTO pyxy. st cumymsimii A1 3acTocoByBamu iHCTpyMEHT
Reduced Speed Area (RSA). OanHak, CyTTEBOIO MPOTATHHOIO B JOCHTIHKEHHI OYysI0 Te, 110 MOJCTb He Oyia
BiJIKamiOpoBaHa.

B po6ori [18] BumiproBanu srmus 11 va B/IP ta piBeHn oOciryroByBanHs nepexpects. [Ipote, BOoHU
3a3HAUMIIM, [0 BUKOPUCTAHHS pajap-micTojieTa JJisi BUMIPIOBAHHS IIBHAKOCTI € MEHII e()EeKTHBHUM
MTOPIBHSHO 3 TEXHIKOIO BiJICOKaMEPH.

Oco0mBO aKkTyadbHUM € JOocCHipKeHHs [19], ne aBTOpW aHai3yloTh €(EeKTHBHICTH BIIPOBAKEHHS
3aC00IB 3aCIIOKOEHHS JIOPOKHBOTO PYyXy Ha IMepexpecTsx. Y poOOTi aKIEHTOBAaHO yBary Ha HEOOXiIHOCTI
KOMIUTEKCHOTO Miaxoay 1o npoektyBanHs J{I1 Ta omiHKM IXHBOrO BIUIMBY Ha Oe3NeKy pyXy W MpPOITyCKHY
3IaTHICTb.

AHami3 JiTepaTypd IOKa3aB, IO IONEPEaHI PoOOTH HE PO3POOJSUIA PErpeciiHUX MOJENeH It
MPOTHO3YBaHHS 3MiHU MBUAKOCTI T3 3a1€KHO BiJl KOHCTPYKTUBHUX XapaktepucTrk /II1 Ha HeperyiapboBaHHX
HepexpecTsiX.

OTxe, X0ua HAyKOBI myOuikamii i miakpecmooTh 3HaueHHst 1 it 6e3nexu Ta eeKTUBHOCTI PyXYy,
CHCTEMHHX METOJIIB JIJIsi KOMIDIEKCHOTO aHali3y Ta MPOTHO3YBaHHs iXHHOTO BIUIMBY Ha MIBHJKICTh Hapasi
Opaxye. Lle noka3ye akTyanbHICTh TAHOTO JOCIIKEHHS, SIKE Ma€ Ha METi 3alIOBHUTH 1i IPOTAJIMHH LIUIIXOM
PO3pOOKHM perpeciiHux Mojelneil Ta cUMyIsmiiHHOTO aHami3dy BiuwmBy JlI1 Ha mBHAKICT, IO € OCOOIHMBO
BYKJIMBHUM [T YKpaiHH 3 OTJIsIy Ha HEJAOCTATHICTh MOAIOHUX POOIT.

HIJIb TA 3AJAYI JOCJIKEHHSA

MeToro AOCHiIKEHHA € MiABHLICHHS e(EeKTHBHOCTI (YHKLIOHYBaHHS BYJIUYHO-IOPOKHBOI Mepexki
MicTa IIISIXOM omThMizanii mapamerpi JII1 Ha HeperynpoBaHUHX mepexpecTsx. Lle nomoMoske 3MEHIIUTH
3aTPUMKHU PYXY, MOKPANIUTH MPOIYCKHY 3JaTHICTh Ta migsumutu BJIP, BpaxoByroun BILUTUB IMX 3acO0iB.
OtpumMaHi pe3ynbTaTH MOXYTh CTaTH BHECKOM Y CBITOBY NpPAaKTHUKy Ta CHOPHUATH aJanTalii Cy4acHHX
MiAX0iB 710 yMOB YKpainu. OTpuMaHi pe3ysibTaTH MOXYTh OYyTH KOPUCHUMHU SIK JUTSL MICBKOTO TUIAaHYBaHHS
Ha JIOKaJIbHOMY PiBHI, Tak 1 JUIs 3arajJbHUX TPAaHCIIOPTHHX JIOCITIJDKEHb Y KpaiHax i3 MOAiOHMMH YMOBaMH,
CHPUSIOUN po3po0Li eheKTUBHUX pillieHb I ONTHMI3alii pyXy Ta 3MEHIIEHHS 3aTPUMOK.

PE3YJIbTATHU JOCIIIKEHb

JlaHe [OCHTIPKEHHS HampaBleHO Ha BH3HaueHHA BIumBy JIII Ha edekTuBHICTH Ta Oe3neky
(yHKIIOHYBaHHS HEPETYJIbOBAHMX IEPEXpPecTh. ABTOpaMH pPOOOTH, cruparodnch Ha monoxeHHs JICTY
4123:2020 BAP “3acobu 3acnokoeHHs pyxy~ [20], 3amporioHOBaHO NPOBECTH CEPIl0 CUMYISALIHHHX
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ekcriepuMeHTiB y mporpami PTV VISSIM Ha HeperyimpoBaHOMy IepexpecTi. MeTow IMHUX eKCIIEPUMEHTIB €
IOCHTIDKEHHS TOTO, SK 3MiHa oOpaHux mapametpiB JIII, po3ramoBaHOTO Tiepen HEPETyIbOBAHUM
nepexpectsM (Ha MiaxoJax A0 HbOT0), BIUIMBATUME Ha Pi3HI acleKTH HOro poOOTH.

[Mapamerpamu 11, saxi moxxHa 3MintoBat y PTV VISSIM e:

-mupuHa I, sika BIuiMBa€e Ha IUIABHICTH TajJlbMyBaHHS Ta PO3IOHY, @ TAKOX HA NMPOTSDKHICTH 30HU
BIUTUBY (3MiHIOETHCS Bix 1 M 10 3 M);

- BIJICTaHb BiJ] CTOI-IIiHII IepeXpecTs, sika BU3HAJa€E, Ha sKik Bigacrani T3 nmouHyTh pearyBatu Ha J[I1
niepen 3ynmuHKOI0 (mpuiiMaeTbesa 10 — 50 m). Leit mapameTp € BaxkuBuM i OIiHKY BBy JI1 Ha wepru ta
IIPOLIEC 3yNUHKY NEPE]] IEPEXPECTAM.

VY Mexax JaHoTO JOCHIIKEHHS, 3 METOI0 3a0e3MeUYeHHs] MiJBUILECHHS TOYHOCTI Ta KOHTPOJIbOBaHOCTI
OTPUMaHUX pe3yJbTaTiB, aBTOpaMHU OyJI0 NPUIHATO PILICHHS 30CEPEIUTH CUMYJISILiIHHI €KCIIEpUMEHTH Ha
OJTHOMY THUTIOBOMY HEpETyIhOBaHOMY TepexpecTi. BUkopucTaHHs €1MHOTO 00'€KTa TOCIiKEHHS JO3BOJIUTH
e(EeKTHBHO KOHTPOJIOBAaTH Ta MiHIMi3yBaTH BIUIUB 30BHILIHIX T€OMETPUYHUX, TOMOTrpadiuHMX Ta IHIINX
iHQPAaCTPYKTYpHUX BIIMIHHOCTEH, fKi HE € NpeAMETOM TMOTOoYHOoro anamzy. Lle 3abesmeuye, 110
criocTepekyBaHi Bapiamii B edeKTHBHOCTI (YHKIIOHYBaHHS TIEPEXpPEcT € TepeBaXHO (PYHKIIEO
MaHimynsoBaHnx napametpi JI1, a He HacTiIKOM yHIKANBHHUX OCOOJMMBOCTEH Pi3HUX IepexpecTs. Takum
YHHOM, BHOIp OZIHOTO HEPETYIhOBAHOTO MepexpecTs AK 00'€KTa JOCHIHKEHHSI € CBIIOMUM METOAOJIOTIYHUM
KPOKOM, CHpSIMOBaHHMM Ha OTPHMAaHHS BHCOKOSIKICHHMX, PEJICBAaHTHMX Ta IHTCPHPETOBAHMX NAHUX IS
nmoaaibioi po3podku moxaeni BrumBy JI1 Ha mBuakicts TIL.

VY mporpamuomy 3abe3neuenHi PTV VISSIM nHemoxmuBo OesmocepeqHbO 3MOIENIOBATH (i3HIHY
Bucoty JII sixk 3D-00'ext. PTV VISSIM dokycyerbes Ha moeminmi TII ta B3aemonii T3 3 m0pokHBOIO
iH(paCcTPyKTYypoOIO, a HE Ha NETAITEHOMY reoMeTpudHoMy penbedi. Tomy BrumB Bucotu 1 Momemroerbes
OIocepeIKOBaHoO, Yepe3 BiIMOBIHI 3MiHU B TapaMeTpax MOBEliHKH BOAIIB.

Jus imitanii BrmBy pizHoi Bucotu JI1 (wanpuknax, 0,03 M, 0,07 M, 0,1 M), HeoOxigHO
BUKOPHCTOBYBATH HACTYNHI HamamryBaHHS y mporpami PTV VISSIM: nwa nminsgami moporwm, me
postamoBanwmii JI1, cTBOproeThes "30Ha 3HMKEHHS MBUAKOCTI". Y Mexax IIi€l 30HM HEOOXiTHO BCTAHOBUTH
OaxaHy MBUAKICTH Jyis pizHUX TuniB T3. Yum Bumia Bucota I, Tum Hk4orw Oyne OakaHa IIBUAKICTD,
Ky BoIiii obupae ans iioro meperuny. Just JI1 Bucororo 0,03 m (3 cm), Boaii MOXYTh MiATPUMYBAaTH
BiJIHOCHO BUIIy Oa)kKaHy IMIBUAKICTH (IIpu cuMysswii Oyaemo mpuiimaru, 20-25 xkm/rox), mis JI1 Bucororo
0,07 m (7 cm), OaxkaHa WBKAKICTE MOXKe OyTH 3HauHO HIK4YOIO0 (10-15 xm/ron) Ta ms JI1 Bucororo 0,1 M
(10 cm), OakaHa MBUAKICTE OyJe MiHIMaIbHOW (5-10 kMm/rox) [17, 19]. Takwuii miaxij 103BOJISE pEaTiCTUIHO
IMITyBaTH MTOBEIIHKY BO/IiiB 3aexxHo Bix Bucotu Il y cumynsmitinomy cepenosutai PTV VISSIM.

Pucynok 1 nemoncrpye pparment imitamii pyxy Tl Ha HeperynpoBaHOMY TIEpEXPECTi.
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Pucynok 1 - Imitanis pyxy TII npu monentoBansi y nporpami PTV VISSIM

OCKINbKY JTOCTIKEHHS 30CEPe/PKEHO Ha MpoekTyBaHHi BIumBy [II1 Ha crieniabHO 3MOIeIThOBAHOMY
HEPeryJbOBAaHOMY TIEPEXPECTi, a He Ha ICHYIOUOMY OO0'€KTi 3 HaTypHUMH JaHUMHU. Bamigamis mopeni
0asyBaslacsi Ha JIBOX KIIOYOBMX ITJXOJIaX: BHYTPIIIHIA KOHCHCTEHTHOCTI Ta TIOPIBHSHHI 3 HAYKOBO
OOrPYHTOBAaHUMH HPUHIUIIAMHE Ta JIITEPATYPHUMH JTAHUMH.

BryTpinmHs Bamimamis Momeni 3JiMCHIOBAJIaCS NUISXOM aHami3y JIOTIYHOCTI Ta TIOCIIIOBHOCTI
OTPUMaHUX CUMYJIIIHHUX pe3yabTariB. OuikyBayiocs, 1o 31 30iu1bmeHHsM Bucotu JII1, 6akaHa IIBHAKICTD,
a OTXKe, 1 cepelHs IIBUIKICTh MPOi3ay, Oy/e 3HMKYBATHCS, 10 1 OyJI0 MATBEPHKEHO CUMYIIsissMu. Kpim
TOTO, aHalli3yBajacs 3aJeKHICTh IHITMX TOKAa3HHKIB (CEpelHs 3aTpUMKa pyXy, CEpeIHs JOBKHHA 3aTopy,
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cepenHiil ac MpoCTor0, KIMbKICTh 3ynuHOK T3 Ta exonoriuni mapamerpu — Bukuaun CO, NOx Ta BUTpaTH
manuBa) Big napametpis Il (muB. puc. 2).

misw 10,19 3,02 3,5 088 113,78 2214 6,12

B1JICTaHb BiJ CTOI-TIHI1 pucota JI1
120
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e " SpeIHILl | LePSMNA | B Buxmm  Burparn
Cepexns =~ Cepenna Hac KLIBKICTH S SES . %
KU UVITHBIX INKLUTNBHX TaTHBa,
IATPIMKA, JIOBXKIIHA [poCTON IYOHHNOK = < art oreth
y S| e T3 PCHOBIH  PCHOBMH | JKHAXI
. AATORYs 24 |- 2 CO,r NOx, r TRIOH
I3, ¢ OJL/aBT
u0,03x1 9,99 1,28 6.65 0.96 101,21 19,692 531416
u0,03x2 957 1,38 343 0,95 92,5 18 4,97824
w0,03x3 10,19 3.02 3,75 0,88 113,8 22,1 6,12
maprHa 11

Pucynok 2 - PesynbraT MonenmoBants B nporpami PTV VISSIM

Pesynpratu mogemosanns B iporpami PTV VISSIM (nus. puc. 2) ninrBepaunu anamis [1, 16, 17, 19],
II0J10 3HMKEeHHsI BUAKOCTI Ta BiuBy JII1 Ha edextuHicTs TII.

Pucynox 2 nemoHcTpye, mo ontumizanis napametpiB /Il € ckiagHuM 3aBIaHHSAM, IO BHMAarae
3HAaXO/DKeHHA OanaHcy MK JOCSATHEHHSM OakaHoro e(eKTy VIOBITbHEHHS pyXy Ta MiHIMI3aIiero
HeraTUBHUX Hachiakie g TII (3aTpUMKH, 3yNMUHOK, €KOJIOTiYHE HaBaHTaxeHHs). ['padiku diTKO
MiATBEPIUKYIOTh, 110 HEMpaBWIbHHUN BUOIp OyAb-KOTO 3 IUX IapaMeTpiB MOXe MPU3BECTH A0 3HAYHOTO
noripiIeHHs GyHKIIIOHYBaHHS IEPEXPECTsI.

B pesynbrari mogemoBanns y nporpami PTV VISSIM Gyio chopMoBaHO NIMPOKUIT MACUB BUXITHUX
JIaHUX, SIKI BUKOPUCTOBYBAJIUCS JIIsl TOOYI0BU MOJIEIII.

LinboBa ¢ynkuis BrumBy mnapamerpiB /Il Ha cepegnro mBuakicte TII Ha HeperynboBaHomy
nepexpecti Ma€ HACTYITHUH BUJ:

Vo =Ly Hypnd,,,) = max (1)

ne L, - wupuna A1, m; H ;- Bucora JIT1, m; dStop - BiJicTaHb BiJ cTon-miHii g0 JAIT, m.

Oobwmexenns mozei (1):

1m<Ly;,;23m
0,03 m<H,;>0,1 n,(2)
1 m<d,, 225 m

stop =
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BaxxnvBo 3a3HaumMTH, IO M7 Yac E€KCIEPUMEHTY IHTEHCHUBHICTH TPAHCIIOPTHOTO Ta IMIMIOXiTHOTO
MOTOKIB 3ajIMIIANacs HE3MIHHOIO IJIs 3a0e3leUYeHHs KOHTPOJIbOBAHOCTI Ta ()OKYCY Ha BIUIMBI IapaMmeTpiB
JIT.

st BU3HaYCHHS BUY Ta MapaMeTpiB Mojelieil Oyny BUKOpHCTaHa CydacHa KOMITIOTepHa MporpaMa
00po0Oku cratuctukn STATISTICA, sika nmo3Boisie omucatd oTpumadni jgadi y mporpami PTV VISSIM
PI3HAMHU BUAAMH MaTEMAaTUIHHUX (PYHKIIIH.

OBI'OBOPEHHA PE3YJBbTATIB JOCJJIIAKEHHSA

B mepmry wepry HeoOximHo orpumarn Moxaens BiumBy mnapamerpiB Il ma mBumkicte TII, 1o
JO3BOJIUTH BU3HAUUTH, SKi Xapaktepuctuku 11 MaroTs HafOLIBIINI BIUIMB Ha 3MiHY IIBHIKOCTI PYXY.

I'padix (muB. puc. 3) nemoHctpye, mo Bucota Il € 3HAUYHO BakIUBIIMM (PaKTOPOM BILTUBY Ha
3HW)KEHHS MIBUIKOCTI, H)XK HOTO IIMpWHA B AOCIHiIKyBaHOMY Jiana3oHi mapaMeTpiB. 301TbLICHHS! BUCOTH
JI1 npu3BOAUTE 1O Pi3KOTO 3MEHIICHHS MBUAKOCTI. Brume mmpuau Il € MeHIT BUpakeHUM 1 Ma€e OUTBIT
CKJIaJJHU{, IMOBIPHO, 3 ONTUMAJILHOIO 30HOI0, Xapaktep. st JOCSATHEHHSI HU3bKUX LIBUIKOCTEH HEOOX1THO
BukopuctoByBaTH I 3 OinbLIOI0 BHCOTOO, MPOTE CIiJ BPaXOBYBAaTH BIUIMB IIUPUHH, SIKa TaKOX CIPHUSE
3HIDKEHHIO IIBUIKOCTI, OCOOJMBO y TO€AHAHHI 3 TIEBHOIO BHUCOTOI0. Mojenb MiATBEP/HKYE HETIHIHHHUN
XapakTep B3a€EMO3B'SI3KY MiXk UMM NTapaMeTPaMH Ta IBUIKICTIO PyXY.

3D Surface Plot of wanpaxicts against Bucora AN and Wupuxa AN
Tabnuya 20v*1404c
WBMAKCTL = 27,3311-101,2517*x+2,8185*y+463,6188*x*x+1,5991"x*y-0,3492"y*y

Ao

-3
—REL
<30

<29
2 ] <28
> B <27

o I <26
<25
<24

Pucynok 3 - 3aeHiCTh MIBUAKOCTI BiJf BUCOTH Ta IupuHu 111

VYeci tpu rpadiku (auB. puc. 3 — pHcC. 5) MIOKPECTIOIOTh HENiHIMHUN XapakTep B3a€MO3B'SI3KY MIiX
napamerpamu JI1 ta mBunkictio. Bucora 11 € x1ro4oBUM napaMeTpoM ISt 3HIDKEHHS MIBUIKOCTI, TOAL 5K
iHIII mapameTpu (BiactaHb Bif crom-miHii, mmpuHa JI1, 3ona BBy /II1) maroTh Oinbln CKIIJHUH,
HENTHIMHAN BIUIMB, YacTO 3 ONTHUMAJIFHUMH 3HAUYEHHSIMH, SKi HEOOXiHO BpaxoBYBaTH UIi €(hEeKTHBHOTO
npoektyBaHHs JI1.

Lle Bka3ye Ha Te, IO JUISL AOCSATHEHHS 0a)KaHOTO PiBHS 3aCIIOKOEHHS PYXY, MPOEKTYBAaHHS JOPOKHIX
naropOiB Mae 0a3yBaTHCS Ha KOMILICKCHHX MOJIEIISX, [II0 BPaXOBYIOTh 111 HEMHIMHI 3aJISKHOCTI Ta B3aEMOIIT
MiX IapaMeTpamMy, a He Ha 130JIbOBaHii OLiHII KOXKHOTO (akTopa. 3acTOCYBaHHS TaKHX MOJEJIEH J03BOJISIE
3HalTH 0ajaHc Mik e(pEeKTHBHUM 3HWKESHHSM IIBUIKOCTI Ta MiHIMI3aIli€l0 HeraTUBHUX HacninkiB s TI1.

Pesynbrati 00poOKH eKCIIEPUMEHTAIBHHUX TaHUX HABEACHI B TaOuIli 1.

3 orpumanux mozenei ( auB. Tabn. 1) MoxkHA 3pOOMTH BHUCHOBKH, IIO BCi OTPHMaHI MOJENi €
aJIeKBaTHUMH, TIPO IIO CBiAYaTh BUCOKI KOE(DIiEHTH KOpESIIii (R2 Bix 0,83 mo 0,92) Ta 3HAa4YHI 3HAYCHHSA
kputepito Pimepa (F Bix 103,03 mo 240,25), uo miaTBepIKye IXHIO CTATHCTUYHY 3HAYYIIICTh Ta JI00pY
BIJIMOBIIHICTh €KCIIEPUMEHTAIbHUM JaHMM. 30KpeMa, MOJEIb, 10 BPaxOBYE 3aJISKHICTh HIBHAKOCTI BiJ
BrucotH Ta mupuHu JI1, € HaliO1IBIT TOYHO Ta aJeKBATHO, MalOYl HaiBHIUi KoeditienT kopemnsii 0,92
Ta HalMEHIITy CTaHIapTHY moxXuoky 0,77.
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3D Surface Plot of wewnaxicte against Bucota AN and Bia cron-nisii
Tabnuya 20v*1404c
wenakicte = 33,1087-67,4836*x-0,556*y+260,7501*x*x-0 6512*x*y+0,0182"y*y
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PucyHok 4 - 3a1eKHICTh IBUIKOCTI BiJl BACOTH Ta BiJICTaHb BiJ cTomn-iHii go JI1

3D Surface Plot of wewaxicte against Wupura AN and Big cron-nikii
Tabnuuya 20v*1404c
WBMAKICTL = 24 3272+4 2379"x-0.37127y-0.7354*x"x-0.005"x"y+0,0092*y*y

prev s
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Pucynok 5 - 3anexxHicTh MIBUAKOCTI BiJ IIMPHHU Ta BiICTaHb Bix cTom-miHii 1o 11

Tabnuus 1 — Pegyapratn MonemoBanHs y nporpami STATISTICA

Koe Kp Cran
dopmyna (himieHT uTepin JlapTHa
kopessii, | dimepa, oxuoOKa,
R? F

V.,  =27,331-101,252-H, +2,819-L  +463,62-H? —

o ) A A A 0,02 10 0,77
—0,349-Lﬂn+l,6-LﬂH-HM7 3,03
V, . =3311-67,48-H,,6 —0,56-d +260,75'H2 +

ar prieg stop Al 0 , 83 11 1, 03
+0,018~d2stop -0,65-d Stop-HﬂH 2,96
V,, =24,32+4,24-L,-0,37-d_ —0,74-1°, +

A A o A 0,91 24 1,77
+0,009-d Zstop -0,005-d stop'l-gn 0,25

Hactynuuit etan nepeadadae po3poOky Mojei 3a ¢popmysior 1. MeToro € CTBOPEHHS MaTeMaTH4YHOT
3aJIe)KHOCTI, sIKa OyJe KOMIUIEKCHO BpaxOBYBaTH BCi TpH KI04oBi mapamerpu JIII, mo BIIMBalOTH Ha
mBuakicte TII. 3a momomororo mporpamu STATISTICA Oyna oTpumana perpecis Ta pe3yibTaTH
MOJICITIOBAHHS, SIKi MPECTABIICHI HA PUCYHKY 6.
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Regression Summary for Dependent Variable: weuakicte (Tabnuya)

R= 96700105 R?= 93509102 Adjusted R?= 93433627

F(3,258)=1238,9 p<0,0000 Std.Error of estimate: 46773

b* Std.Em b Std Emr t(258) pvalue

N=262 of b* of b
Intercept | 28,0542 0125389 23,7369 0.00
Bucora [N 0431623 0,015868  -39.1490 1439286, -27,.2003 0.00
Wwpuxa A1 0,641052| 0,015885 15041 0,037271 40,3553 0.00
Big cton-niuit -0.531226 0,015890 -0,1588 0,004749  -33.4308 0.00

PucyHok 6 - Pe3ynbratn MHOXXKMHHOI perpecii

Bci mpenukTopr B MOJAENI BUSBHINCH CTATUCTHYHO AocToBipHmMH (p-value=0,00), a ii 3arambHa
CTaTUCTUYHA 3HAYYIIICTh MITBEPIKEHA BHCOKOI F-cratuctukor 1238,9. 3aBisku 1bOMy Ta BHCOKOMY
koedimieHTy kopemsamii 93,5%, oTpumana MoJenb BBaXKae€ThCsl anekBaTHOM. LlinboBa ¢QyHKHis Mae
HaCTyIHUI BUA:

V =28,1+15-L,,-39,15-H ,, ~0,16-d,, .(3)

Buxonsun 3 mux Moka3HWKIB (AWB. puc. 7), MOKHa OJHO3HAYHO CTBEP/KYBaTH, IO MOOyAOBaHA
perpeciiiHa MOJelb € BHCOKO CTaTHCTUYHO 3HAUYIIOK Ta aJeKBAaTHOK. BOHA yCHINIHO TOSCHIOE 3MiHH
HIBHKOCTI 1 MOke OyTH BHKOPHCTaHa JAJIsl IPOTHO3YBAHHS Ta PO3YMIHHS BIUTUBY BXiJHHX ITapaMeTpiB.

Analysis of Variance; DV: weuakicte (Tabnuua)
Sums of df Mean F p-value
Effect Squares Squares
Regress. | 813 11.?1! 3 2710390 1238932 0.00
Residual | 56,4422 258 0,2188
Total 869,5593

Pucynox 7 - ucnepciiinuii ananiz (ANOVA)

I'padix (nuB. puc. 8) BHKOPHUCTOBYETHCSA JUIS Bi3yaJbHOI OIlIHKM, YW BiJIOBIJAIOTH 3aJIUIIKH
perpeciitHoi MoJiesi MPUMYIIEHHIO PO HOPMAJIBHUN PO3MOALI, IO € OJHUM 3 KIFOYOBHX MPUIYIICHb JJIs
JIOCTOBIPHOCTI CTATUCTHYHUX BUCHOBKIB y PETrpeciiiHOMY aHami3i.

Normal Probability Plot of Residuals

Expected Normal Value

02 00 02 04

Residuals

Pucynok 8 - I'padik HopMaibHOT KMOBIPHOCTI 3aJIUINKIB

06 08 10 12 14 16

Ockinbku TOUYKH Ha TpadiKy HOpMaATBEHOI HMOBIPHOCTI 3aJIMILKIB JIE)KaTh MEPEBAXKHO B3JIOBXK MPIMOT
JiHii, e 03Hayae, 0 NPUIYIIEHHS PO HOPMAIBHICTh PO3MOLTY 3aJHILIKIB BUKOHY€ETHCS.

TakuM 4YMHOM, 3aBISKA BHUCOKMM ITOKa3HHKaM JOCTOBIPHOCTI, pO3po0JjieHa MOJEIb MOXE OyTH
e(eKTHBHO BUKOPHCTaHa Il MPOTHO3YBaHHS Ta aHajdi3y BIUMBY mapametpiB [I1 Ha mBuaxicts pyxy T3 Ha
HEPEryJIbOBAHOMY NEPEXPECTI.

BUCHOBKHU

3acToCyBaHHS TaKOTro MIAXOAY € HAI3BHYAWHO IIHHUM, OCKIJIBKH JO3BOJISIE HAOYHO Ta KiJIBKICHO
ouminutu BrumB JI1 ma TII B ymoBax mMonemtoBaHHS. sl MPOEKTYBIBHUKIB 1 MICBKMX iHXKEHEPIB Le
0COOJTMBO BKJIMBO, a/PKE A€ MOKIIHUBICTH OOTPYHTOBAHO BH3HAYATH MapaMeTPH €JIEMEHTIB 3aCIIOKOEHHS
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pyXy, 3a0e3medyBaTi OalaHCc MK OE3IEeKOI0 Ta IMPOITyCKHOIO 3/IaTHICTIO i BpaXOBYBaTH YMOBH KOHKPETHHX
nepexpectb. OTpuUMaHi pe3ylbTaTd MOXKYTh CTaTH KOPHCHHUMH Y TPAHCIOPTHOMY IIIaHYBaHHI,
MPOEKTYBaHHI BYJIMYHO-JOPOKHBOI MEpeki, po3poOli cXeM oprasizauii pyXy Ta NpU OLiHIOBaHHI
e()eKTUBHOCTI 3aX0/IiB 31 3HUKCHHS IIIBUIKOCTI.

Hoseneno, mo Bucota /11 € xirrogoBuM ¢akTopoMm, IO BU3HAYAE CTYIIHb 3HWKEHHS MBHAKOCTI 13, 3
SICKPaBO BUPAYKEHOIO HEJIHIIHOIO 3alieXHICTI0, Oe3rmocepenHb0 (GOPMYIOUN OBEIIHKY BOIIiB IPU MEPETHH.
Came BHCOTa, Ye€pe3 CBOIO MPAMY KOpEAIito 3 (izuuHuM BITMBOM Ha T3 Ta auckoMpopToM mjis BOIif,
3MYIIY€E BOZIIB CyTTEBO 3HWKYBATH IMIBUIKICTH 151 O€31IeYHOT0 Ta KOM(OPTHOTO MPOi3ay.
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M. Buhaiova, O. Kholodova, I. Bugayov, Y. Shevchuk. Modeling the influence of road humps
parameters on the operation of an uncontrolled intersection

The article investigates the influence of the design parameters of road humps on the speed of vehicles
and the operation of uncontrolled intersections. Proper design of road humps provides a reduction in speed
and increased safety, while errors in the selection of parameters lead to increased delays, additional fuel
consumption, and increased emissions.

The aim of the study is to develop models for predicting changes in vehicle speed depending on the
geometric characteristics of the road hump. For this purpose, a series of experiments was conducted in the
PTV VISSIM environment with changes in width (1-3 m), height (0.03-0.10 m), and distance from the stop
line (10-50 m). The height was taken into account through the parameters of the speed reduction zone.
Processing the results in STATISTICA allowed us to build regression models with high adequacy (R* =
0.83-0.92).

It was established that the height of the road hump has the greatest impact on speed reduction, while
the width and distance to the stop line determine the nature of deceleration in a more complex relationship.
The optimal selection of parameters allows for the provision of the effect of traffic calming without
significant loss of capacity and with minimal environmental consequences. The results can be used in
transport planning, design of the street and road network, and in assessing the effectiveness of traffic calming
measures in Ukrainian cities.

Key words: road hump, vehicle, traffic flow, simulation, speed, height, width, distance from the stop
line, microsimulation, model.
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AHAJII3 BIIVIUBY EJJEMEHTIB PYHIIA BA’JKKUX TPAKTOPIB HA BEJIEYNHY TUCKY HA
I'PYHT

VYiinbHeHHS IPYHTY € (i3WYHUM MPOIeCOM HOro nerpagarii, Mo 3MEHIIye MOPHUCTICTh 1, SK HACHiZOK,
MOCUJTIOE €PO3ilH1 MPOoIecH Ta 3HIKY€ BpOKaiHICTh. PociarHy, BUpOIEH] Ha YIIUTbHEHUX OUITHKAX, MAlOTh CIa0IIUi
PO3BHTOK 1 MEHIIY JKUTTE3AATHICTh. Lle MOsCHIOEThCS THUM, IO MOTIpPIIYeThCA Ta3000MiH y IPYHTI, 1 Lie BIUIMBAE HA
JOCTYIHICTh KUCHIO Ta IHINMX Ta3iB Ay KOpiHHA pocnuH. CydacHa NMpakTHKa POCIMHHHUIITBA ITOKA3ye, IO IIHPOKE
BUKOPHUCTaHHS B@KKHX TPAKTOPIB Ha IOJUSIX ITJBHINY€ IHTEHCHBHICTH 1 9acTOTy MEXaHIYHOTO BIUIMBY Ha IPYHT.
BaraTokpaTtHe mepecyBaHHS CLIBCHKOTOCHOAAPCHKOI TEXHIKM INPH3BOJIUTH IO 3HAYHOIO YIIUIBHEHHS IPYHTY Ha
rmuouHy 10 100 oM, mpH 1[boMy MaIIMHHI KOJIii MOXyTh 3aiiMaTtu 1o 80 % o0pobimroBaHoi mwromi. [Tix miero Baxkkoi
TeXHIKM IIUIBHICT IPYHTY 3pocia Ha 20—40 %. 3HIKEHHsS yIIITBHEHHS IPYHTY — OJHA 3 BaXJIMBHX CTPATETii.
Y IOCKOHAJICHHS! XOJOBUX CHCTEM MAIIUH i arperariB, a TaK0XX 3HIKEHHS iXHBOI Macd BiAITparOTh KIIOYOBY pOJb Y
LBOMY TPOIIECi.

Y nmaHiif poOOTI BCTAaHOBJIEHO, IO BUPOOHUKH BAXKKHX MOTY)KHHUX TPaKTOPIB IMOCTIHHO IIyKAIOTh IIIAXH
3MEHIIEHHS] ITMTOMOTO THCKY Ha TPYHT, 30KpeMa 3a PaXxyHOK 3MiHM KOHCTPYKTHBHHX IapaMeTpiB, TEXHOJOTii
BUTOTOBJICHHS, MaTepialiB CKJIAJ0BUX pymiiB. EQekTuBHICTE poOOTH TakMX TPaKTOPIB, 30KpeMa, 3AJISKHUThH Bil
MIPaBWJIBHO MifiOpaHOi KOJICHOI KOMIUIEKTAlii, 0COOJMBO IPH BUKOHAHHI OMNeEpalliif, 110 BUMaraloTh MiHIMaJbHOTO
BIUTMBY Ha IPYyHT.

[IpoanamizoBaHo 0COONMBOCTEH KOHCTPYKIIH pyHIiiB Cy4acHHX TPAaKTOpPiB 3HAYHOI MOTYXHOCTI, SIKi
3aCTOCOBYIOTH 3 METOIO 3HIDKCHHS THCKY Ha TPYyHT. 30KpeMa, MPOaHaTi30BaHO MOJENi KOJICHHX PYLIiiB TPaKTOpiB
notyxHocTi 300-500 K.c., BHKOHAHO PO3PaXyHOK MUTOMOTO THUCKY Ha TPYHT; IPOBEACHO IOPIBHAHHS 3HAYEHb
MMUTOMOTO THCKY Ha TPYHT TPAKTOPIB i3 KONICHIUMH, HAIlIBI'YCCHUYHUMH 1 TOBHOT'YCEHUYHHMH PYLIISIMU MOTYXHiCTIO
300-500 k.c.; BAKOHAHO aHAaJIi3 32 TAKAUM CAMUM aJrOPUTMOM JIJIsl TPaKTOPiB moTyxHicTio 500 K.C.

BCTYII

I'pyHTH € BaXKITMBHUM JIKEPEIIOM JKUTTEBO BAXKIIMBHUX PeCcypcCiB Juis JtoAcTBa. Ha nanuit yac ckianack
CUTyalis, KOJIM Hamli TPYHTH TEPIUIATh HETaTHBHUM BIUIMB, ILI0 BeA€ /A0 3HAYHOTO OOMEKaHHS
3a0€3MeUeHOCTI JII0AeH CTpaTeriyHO HEOOXITHUMH pecypcamM JUIs BIDKUBAHHS. 3POCTaHHS HETaTHBHOTO
BTPYUYaHHS JIIOJICH Y MPHUPOJHI MPOLECH MPUBENIO 0 MOCWICHHS OMYCTEIIOBAHHS Ta Aerpaaallii 3eMellb,
TOOTO 0 BTPAaTU NPOAYKTUBHOCTI IPYHTY.

3 PO3BUTKOM TEXHIYHOTO HPOrpecy, BIPOBAIKEHHAM MTOTY>KHOI TPAKTOPHOI €HEPreTHKH iHTEHCHBHA
Jisl pyuniiB cy4acHOi TEXHIKM Ha IPYHT BHKIIMKAJIA MOTIPIICHHS ii BIACTHBOCTEH, IO HEraTUBHO BILTHHYIIO
Ha POIOYICTb IPYHTY Ta BpOXKail CijbchKoOTrocrnonapchkux KynabTyp [1-2]. OcobnuBy HeOe3neKy CTaHOBUTh
KyMYJIATUBHHNA €(eKT NepeyIliIbHEHHs IPYHTY BiJ IMOBTOPIOBAaHMX BIUIMBIB pyiiB. CTyNiHb YIIIJIbHEHHS
3aJICKUTh BiJl MACH TPAKTOpPa, THITY PYILis, TUITY TPYHTY Ta TEXHOJIOT1] BUKOHAHHS MOJILOBHX POOIT.

OnHUM 13 HANPSIMKIB BUPIIIEHHS TPOOJIEeMU 3MEHIIIEHHS HETaTUBHOTO BIUIMBY HA TPYHT, IiIBUIICHHS
MPOJYTUBHOCTI CITBCHKOTOCIIONAPCHKUX POOIT € YIOCKOHAIEGHHS PYIIIMHHX CHUCTEM TPaKTOPIiB i3 METOX0
3MEHIIIEHHSI TUCKY Ha TPYHT.

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMH

JocnipkeHHSIM BIUIMBY PYIIMHHUX CHUCTEM TPaKTOpiB Ha TPYHT mpucBsdeHo poboru Cmipina A.B.,
M.4. Oosxuka O.}O. Peobposa, Auromenkosa P. B., Inge Hakansson, A. Stowinska-Jurkiewicz, H. Domazat
[3-9] ta iHImMX BYEHUX, SIKi JOBOJISTH, IO B MPOIECI OOPOOITKY CLITBCHKOTOCHOAAPCHKUX KYJIBTYP PYIIiit
TpaKToOpa BIUIMBAE Ha (i3MKO-MEeXaHIuHI BIACTUBOCTI IPYHTY, B OCHOBHOMY moripmyroud ix. Ha migcrasi
JOCTIDKEHb BCTAHOBIIEHO, IO MiJBHINEHHS MIUTLHOCTI IPYHTY, BHUKJIMKAHE BIUIMBOM PYIIiiB TPaKTOpIB Ta
CLIBCHKOTOCTIONIAPCHKUX MAIVH, IPU3BOIUTH JI0 30LIBIIICHHS TBEPAOCTI TPYHTY B 2 - 3 pasu. [Iuromuii omip
mig 4ac oOpoOKHM OPHOrO IIapy Iicls MPOXOAY TPaKTOpiB MiiBHIIYyeThesS Ha 15 - 65 % [10]. Takox
CIIOCTEPIra€ThbCsl 3MEHLICHHS MiHepani3auii OpraHiuHHMX PEYOBHH, JIOCTYIHOCTI pecypciB AJsl POCIHH,
MPOHUKHOCTI TPYHTY, 3/IaTHOCTI 10 IPOPOCTAHHS 3epHA, a TAKOK PO3BUTKY Ta MPOHUKHOCTI KOpeHiB [11].

BupirieHHst mpo0iieMu yIIiIbHEHHsI TPYHTIB € MTPEAMETOM HAYKOBHX JIOCHI/DKeHb 0arathoX BYeHUX [12
-16].

S. Mudarisov [12] mocnmimuBIIK T€OMETPit0 OMOPHOI YaCTUHU T'YCEHWYHOTO TPAKTOpa NMPHUHIIOB 0
BHCHOBKY, IT[0 TIJIOCKA TEOMETPisl OMOPHOI YaCTHMHHU TYCEHWYHOTO TPAKTOpa 3 HAIIBKOPCTKOIO ITiIBICKOIO
CTBOPIOE MaKCHUMaJbHUI THCK Ha IPYHT IEpIIMM Ta OCTAHHIM ONOPHUMH KaTKaMH, IO NPU3BOIUTH 1O
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30UTBIIIEHHS YITUTBHEHHS TPYHTY. BIOCKOHAJICHHS TeoMeTpili. Ha OCHOBI eKCrieprMEHTAIBHUX JOCIIKEHb
aBTOpOM OyJI0 po3po0JICHO MaTEeMaTHIHY MOJIEIb, SKa PO3KPUBAE 3aKOHOMIPHICTH PO3MOIIIY THCKY IIO
JIOBXHHI TyceHHUIl. TakuM YWHOM aBTOp JOBiB MOXKJIMBICTH 3MEHILICHHS TUCKY Ha IPYHT HUISXOM 3MiHU
KOHCTPYKLii ONOPHUX T'YCEHHUIIb, IKE 3a0e3Meuye palioHaTbHUM PO3TAIlyBaHHSIM LIEHTPY Mac TPaKkTopa.

Y poboti [13] aBTOpOoM OOBemeHO €(EeKTHBHICTh 3aCTOCYBaHHSA 3IBOECHUX INWH 1 OamacTyBaHHS
TpaKTOpa Ul 3HIKCHHS MAaKCHMAaJIbHOTO THCKY TpPaKTopa Ha IPYHT. ABTOPOM 3alpOIIOHOBAHO METOIUKY
BUOOpY Macu OalaCTHMX Bar AJisl YCTAHOBKM B JUCKax 3aJHIX KOJIC Ta Ha MEPEJHI0O HaBiCHY CHUCTEMY
TpakKTopa.

Psn Buenux [14 -16] TeopeTHYHHUM Ta €KCICPHUMEHTAIBHHM IIUIIXOM IOCIHIKYBAIH BIUIUB TaKHUX
napameTpiB, K THCK B IIMHAX 1 CHIBBIAHOLICHHS MK paliycaMH MEpeHixX 1 3aAHiX KOJlic, PUCYHOK
MPOTEKTOpa TOIO HAa BEJIMYMHY THCKY Ha TPYHT.

Sk OaumMo pymriiiHa cucTeMa TpakTopa Mae€ 3HAYHWH BIUIMB HA XapaKTEPUCTHKH HOTO B3aeMOIii 3
rpyHTOM. OCOONMMBOI aKTyaJbHOCTI TaKi JOCTiMKEeHHS HaOyBalOTh Ha Cy4yacHOMY €Talli, KOJIU IepeBary
BiI1a0Th BAXKKUM TpakTopam 3 mobyxHIicT0 300 i Oijbiie K.C. 1 HAYHOI SKCIUTyaTalliiiHOK Barox.

HIb TA 3AJJAYI JOCTIAKEHHSA

Metoro poboTH € aHami3 OcOOJIMBOCTEH KOHCTPYKIINA pYIIiiB Cyd9acHHX TpPaKTOPiB 3HAYHOI
MOTYXHOCTI, SIKi 32CTOCOBYIOTh 3 METOIO 3HW)KEHHS TUCKY Ha IpYHT [ AOCSATHEHHS OCTAaBIeHOT Lii

-TIPOaHaJi30BaHO MOJIENI KOJICHHUX PYIIiiB TpakTopiB moTyxHocTi 300-500 k.c.;

-BUKOHAHO PO3PaxyHOK IIUTOMOTO THCKY Ha TPYHT;

-IPOBEZICHO TOPIBHSHHA 3HAa4eHb NMTOMOTO TUCKY Ha TPYHT TpPaKTOpiB 13 KOJICHHMH,

HaMiBryCEHUYHUMH 1 MOBHOTYCEHUYHUMH PYILisiMU oTykHicTI0 300-500 k.C.;

-BUKOHAHO aHAaJI3 32 TAKUM CaMUM aJlTOPUTMOM JUTsl TPAKTOPiB MOTyx)HicTio 500 K.c.

PE3YJbTATHU JOCIIIKEHDb

Haii0inpm mommupeHnMu € MOJIeNi CUTbChKOTOCTIOAAPCHKUX TPAKTOPIB HA KOJICHOMY XOAY, AJISl SKHX
TaKWii KITFOYOBUH €IEMEHT PYIIisl SK IIWHU, 3a0e3MeTyI0Th KOHTAKT MIXK IIaci Ta TIOBEPXHEI0 TOporu. BoHn
BUKOHYIOTh BXJIHBI (QYHKIII — CHOpHIMAIOTh Bary MalldHH, aMOPTU3YIOTh HEPIBHOCTI JOPOXKHBOTO
MOKPUTTS, 3a0e3MeuyI0Th 34EIUICHHS 3 JOPOT0I0, €PEKTHBHE TalbMyBaHHS Ta CTIHKICTh IiJ] Yac TOBOPOTIB.

Sk 3a3HayeHo BUIIE, IIMHU 3/1aTHI 3MEHIIUTH THCK Ha TPYHT. Po3risiHemMo iXHi 0coOMMBOCTI. 3 1i€l0
METOI0 MPOaHATI3yEMO MOJIENI IITUH TPAKTOPIB 13 KOMicHUM pytrieM noTyxHicTio 300 — 500 k.c..

Tpaxtop John Deere moneni 8R 370 (puc.1) moryxuictio 370 k.c. Y naHiii Mojeni BUKOPHCTAHO
mmmpokonpodineri muan  Michelin VF 710/70R42, ski creriansHO po3poOiieHi Uis TPaKTOpiB i3
HOMIHAJIBHOIO MOTYXHICTIO 110 550 Kk.c., 3a0e3NedyroTh BENMKE TArOBE 3yCWIUIS Ta 3aXHUCT TPYHTY
BUKOHYIOYH ITOJIbOBI POOOTH IpU TyKe HU3bKOMY THUCKY Bix 0.6 Oap. BukopucTaHHS TpakTopa 3 pyLIisiMH,
IO MICTATh TaKi IWHA 3a0e3Meuye 3pOCTaHHs BpoKaitHOCTI Ha 4%.

Y
Ras

PI/ICOK 1- TpKTop John Deere Mo;[eni S8R370

Jiis 3MeHIIeHHs THCKY B LIMHAX 1, BIAMOBIMHO, JUIA 30UNbLIEHHS IUISIMH KOHTakKTy 3 TPYHTOM
Bukopuctana cucrema CTIS, sika MOke 3MIHIOBaTH THCK Y IIMHAX ITiJl Yac PyXy, THM CaMHUM ITOKPaIlyIO4H
MPOXIiJHICT, aBTOMOOLIS Ha ImepecideHid wicieBocti. Uepe3 HMKYMM THUCK InmMHA aeGopMmyeTbes, i
0JIHOYACHO 301TBIIYETHCS IJIOMNIA KOHTAKTY 3 TPYHTOM.
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Takox y maHiit Mojei BUKOPUCTOBYIOThCS (aoramitiai mmuu Flotation 4WD, ski po3po6ieni s po6oTr
Ha MSIKUX TPyHTax 3 MiHIMaJbHUM THCKOM IIiJ Yac KodeHHS. PHCYHOK HMEHTpPaNbHOI YaCTUHU MPOTEKTOpa
yTBOPIOE WIiIbHE B3a€MHE 3a4CIUICHHS Ta BUTHYTY JiHiIO, 1[0 3a0e3ledye HU3bKE CIpalbOBYBaHHS
MOBEPXOHB IIMHHU HA TBEPJIUX HOKPHUTTSIX.

Tpaktop Fendt 930 Vario (puc.2) nHomiHampHOi moTyxHOCTI 300 K.c. i3 KOJICHHM pYIIIi€EM.
3acrocoBano pagianeHi VF/IF mmnaw, sxi cripuitmarots Ha 20% Oiibllle HaBaHTAKEHHS TPU TOMY JK THCKY B
Hacoci, mo i 3BuYaiiHa pagiansHa muHa. [1uau [F/VF 3natHi npamtoBaTé 3a MOpiBHSHO HU3BKOTO THCKY B
IMMHAX 1 BATPUMYBATH BEIIMKI HABAHTAXCHHS 3aBISIKH 3aTHOCTI IXHBbOI OOKOBHHH MPAIfOBATH TpHU
3HAYHOMY 3THHAHHI (3BiICH ¥ TepMiH «3rHHaHHM» B ixHiN HOMeHKmarypi) [17]. unu IF/VF pospobneni 3
ypaxyBaHHSIM BUMOT, L0 BHHHUKAIOTh Y 3B'SI3KY 3 BUKOPUCTAHHSIM CUILCHKOTOCIIOAAPCHKOI TEXHIKH, sKa
MOCTIHO cTae OUIBIIO0, BAKYOIO Ta MOTYKHimow. Ha puc.3 300paxeno pizHuiio THcKy B muHi Standard
AgrTalF Ag.

s

0 mass

Pucynok 3 — Tuck B mmni Standard Ag ra IF Ag

Tpaxtop New Holland T8.435 3 HominaneHO mOTYXHicTIO 380 Kk.c.. (puc. 4). Pymiiit komicHui,
ocHamieno muHamu Michelin Axiobib 2 VF ab6o Bridgestone VT-Tractor, siki 3HHXKYIOTb YIIiIbHCHHS
IPYHTY.

uaun Michelin Axiobib 2 VF e HoBiTHiIM mnpoayktoM Icmancekoro BupoOHuka Michelin i3
pamiajibHOI KOHCTPYKIIEI0 KapkKacy po3po0JeH]l CHEMiaibHO JUIS  CLIBCHKOIOCHOMAPChKOT  TEXHIKH.
3acToCcyBaHHS IIMH J03BOJISIE 30UTBIIUTH HA 4% BpOXKAWHICTh 3aBASKM 3aXHCTY I'PYHTY BiJl YIIUIBHEHHS Ta
yTBOpeHHs kouii [18].

ISSN 2313-5425 CYYACH! TEXHONOM B MAWHHOBYAYBAHHI TA TPAHCAOPT!, 2025, Ne2 (25) K]



© Tonotiok M.B., Hano6ina O.0., Bynn3a 0.3. 2025

Pucynok 4 - Tpakrop New Holland T8.435

Tpaktop Case IH Magnum 380 (puc.5). Case IH Maghum AFS Connect — 3acrocoBye Firestone
Destination Farm IF a6o Trelleborg TM150 VF, mio 3a0e3neuyioTh BEJIMKHAN KOHTAKT i3 IPYHTOM MpPH
HU3bKOMY TUCKY.

Pucynok 5 - Tpakrop Case IH Magnum 380

IlIuau Firestone Destination Farm IF BurorosiieHi 3a iHHOBauiliHOW TexHonoriero AD2, maroThb
migcuieHuit 6opt oboma W 3a0e3redyroTh PIBHOMIpHY IUIOIIY KOHTAakTy 3 rpyHToM. llluHM MaroTh
OpUTiHAIBLHY 06araToKyTOBY KOH(ITypaliro MpoTeKTopa i3 301IbIIEHHSM BUCOTH Bijl Kparo JI0 IICHTPY KoJeca.

AmHaJi3 mMH KOJMICHUX TPakTopiB moTyskHicTio 300-500 k.c. Bigomux Bupobukis John Deere, CLAAS,
Fendt, New Holland, Case IH no3BonMB BCTAaHOBUTH THII IIMH, SIKi BUPOOHMKM BUKOPHUCTOBYIOTH IS
3a0e3reueHHs] 30epeKeHHsI TPYHTIB 32 PaXyHOK BUpIIIEHHs NMpo0JIeMH 3MEHIICHHS THCKY Ha TPYHT. Jleski
0COOJMBOCTI IIIMH MPUBEIEHO HIK4e (Tab. 1).

Tabmuns 1 Hluau, sk 3aci0 BUpiMIeHHS TPOOJIEMH IPYHTO30epeKeHHS

Ne 3a Tun muH Kopotka CytTteBa nepeBara
HOPSIIKOM XapaKTepUCTUKA
1 upoxomnpodineHi | Benuka  mmpuHa 1 | 3MEHIIYIOTH TUTOMUI
(flotation tires) IOIA  KOHTAaKTy 3 | THCK, MiIXOMATH IS
IPYHTOM M’SIKHX IPYHTIB
2 . . J03BoNS10TH
PamianpHl mmHu 3 .
IF — Increased Flexion, | mparroBatu npu
HU3BKUM  THCKOM .
(IF / VE VF — Very High | 3HmkeHOMYy THCKY 0€3
Flexion BTpaTu
TEXHOJIOT11) - .
BaHTAXKOI AHOMHOCTI
3 Iuxu 3 cucremoro | MokHa 3 kaOinu | OnTUMi3ye 34eTIeHHs
pEeryIoBaHHSA 3MIHIOBAaTH THCK | # 3HIKYE
tucky (CTIS) 3aJIeKHO Bl yMOB YIIbHEHHS ITPYHTY
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JUost 611 OTyIMOIEHOT0 aHATi3y HAMH BUKOHAHO PO3PaxXyHOK MUTOMOTO TUCKY Ha IPYHT JUIS
KOKHOI 3 HaBEJICHUX MOJICIICH TPaKTOPIB.

J11st po3paxyHKy BUKOPHCTaHO MOKa3HUKH BUPOOHUKIB!

-Maca Tpaktopa (06e3 101JaTKOBOro OaacTy);

- po0Ooumii THCK y IIMHAX.

Benmunna miommi misiMyu KOHTAKTy BU3HAYANIACh SIK BITHOIICHHS Bard TPAKTOpa 10 BEJICUHHH
PO0OYOro TUCKY.

OBI'OBOPEHHS PE3YJIBTATIB JOCJIAKEHb

Pesynprary OmiHIOBaHHS TUIOIII IUISIMHA KOHTAKTY IIMH 13 TPYHTOM 1 BETMYHMHA TUTOMOTO THUCKY
HaBeIeHO B Ta0IuIi 2.

I'padiuna inTepnpeTamnis OTpUMaHUX Pe3yIbTATIB MoJaHa Ha puc. 0.

Tabmuus 2 — Pe3ynbTaTél BU3HAYEHHS TUTOMOTO TUCKY a TPYHT

Bupobnauk Mogenb Maca Tuck B | OpienToBana | ITutommii
(xr) IIMHAX | KOHTaKTHA THUCK
(6ap) mwroma (M2) | (xr/cm?)
John Deere 8R 370 12 700 1.2 1.038 1.224
John Deere 8R 370 12700 | 0.8 1.557 0.816
Fendt 930 Vario 10 260 1.2 0.839 1.224
Fendt 930 Vario 10260 | 0.8 1.258 0.816
New Holland T8.435 11 880 1.2 0.971 1.224
New Holland T8.435 11880 | 0.8 1.457 0.816
Case IH Magnum 380 | 14 605 1.2 1.194 1.224
Case IH Magnum 380 | 14 605 | 0.8 1.791 0.816
CLAAS Axion 960 16 200 1.2 1.324 1.224
Terra Trac
CLAAS Axion 960 16200 | 0.8 1.987 0.816
Terra Trac
1

= 0,9

= 0,9

=

< 0,8

T

g 0,7

= 0,6

T 0,6
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F 0,5

= 0,4

s 04 —
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c 03

S ® PagianbHi wuHm VF

% 02 |

8_ @ HamsryceHuuHa cucrema

o 0,1

et ® MoBHOryceHWYHa cucTema

O = |

Twun pywia

Pucynok 6 — CepenHiii TMTOMUI THCK HA TPYHT AJIS PI3HUX THIIIB PYILiiB TPAKTOPIB i3 HOMiHAJIBEHOIO

notyxHictio 300-500 k.c.

Takox Oynum mpoBeneHI pPO3paxyHKH MAJIsl TPAKTOPiB 13 MiBIYCEHHWYHUMH TOBHOT'YCEHHMYHHMH
pyurisimu. [TopiBHSHHS OTpUMaHHUX PE3yJbTaTiB HaBelIeHO Ha puc. 6. s aHami3y po3risjanuch ITyCeHUYH]

cuctemu Rowtrac (puc. 7), SmartTrac
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Pucynok 7 — TpakTop Ha miBryceHUYHOMY X0y cucteMu Rowtrac

Takok HaMM BHKOHAaHO aHAalli3 XOJOBHX CHCTEM TpakTopiB moTyxkHicTio 500 k.c. Buxonano
00paxyHKH JUIsl MOJIeliel BiTOMUX BUPOOHUKIB TUCKY HArpyHT. Pe3ynbpTaTi HaBeIeHO HIDKYE B TaOIuUI 3.

Tabmurs 3 — PesynpraTil OIiHIOBaHHS TUIOMII TUISIMHA KOHTAKTY Ta TUCKY JUIS TPAKTOPiB MOTyxHicTI0 500 K.C.

Mogenb Maca, Koneca | Koneca | I'ycennus | I'ycenuns
TpakTopa KT 1.2 6ap, | 0.8 40 xITa, 49 xl1a,

M2 Oap, M2 M2

MZ

Case IH Steiger 620 | 22 120 1.808 2.712 5.425 4,428
Quadtrac
ITutomMuii THCK, KI/cM? - 1,223 0,8156 | 0,4077 0,0479
John Deere 9R 640 21174 1.731 2.596 5.193 4.240
ITutomMuii THCK, KI/cM? - 1,2232 0,8156 | 0,4077 0,4994
New Holland T9.670 25 401 2.077 3.115 6.230 5.086
TIutomuii THCK, KT/CM? - 1,2229 | 0,8154 | 0,4077 0,4994
CLAAS Xerion 5000 16 570 1.355 2.032 4,064 3.317
ITutomuii THCK, KI/cM? - 1,2229 0,8155 | 0,4077 0,4995
Challenger MT875E 19 321 1.579 2.369 4,738 3.868
TIutomuii THCK, KT/CM? - 1,2236 0,8156 | 0,4077 0,4995

SAx BugHO 3 TaOMMIN, Tepexia i3 KOJICHOI Ha HaIliBI'yCEHWYHY a00 TYCEHHUYHY XOJIOBY CHCTEMY
CYTTEBO 30UIBIIY€E TUIONTY KOHTAKTY 3 TPYHTOM 1, BiJIIOBITHO, MPHBOAUTH JI0 3MEHIIIEHHS MTUTOMOTO THCKY
Ha TPYHT, 3MECHIIYIOYH YIIUTEHEHHSI.

BUCHOBKH

1.BukopucTaHHs HamiBryCEHUYHUX a00 T'yCEHUYHHUX PYILIiiB Ui BaXKKHX TPAKTOPIiB JO3BOJISAE CYTTEBO
30UIBIIHMTH IJIONTY KOHTAKTY, B CEPeIHbOMY Y 2,53 pa3u, 3 IDYHTOM Y MOPIBHSHHS 3 KOJIICHUMH.

2.3MeHIIeHHsT THCKY B ImmHax 3 1.2 mo 0.8 Oap n03BONsf€ TakoX 3MEHIIMTH THCK Ha TPYHT, B
cepeanbomy Ha 33-40%.

3.3a yMOBH JOCSTHEHHS MIHIMaJIbHO MOXKJIMBOTO YIUILHEHHS TPYHTYPEKOMEHJIOBAHO 3aCTOCOBYBATH
MiBryceHn4Hi abo ryceHnyHi cucremu Rowtrac, SmartTrac.

4.3a moTpebN 3HAYHOTO 3MEHILIEHHS THCKY Ha IPYHT PEKOMEHIOBAHO Ui KOJICHUX DYIIiiB oOuparu
mmHK mupokoro npodimo (flotation), a rakox VF-muau.
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Holotiuk M., Nalobina O., Bundza O. Analysis of the influence of traction system elements of
heavy tractors on soil pressure

Soil compaction is a physical process of soil degradation that reduces its porosity and, as a result,
intensifies erosion processes and decreases crop yields. Plants grown on compacted areas exhibit weaker
development and lower vitality. This occurs because gas exchange in the soil deteriorates, affecting the
availability of oxygen and other gases to plant roots.Modern crop production practices show that the
widespread use of heavy tractors in fields increases both the intensity and frequency of mechanical impact on
the soil. Repeated movement of agricultural machinery leads to significant compaction of the soil to a depth
of up to 100 cm, while machine tracks may occupy up to 80% of the cultivated area. Under the influence of
heavy machinery, soil density has increased by 20-40%. Reducing soil compaction is therefore one of the
key strategies for sustainable land use. Improving the running systems of machines and implements, as well
as reducing their overall weight, plays a crucial role in this process.

This study established that manufacturers of heavy, high-power tractors are constantly seeking ways to
reduce the specific pressure exerted on the soil, particularly through modifications in design parameters,
production technologies, and materials used in drive components. The efficiency of such tractors depends
significantly on the proper selection of wheel configurations, especially during operations that require
minimal soil impact.
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The study analyzed the structural features of traction systems in modern high-power tractors designed
to reduce ground pressure. In particular, models of wheeled tractors with an engine power of 300-500 hp
were examined; the specific ground pressure was calculated; and the obtained values for tractors with
wheeled, semi-tracked, and fully tracked propulsion systems (in the 300-500 hp range) were compared. A
similar analysis was also carried out for tractors with a power output of 500 hp.
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XapxiscoKkuil HAYiOHATLHUL ABMOMOOLILHO-00POJICHII YHisepcumem, M. Xapkie, Ykpaina

OIIHKA BILIMBY HEJITHIMHUX XAPAKTEPUCTUK KOMIIOHEHTIB ITIIBICKH,
AMOPTHU3ATOPA, HA PE3YJIBTATHU IX JIATHOCTYBAHHS

AMOPTH3aTOPY B aBTOMOOLNI € KITIOYOBHM €JIEMEHTOM MiABICKY, KUK 3a0e3nedye koMpopT Ta Oe3meKy mix
yac pyxy. BoHHM mpamioloTh y mapi 3 NpyXHHM HpPUCTPOEM, HMOTTHMHAIOYM EHEpTilo yAapiB Ta IOIITOBXIB, IO
BUHMKAIOTh IIPH HAI3/i HAa HEPIBHICTH JOPOTH. AMOPTH3aTOp 3amobirae po3roiiyBaHHIO Ky30Ba, 3MEHIIYe BiOpariiro
Ta 3a0e3medye OUIBII ITaBHUM pyX Ky30Ba. Y IpOIECi eKCIUTyaTallii 3 HampamioBaHHSIM IapaMeTpH aMOpTH3aTopa
MOTIPIIYIOTECS, 3HIKYETBCS Oe3neka, KOM(OpPT, MPOAYKTHBHICTE aBTOMOOUIS, MOTIpHIYETHCS — CTIHKICTB,
30LIBLIYEThCS TaJbMIBHUI HUIAX, NPOTPECYye PO3TOiyBaHHA Ky30Ba NPH PYCi, 3'ABISAIOTHCS CTYKIT Ta INyMH Y
migBicii, HEpiBHOMipHE 3HOIIYBaHHS IMH. lle mpu3BOAMTH A0 HEOOXiAHOCTI MEPIOJMYHO KOHTPOJIOBATH CTaH
amopTu3aTopiB 3acobamm aiarHOCTHKU. IIIMpoko 3acTocoByeTbesi 6e3po30ipHa AIarHOCTHKA, OCKUIBKM MOHTAXHO-
JEMOHTaXHI poOOTH MalOTh BEJHKY TPYIOMICTKICTh, BHMAraroTh 3aCTOCYBaHHS CIICLIaJIbHOTO OOJaJHAHHS Ta
KBaNMi(ikoBaHMX cremiamicTiB. Ha mnpakTHIli BHKOPHCTOBYEThCS CTEHJOBE [IarHOCTYBAaHHS i3 3aCTOCYBaHHIM
30y/KEHHS MiABICKH IEPiOJUIHAM CHUTHAJIOM, IIPU I[bOMY, BEINKOIO MIpOIO, TECTYEThCSI HE aMOPTU3aTop, a MiABicKa
3aranoM. ToMy, IIpy TeCTyBaHHI MiIBICKU y 300pi, Y BUCHOBKY IIPO TECTYBaHHS aMOPTH3aTOpa MICTUTHCS iH(pOpMaIis
PO iHINI KOMITOHEHTH MiABicKH. lle € JukepenoM HMOMMIIOK TiJ 4ac AiarHOCTYBaHHS aMopTH3aTopiB. KommoHeHTH
MiABICKA MOKYTh MaTH SIK JiHIHHI, TaK 1 HEMiHIMHI XapaKTePUCTHKH, IPUYOMY Ti ¥ 1HII Yepe3 HasBHICTh MOMUIOK i
HECBOEYACHY 3aMiHy aMOpPTH3aTOpa MOXXYTh OOMEXYBaTH HOro (akTH4Hy Mpane3faTHicTe. Y Wi poboTi, i3
3aJy4eHHSIM METOIy IMITAIliifHOr0 MOJENIOBAHHS, PO3TIIAA€THCS BIUIMB HEMHIMHUX XapaKTEPUCTUK, TAKUX 5K CyXe
TepTs Ta MOPT y MiABicLi, HAa MOXUOKY JiarHOCTYBaHHS aMOPTH3aTOpa.

KorouoBi ciioBa: aMmoptu3sarop, AiarHOCTYBaHHSI, HENIHIHHI XapaKTePUCTHKH, TOXHUOKH, MOJICITIOBAHHI.

BCTYII

[TinBicka aBTOMOOLIS 3AIHCHIOE JBI HAaBaXKIUBIII (YHKIT — KoMopT Ta Oe3neky pyxy. Kombopt
3a0e3MMeYyeThCs MPABIIIFHOI0 XapaKTEPUCTUKOIO "MIBUIKICT - CHIIa" MPOTATOM X0y IITOKAa aMOPTH3aTopa
Mpy CTUCHEHHI Ta Bijjgadi, a Oe3rleka - CTAOUIBHICTIO KOHTAKTy IIIMHUA 3 JOPOrow. XapaKTepHCTHKa
"MIBHUJIKICTH - cuia" y MiBicIli aBTOMOOLIS JOPMY€ETHCSI TEPTSAM Pi3HUX BUIB. ['0TOBHUM YHHOM, 1€ TePTS B
aMOPTU3aTOPax, MPYKHUX €JIEMEHTaxX, MapHipax BaXKeJiB MiJBICKH, PYJIbOBOrO MPHUBOAY, MHHAX. OCHOBHI
JDKepela 3racaHHs y MiABICII: MOCTiiHe (CyXe TepTs) y MapHipaX MiABICKH Ta PyJIbOBOTO MPHUBOJY; TEPTS,
0 3aJIKUTH Bijl BIJIHOCHOT IIBHJIKOCTI Ky30Ba Ta KoJjieca, 10 Ma€ MICIe Y T1IPaBIiYHUX aMOPTH3aTOPaX;
MDKMOJIEKYJISIDHE TEpTs; TEpTs, MOB'SI3aHE 3 IIMHOK. TepTs BCiX BHIIB, 32 BHHATKOM TEpPTS B
aMOPTU3aTOPAaxX, HEraTUBHO BIUIMBAIOTh HAa KOJIMBAHHA aBTOMOOLTIB, TOMY B Cy4aCHMX aBTOMOOUIAX Li BUIH
TEPTsl 3MEHIIYIOTh 70 MiHIMyMy. 3 MPOOIroM aBTOMOOIIS Pi3HI BUAM TEPTSA HE 3aJIMIIAKOTHCS HE3MIHHUMHU,
BinpiricTs BHIIB AifOTH MapalielbHO TEPTIO B aMOPTH3aTOPax, TOMY BHU3HAUCHHS iX BEMYWH, BKIIIOYAIOUH
TEpTs B aMOPTH3aTOpax, MOB'sI3aHE 3 IEBHUMH TPYAHOILIAMH.

IcHye Takuil cTaH HeCIpaBHOIO aMOPTHU3aTOpa, y SIKOMY 3MiHA HalpsMy pyXy ILTOKa IMOYaTKOBUH
Yac B3araji He CYIPOBOKYEThCS 3yCHIUIIM, TOOTO Mae miciie modt. Leit pexum 1 1ei ctaH TakoX I[iKaBUi
JUTS TIarHOCTYBaHHS aMOPTU3aTOpa Ta OIIHKH IMOXHUOOK IpH (POpPMYITIOBaHHI J[iarHO3Yy.

AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMHU

BigomMo mocTaTHIO KUIBKICTH METOZIB Ta 3ac00iB JiarHOCTYBaHHS ITiJ{BICOK/aMOPTH3aTOPIB, IO
BiJIPI3HAIOTHCS (QYHKIIOHATBHUMH Ta METPOJIOTIYHUMH BIACTHUBOCTSIMU [1]. JIOCTYmHHMM Ta HaUTIPOCTIIIUM
y Bukopuctanti € «Tecrep amoptuzaropiB Ha aBToMo0imi SAT USB M-TRONICy, 1o npuBoauThCs B Iit0
M'SI30BOIO CHIIOIO orepartopa [2]. SIK JiarHOCTUYHUIT MapaMeTp MPOMOHYBAIOCs BIIHOMIEHHS JIBOX CYCLIHIX
amroriTy. Byno 3HSATO 3 BUpOOHUIITBA Yepe3 HHU3bKY TOUYHICTh 4epe3 BEIMKY 3alIeKHICTh pPe3ylbTaTry
JIarHOCTYBaHHS BiJI BETMYHUHHU CYXOTO TEPTS B ITiBICII.

Haiibinpm momynapauii MeTox Ta 3acoOW AiarHOCTYBaHHS aMOpPTH3aToOpiB B YKpaiHi CBOTO dacy
OyJI0 3aIpONOHOBAaHO «ACOIIIaIli€l0 BUPOOHUKIB aMopTU3aTopiB y €Bpomi» — metox EuSAMA [3]. Tyt sk
JiarHOCTHYHUKA TapaMeTp BUKOPUCTOBYETHCS BiAHOIICHHS MiHIMaJIbHOTO 3a BUIPOOYBaHHS ITUHAMIYHOTO
3yCHJUISL KOJIeca Ha OMOPHY MOBEPXHIO A0 CTaTUYHOrO 3ycwiuid. € Npomo3uuii moJ0 BIOCKOHAJIEHHS
METO/Ty, 30KpeMa 3 METOK 3HMIKEHHS MOXMOOK Bij Jii cTOpoHHIX (akTopis [4,5].

Y pesonancHomy wmeroni (BOGE, MAXA) sk niarHOCTHYHHH TapameTp BUKOPHCTOBYETHCS
aMIUTITY/la KOJUBAHHS HEMiAPEcCOpPEeHOi MacH, BiICOTKOBUN KOE(II[i€EHT 3aracaHHs i, B IMI3HIIIMX BEPCifX,
BiIHOCHUH KoeiiieHT memmdipysanus [6,7]. MoaudikoBani Bepcii METOAy AEMOHCTPYIOTh 3HH)KCHHS
MMOXHOOK METOIY, Y TOMY YHCIIi 32 paXyHOK 3HIDKCHHSI BIUTUBY CTOPOHHIX YHMHHHKIB.
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OcraHHIM dYacoM 3aBASKA PO3BUTKY TEXHIKM OOpPOOKM CHTHATIB 3'IBUIIUCSA TaKi METOIH
TiarHOCTYBaHHS aMOPTH3aTOPIB:

- MeToJ (pa3oBoro kyTa [8];

- TETA - meton (BigHOCHMIA KoediieHT nemmdipyBanHs) [9];

- METO/I TIOJIOBUHHOTO KyTa (moTy>HOocTi) [10].

Ileprmoro 0COONMBICTIO MOCITIHKEHHS METOMIB € aHalli3 BIOMOBITHUX MiarHOCTUYHUX ITapaMeTpiB,
BKITIOYAl0YH OJJHO3HAYHICTbh, YyTJIUBICTh, IIOXUOKY BiX Iii cTopoHHIX (hakTopiB [7,11]. OcHOBHUM MeTOmOM
TOCTI/DKEHHS TPUHHATO MOJETIOBAaHHS, MPUYOMY BHKOPHCTOBYIOTBHCA [BO-, TPHUMACOBI MOJIENI «4BEpTi
aBTOMOOIIISD» IPYTOTO Ta TPETHOTO mopsankis [12,13, 14].

Jpyroro ocoOMUBICTIO JOCHIIKEHb CIIii HA3BaTH ITHOPYBaHHS BIUIMBY HEJTIHIMHUX XapaKTEPHCTHUK
KOMIIOHEHTIB Ha Pe3yNlbTaTH A1arHOCTYBaHHS MiIBiCKKW/amMopTu3aTopa. Buniarkom e pobotu aBtopis Lozia Z.
[15], Zdanowicz, P, [16], sxi 3ampoBaawiay MoOIENi HENIHIHHUX XapaKTePUCTHK MPY)KHOTO IPHCTPOIO
migBickk 1 mmHU. B pe3ymbraTi AOCHiIKEHHS BIUIUBY CYXOro TepTd B MiABICLI Ha pe3ylbTaTH
JiarHocTyBaHHA amopTH3aTopiB metogoM EuSAMA aBropom Zdanowicz, P, Oyno nokaszano, mo aBTomMo0imi
3 BUCOKMMH 3HAUCHHAMH CyXOrO TEpTS B MiABICKaX AOCSTAlOTh XOPOIIMX a00 HAaBIiTh AYKE XOPOLIMX
pe3ynbTaTiB y TECTi, HABITH AKIIO AEeMII(YIOYi €JIeMEHTH MiABICOK TMOBHICTIO 3HOmIeHi. lle Bka3zye Ha
HEOOXIZHICTh YpaxyBaHHS CyXOro TEpTS IMiJ] Yac JiarHOCTYBaHHSI.

Jioptr B amopTmzaTOpi BHWHHMKAE TpW HECTadi TiAPaBIiYHOI pigUHHU, TeperpiBi abo mpu
HeMpaBWILHOMY MOHTaXi. [Ipy TecTyBaHHI Ha CTEH/II IPOSIBIISIETHCS Y BUTIISAI CTYKOTIB.

HesBakatoun Ha CyTTEBUH BIUTUB HENHIMHUX XapaKTepUCTUK KOMIIOHEHTIB MiIBICKM Ha pe3yabTaTH
JiarHOCTYBaHHSA, AOCHIIPKEHHS MAalOTh (parMEHTapHHH XapakTep Ta CTOCYIOThCS OKPEMHX METO/IIB
nmiarHoctyBaHHS. Ll cuTyamis ckiamacs depe3 HasBHICTh BIIOMHUX CKJIAQIHOINIB IHTETPYBaHHS IHIAHUX
nrdepeHLialbHUX PiBHAHb MOJIEINi 3 HENiHIMHUMHU €NeMEHTaMH Yy 3arajJbHOMY BUTIsAi. Buxin i3 cutyarii
MOJKJIMBUH B HAKOTIMYEHHI MPUBATHUX PIllIeHb 13 HACTYIHHUM y3araibHeHHsAM. OJHUM 13 TakuX MPUBATHUX
pIIIeHb € MaTepial i€l CTarTi.

HIJIb TA 3AJAYI JOCJI>KEHHSA

Mertoro wi€i poOOTH € BH3HA4YEHHS aMIUTITYAHOI, ($a30BOi peakiii HEMiAPEeCOPEHUX YaCTHH TPU
TECTYBaHHI aBTOMOOIS Ha CTEHJI, 3aJeKHO BiJ 3MiHM HENIHIMHUX MapaMeTpiB MiABICKK aBTOMOOINIS NpU
HaBaHTa)XXeHHI Ha Bick 10 740 xr. Sk HemiHiHI mapamMeTpu BHKOPHCTOBYBAIHCS Cyxe TepTs i modt y
migsicii. 3i 30UIbIIEHHAM TPOOITY JaHi MapaMeTpH He 3aTUIIAIOThCS OCTIHHUMH, SIK 1 X BIUTUB HA TOYHICTH
JiarHo3y. 3HaHHS 3aJICKHOCTEH «HEIIHINHI mapaMeTpu» - aMILTiTy IHi, (a30Bi mapaMeTpu NpU CTCHIOBOMY
TECTYBaHHI JO3BOJISIIOThH OLIIHUTH MOXHUOKY KOHKPETHOTO METOAY Ta HOro 3acTOCyBaHHS [l NEBHUX YMOB.

PE3YJIbTATHU JOCJIIKEHDb

Slk OCHOBHHMI METOJ| JOCII/PKCHHS TPUHHITO MOJCIIOBaHHA. Y YHMCICHHUX JOCIIKEHHSIX
MiATBEP/DKEHO BHCOKWH piBEHb aIeKBAaTHOCTI iMiTariifHOi mozeni. HacmpaBnmi aBoMacoBa Monenb €
KJIACHKOIO Teopii IMHAMIKM MEXaHIYHUX CHCTEM. 3 iHIIOro OOKY, MOAEIIOBAHHS JJO3BOJIE CYTTEBO 3HU3UTH
BapTIiCTh JOCHI/DKCHHS BHACHIJOK BHUKIIOUCHHS TPYAOMICTKOI pPO30MpaHHSA-CKIIaJaHHs TiJIBICKM Ta
HEMOJKJIMBOCTI IICJIS YEeProBOro CKJaJIaHHS 3 IIOBHOI JIOCTOBIPHICTIO TIOBEPHYTH CIOJIYYCHHS JIO
MMOYaTKOBUX TapameTpiB. MojentoBaHHSI TMPOBOAMIOCS B YacoBii oOmacti y cepemoBuimi MATLAB
SIMULINK, pucynok 1. Sk o0'ext pocmimkenp OyB oOpanuii aBromobinb SKODA FABIA 1,6.
BuxopucroByBanacsi [somMacoBa Mojeib aBToMo0uIs [17], B skii Moxymi bl ta Sign-S Oynu 3amiHeHi Ha
6i0mioteuni Covlumb & Viscons Fridom ta Backlash Biamosinno. Ilepmmuii peanizye HemiHiliHY (yHKIiIO
"cyxe TepTs", Ipyrui - HeMiHiMHY QyHKUi0 "modT".

JIropT MOJIEMIOBaBCS 32 JOMIOMOTO0 30HH HEUYTIIMBOCTI, TOOTO YacTHHHU KoedillieHTa
nemnipyBaHHA 31 3HAUEHHSIM, 1110 JOPiBHIOE HYIIIO.

JonymieHHs, IpuiHATI y pO3paxyHKy:

- 130JIbOBaHA «YBEPTH MI/IBICKH» aBTOMOOLIS;

- IBOMacoBa MOJIENb 3 ABOMA CTYIEHSIMH CBOOOJIN;

- MiHIl{HA XapaKTepUCTUKa MPYXKHUX eJIeMEeHTiB cl, c2.
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Pucynok 1. Komm'toTepHa Mozens.

MogentoBaHHS TMPOBOAMIIOCS JJsl IIECTH 3HAYCHb CYXOTrO0 TEpPTs Ta IIECTH 3HAa4YeHb 30HH
HEYyTIMBOCTI (IIOQTY) npu KoedimieHTi aemnipyBaHHS, IO BIAMNOBIIAE XOPOIIOMY, 33J0BUIBHOMY Ta
HE3aJJ0BIILHOMY CTaHy aMOpTH3aTopa, Tabmuils 1. BuxinHi gaHi A7 po3paxyHKy MPeCTaBIeH! B Ta0HIIi 2.

Tabnuus 1 - Bignosignicts koedinientie EUSAMA Tta koedinieHTiB nemndipyBaHHs
aMOPTHU3aTOPiB MpH HaBaHTaxeHHI Ha Bich 740 kr: [18]

Orminka: BepxHilt Kpaid Koediniear EuSAMA, Koedgimient
JiamazoHy: % nemryBaHuUs
amoprtuzatopa, H*c/m

«1obpe» (3oHa A) 70+ 1460+

«Jlocutb» (3ona B) 50 700

«Henocratabo» (3ona C) 30 430

«Iloranoy (3ona D) 20 20

«Iloranoy (3ona E) 0- 0

Pesynbpratn MozentoBaHHs IpeACTaBlICH] HAa pUCYHKax 2 — 9.

Tabnuus 2 - BuxigHi gaHi Uit po3paxyHKy

INToxa3Huk 3HauYeHHS OnuHUL BUMIpY
AMIUTITYZ]a HEPIBHOCTI A =0,003 M
Maca ky3oBa ml= 376 KT
YKopceTKicTh npyKuHU cl = 25000 H/m
flevndipysars bl = 1460...430 H¥*c/u

amopTU3aTOpa
[Tigpecopena maca m2 = 35 KT
KopctkicTs muHA c2 = 273 kH/™m
Hemn¢ipyBanHs MUHA b2 =200 H*c/m
Cyxe TepTs B miaBicIi s=0...150 H
JlrodT (30HA HEUYTIIMBOCTH) Y=0...250 H*c/m

[MapiianbHi BiacHi yactotu miaeicku: ol = 1,3 I'u; 02=14 ',

Ha pucynkax 2 — 5 mpeicTaBiieHI 3aJIeKHOCTI JIAarHOCTHYHHUX MapaMeTpiB JESIKMX METOJIB Bif
BEJIMYMHU CYXOTo (IOCTIHHOTO TepTsd) Yy MiABICII 3a TPhOX 3HAUeHb KoedilieHTa JeMidipyBaHHS
amMopTU3aTOpA.
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Cuna mepma, H
1-bl1=1460 H*c/M;2-bl =700 H*c¢/M;3-bl =430H *c/m™
Pucynok 2. BB cyxoro tepts Ha «mapamerp EuSAMAY nipu pi3HUX 3HaUCHHAX KoedilieHTa
nemripyBaHHS aMOPTU3aTOPa
Sk BUIUIMBAE 3 pUCYHKa 2, 31 30UIBLICHHSAM 3Ha4E€Hb CyXOro TepTs, «mnapamerp EuSAMA 3pocrae
Maibke JIiHIHO, MPUYOMY 31 3MEHIICHHM KoedilieHTa nemrdipyBaHHs 4yTIuBicTh «napamerpa EuSAMA»
3pOCTaE.
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Cuna mepma, H
1-b1=1460 H*c/m; 2-b1 =700 H*c/m;3-bl =430 H *c/m™m
Pucynoxk 3. Brue cyxoro teptst Ha napamerp «(a3oBuii KyT» 3a pi3HHX 3HaUeHb KoedilieHTa
neMiQipyBaHHsI aMOpTH3aTOpa

Ha puc.3 nmapametp «¢pa3oBuii KyT» JeMOHCTPY€E OJTHAKOBY YYTJIMBICTH BCIM 3HaUCHHAM KoedimieHTa
nemigipyBaHHs aMOPTH3aTOpa, PO IO CBIAYWTh OJHAKOBHH HaXWjl KpHUBHX. AOCOJIOTHA BEIMYHHA
YyTIMBOCTI MAaKCHMAJIbHA Cepe]] JIarHOCTUYHHX MTapaMeTpiB, IO PO3TISIAF0THCS, TAOIHIS 3.
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Pucynok 4. Brums cyxoro TepTsi Ha HapameTp «BiTHOCHE JAeMIIipyBaHH 3a PI3HUX 3HAYCHBb
koedimieHTa AeMrdipyBaHHs aMOPTH3aTOpa

Pucynok 4 imocTtpye Maiixe JiHiiTHE 3pOCTaHHS BiTHOCHOTO AeMIT(ipyBaHHS 31 3pOCTaHHSAM CYXOTO
TEPTs IIPH BCiX 3HAYCHHSIX KOe(illieHTa Yy TIMBOCTI.
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Cunra mepma, H
1-b1=1460 H*c/m;2-b1 =700 H*c/m;3-bl =430 H * ¢/ m.
Pucynok 5. BrimB cyxoro TepTts Ha pe30HaHCHY 4acTOTY HEMiApecopeHoi MacH Ipu pi3HUX
3HAYCHHIX KoedilienTa aeMiiipyBaHHs aMOpTH3aTOpa

Ha pucynky 5 npezacraBieHa 3ajieXHICTh PE30HAHCHOI YacTOTH HEMiIPECcOpPeHoi Macu Bia cyXxoro
TepTs. Pe3oHaHCHA yacTOTa HE 3aCTOCOBYETHCS SIK CAMOCTIHHHUI AiarHOCTUYHUN IapaMeTp, ajie MoXKe OyTH
BUKOPHCTaHa y CKJIaIHUX BUIAAKaX K J0JaTKOBa 1H(HOpMAITis.

Ha pucynkax 6 — 9 mpexacTaBieHi 3aJ€KHOCTI AialrHOCTUYHUX MapaMeTpiB BiJ 30HM HEUYTIUBOCTI
(modTy) y migBicui 3a TppOX 3HaYEHb KoedilieHTa qemMndipyBaHHSI aMOPTH3aTOPa.
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Pucynok 6. Brius 301 HeuyTnuBocTi (JitodTy) Ha mapameTp EuSAMA npu pi3HHX 3HaYCHHSX
koedinmieHTa geMmndipyBaHHsI aMOpTH3aTOpa
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Pucynok 7. BriuB 301 HeuyTnuBoCTiI (JII0Ty) Ha mapaMeTp «($a3oBHi KyT» 3a Pi3HUX 3HaYCHb
koedimieHTa geMrdipyBaHHs aMOPTH3aTOpa

Ha pucynkax 6,7,8 mokasaHo, 10 3aJl€XKHOCTI A1arHOCTHMYHMX IapaMeTpiB BiA LIMPUHU 30HU
HEYyTIMBOCTI ( BEIMYMHHU JOPTA) Maike JIiHIMHI Ta X 3HAUEHHS 3HWKYIOTHCS 31 30UIBIICHHAM JIOQTY.

3anexHICTh HECYTTEBA JUISl CIIPABHOTO aMopTU3aTopa Juis «apamerpa ESy» i ¢pazoBoro kyra.
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Pucynok 8. Brius 30HM He4yTIUBOCTI (JIEOPTY) Ha apaMeTp «BIIHOCHE AeMII(ipyBaHHS» 33 PI3HUX

3HauYeHb KoedilieHTa aeMI(ipyBaHHSI aMOPTH3aTOpa
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Pucynok 9. BruiiB 30HH HEUyTIMBOCTI (JIO(TY) HA pE30HAHCHY YaCTOTY HEMiPECOPEHOl MacH NMpu

Pi3HUX 3HaYEHHIX KoedilieHTa aeMiiipyBaHHsS aMOpTH3aTOpa

OBI'OBOPEHHA PE3YJBTATIB JOCJIIAXKXEHDb
3BeneHa iHpopMaIlis MPo YyTIUBICTh AIarHOCTUYHHX ITapaMeTPiB A0 3MiHU CYXOT0 TepTs y HiaBicIi
Ta 30HH HEUYTJIUBOCTI (JIFOPTY) mpeacTaBieHa B Tabmuisx 3,4.

Tabmuus 3 — KoedillieHTH YyTIMBICTI JiarHOCTUYHUX MAapaMeTpiB A0 3MIHH CYXOT0 TEpTs Y MiABiCII

[Mapametp Koedinientn uytnmmBocTi mpu koedimieHTi neMmdipyBaHHs:
1460 700 430
ES 0,0145 0,0266 0,1023
®da30BHil KYT 0,0596 0,1049 0,1317
Bignocne 0,0508 0,0875 0,1003
nemMndipyBaHHs

Tabnuns 4 — YyTnuBicTh IIarHOCTUYHUX ITapaMETPiB JI0 3MiHM 30HU HEUYTIUBOCTI (JTII0OPT) ¥y

migBicH.
[Tapametp Koedinientn gyTnmBocTi npu koedimieHTi neMndipyBaHHs:
1460 700 430
ES -0,0046 -0.0091 -0,0459
®da30BHii KyT -0,0042 -0,1376 -0,1733
BigHocHe -0,0294 -0,0627 -0,0564
nemndipyBaHHS

IIpumiTKa: 3HAK «-« CBIIYMTH PO CIaaHHs PYHKIIIT.
KoedimienT 4yTnuBOCTI BU3HAUABCS K BiAHOIIEHHS Pi3HUII ABOX CYCiJHIX 3Ha4Y€Hb A0 MEHIIOI iX.
VY Tabnuii HaBeJCHO MaKCHMaJbHE 3HaveHHS KoedimieHTa 4yTIMBOCTi, oOpaHe 3 psay 3HAYCHb MPH
MEeBHOMY Koe(ilieHTi AeMriipyBaHHs.
Sk BummMBae 3 Ta0dWIN, MiHIMAIBHUN BIUIMB CYXOTO TEPTS CXWIBHHA JO JiarHOCTUYHOTO
«mapamerpa ES» — meron EuSAMA. MiHiManbHUH BIUIMB TakOX NPUTaMaHHUN BCIM JiarHOCTHYHHM
napaMerpaMm npu crpasHid migsicii 3 bl= 1460 H*c/m. B inmmx ymoBax mapamerpu «}a3oBuii KyT» Ta
«BITHOCHE NeMI(ipyBaHHSD MAIOTh MPUOIU3HO OJHAKOBY 3aJIC)KHICTD BiJl BEJIMYMHU CYXOTO TEPTS.
«[lapamerp ES» nemoHCTpye MiHIMaNbHY 3aJIeXKHICTh TaKOX 1 BiJ modrTa B miaBicui, Tadbmus 4.
HaiiGinpiioro Miporo BruiMBy JrodTa MimaeTbess mnapametp «daszoBuii KyT». I[lapamerp «BimHOCHE
neMIQipyBaHHsI» IPH [BOMY ITOKa3ye TOMIPHY 3aJSKHICTh BiJl JTFODTY y HiABICII Ta ¢Ia0Ky 3aIeKHICTh Bij
CTaHy aMOPTU3aTOpa Npu (PiKCOBAHOMY 3HAUCHHI JIOPTY.
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31 3poCTaHHAM 30HH HEIYTIAUBOCTI (JIFO(TY) MiABICKK Pe30HAHCHA YacTOTa HEMIAPECOPCHUX YaCTHH
TaKOX 3pocTae, puc.9.

VY tabnuii 5 npeacTaBieHi MaKCUMallbHI 3HAYCHHS BIJHOCHOI MOXUOKH JIarHOCTUYHUX MapaMeTpiB
Ui 000X BHIIB HENIHIHHUX €IEMEHTIB 3a THUX XK€ KoedilieHTIB AemmdipyBaHHs, L0 W Yy TMOMEpEIHii
Tabnuili. Y BCiX BHIMAAKaX BiIHOCHA MOXMOKa BU3HAYAIacs Ha MEXI Jiara3oHy, [P IIbOMY SIK IpyTe Jifo4ue
3HAYeHHsI MPUIMAaJIoCs 3HaYeHHS MTapaMeTpa MpH HyJT-0BOMY 3HAUEHHI HEJIIHIHUX eIeMEeHTIB.

Tabmurs 5. MakcrManbHi 3HaYeHHS BITHOCHOT MOXHOKHM J1arHOCTUYHHAX IapaMeTpiB, %.

Heniniamii JiarHocTHIHUH Koadpdumment nemnipypanns:

CJIICMEHT napamerp 1460 700 430
IMapamerp EU 6,96 17,95 36,57

Cyxe Tepts da3oBuii KyT 51,41 75,55 123,40
Bignocue 21,41 26,89 28,33
nemndipyBaHHsI

3ona HeuytmuBocti | [lapamerp EU 1,52 6,144 16,98

(o) ®da30Buii KyT 1,55 35,82 73,25
Bignocue 14,11 23,53 7,95
nemMndipyBaHHsI

Sk ButUIMBae 3 TaONHWIl, CyXe TepTS Ta 30HA HEUYTIMBOCTI (JMFOPT) MaKCHMAIIbHO BIUTMBAE Ha
JiarHoCTHYHHUN mapamMeTp «pazoBuil kyT». JlaHi Tabnuii 5 B okpeMuxX BUMAgKaX MOXYTb OyTH OCHOBOIO
BU3HAYEHHsI HMOBIPHOCTI (hOPMYITIOBaHHS HEMIPABUIHLHOTO BUCHOBKY MPU TECTYBaHHI IMTiJBICKH.

BUCHOBKHA

Heniniiini  XapakTepUCTHKH KOMIIOHEHTIB MiABICKM ICTOTHO BIUIMBAIOTH HA  BEIHYHHY
JiarHOCTHYHHX TapaMeTpiB, THM CAMUM BUKJIMKAIOUHU MOXUOKH NP JIiarHOCTYBaHH.

Cyxe TepTs B MiABiCII BUKIWKA€ 3POCTAHHA MIarHOCTUYHHMX ITapaMeTpiB, IO MOXKE BUKIUKATH
MEPEOIiHKY BIIACTUBOCTEH aMOPTH3aTOpa 3 HACTYNHOIO DPEKOMEHJIAIIEI0 EeKCIUTyaTyBaTH HECTIPaBHUM
aMOpPTHU3aTOP.

3BopoTHUH e(eKT BUKIMKAE HENIHIMHMN mapaMeTp — 30Ha HEeuyTIHMBOCTI (JtodTy) miaBicku. 3 ii
301IBLICHHSM 3HAYEHHs A1arHOCTMYHMX MapaMeTpiB 3HIKYIOTHCS, B PE3Y/NbTaTi MOXIIMBA HEIOOLHKa
BJIACTUBOCTEH AeMIIpipyBaHHS aMOPTH3aTOpa, TOOTO HOTo HaJAMipHA 3aMiHa.

Cyxe TepTs Ta 30Ha HEUYYTJIMBOCTI (JIFOQT) y MiJBICII MaKCHMAJIbHO BIUIMBAE HA JIarHOCTHYHHIA
napameTp «(pa3oBHA KyT».
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O. Dityatyev. Assessment of the influence of nonlinear characteristics of suspension components,
shock absorber, on the results of their diagnostic.

Shock absorbers in a car are a key element of the suspension, which provides comfort and safety
when driving. They work in tandem with an elastic device, absorbing the energy of impacts and shocks that
occur when driving over uneven roads. The shock absorber prevents body swaying, reduces vibration and
provides a smoother movement of the body. In the process of operation, the parameters of the shock absorber
decrease, safety and comfort, vehicle performance decrease, vehicle stability deteriorates, braking distance
increases, body swaying progresses when driving, knocks and noises appear in the suspension, uneven tire
wear. This necessitates periodic monitoring of the shock absorber condition using diagnostics. There is a
widespread lack of disassembly diagnostics, fragments of installation and dismantling robots are very labor-
intensive, requiring the need for special equipment and qualified specialists. In practice, bench diagnostics
are used by activating the suspension with a periodic signal, in which, to a large extent, it is not the shock
absorber that is tested, but the suspension. Therefore, when testing the assembled suspension, the shock
absorber testing section contains information about other suspension components. This is a source of errors
in shock absorber diagnostics. Suspension components can have both linear and nonlinear characteristics,
and both of them, through the presence of errors and untimely replacement of the shock absorber, can limit
its actual performance. In this paper, using the simulation modeling method, the influence of nonlinear
characteristics, such as dry friction and play in the suspension, on the error in shock absorber diagnostics is
considered.

Keywords: shock absorber, diagnostics, nonlinear characteristics, errors, modeling
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3axapuyk O.B., 3axapuyk B.1., Xomuu C.M., [Ipucryna C.O.
Jhyybkuti HaYioHATbHUL MEXHIYHUL YHIgepcUumem

BUKOPUCTAHHSI MAILIMHOBY AIBHUX TEXHOJIOI'TH ITPU PEMOHTI TA BIZJTHOBJIEHHI
NETAJEN

ExoHoMiuHa e(eKTHBHICTh BIJHOBJIEHHS JeTajeidl IOiArae B TOMY, IO cOOIBapTiCTb BiJHOBIEHHS 3a3BHYA
HIDKYa 3a BapTiCTh HOBHUX JAETaliei, TaK SK MpPU LBOMY HEBEIHKAa TPYAOMICTKICTH Ta TPHUBANICTh MPOLECY, a TAKOXK
HEeBeNUKi 3arpaTd Ha Matepianu. OAHUM i3 HaWKpamMx Ta IPOTPECHBHUX CIOCOOIB BiIHOBICHHS HeTajled €
3aCTOCYBaHHS TaJbBAHIYHUX IOKPHUTTIB. Posrmsimarorbes mpoOlieMHM Ta MOXUIIMBOCTI, IIOB’SI3aHI 3 HAHECEHHSIM
raJbBaHIYHUX MOKPUTTIB Ha aBTOMOOUTPHHX KOMIIOHEHTaX IIiJ Yac PEMOHTY. TeXHOJOTiUHI IpOIecH rajbBaHi3aril
MOBSI3aHI 3 HEOOXIJHICTIO HAasBHOCTI BapTiCHOTO OOJIaJHAHHS, BEJIMKUMH BHUTpaTaMH €Heprii, BOOW 1 XiMIYHHX
MarepiajiB, a TaKo)X IIKIIJIMBUM BIUIMBOM Ha HaBKOJIMIIHE cepefoBHINE. B yMoBax BiCyTHOCTI aBTOPEMOHTHHX
3aBOJIIB IeH cmoci® BiTHOBJIEHHS MOKHA BiTHECTH 0 MAlIMHOOYAIBHUX TeXHOJOTiH. OCHOBHI METOAM BKJIIOYAIOTH
HACTAIIOBAaHHs, XPOMYBaHHS Ta HIKEIOBaHHA. BuOip AOLIIBPHOTO MeTaly U TalbBaHIYHOTO TMOKPUTTS 3aJIEKHUTh
TOJIOBHHM YMHOM BiJl BpaXyBaHHS KpUTEPIiiB BAPTOCTI MOKPHUTTS, MIKPOTBEPIOCTI MOBEPXHi, TPUBAIOCTI HAHECEHHS
Ta Koe(ilieHTa BiTOUTTS, a TAKOXK EKOJIOTTYHOT0 KpuTepito. [IpuiHATI TeXHIUHI pilleHHs m010 BUOOPY BIAIOBIAHOTO
raJbBaHIYHOIO ITOKPHUTTS OyJM BCTaHOBJIEHI METOIOM aHali3y iepapxii. BuOuparoum meran ajsi raibBaHIYHOTO
TIOKPHTTS, SIKUH BIANOBiAB OM Pi3HUM KpHUTEpisM, Oyi0 BH3HAUCHO JOLUIBHE MOKPHUTTS Ul AETaled aBTOMOOLNS.
Hikenp € HaWOLIBII TPIOPUTETHUM BEKTOPOM.
KnarwouJoBi ciioBa: peMOHT aBTOMOOIIIB, BiTHOBJICHHS JeTaleii aBTOMOOLTIB, TajbBaHIYHI TTOKPHUTTS, METOJ
aHaJi3y iepapxiil, KpuTepii BUOOPY AOMITBHOTO MTOKPUTTSI.

BCTYII

CydacHi aBTOMOOITI MpenCTaBISIOTH COOO CKIAAHI TEXHIYHI CHCTEMH JIOBIOTPHBAIIOTO
KopucTyBaHHsa. [linm wac ekcruryartamii aBTOMOOLTIB BifOYBalOTBCSI HE3BOPOTHI MOTIPHICHHS POOOYHX
XapaKTePUCTUK IX CKJIAJOBHX YacTUH. 3a Cy4YaCHHMX EKOHOMIYHHMX YMOB aBTOPEMOHTHE BHUPOOHHUIITBO
HaOyBae HOBOro miaxony. baraToHOMEHKIATypHICTH JeTaned, MO0 YTBOPWJIACS BHACHIJOK 3HAYHOL
PI3HOMAHITHOCTI PYXOMOTO CKIIaJly, [pH HE3HAUHIM KUIBKOCTI KOXKHOTO HalMEHYBaHHs Tpel sIBIIsE
0CO0JIMBI BUMOTH JI0 BUOOPY TEXHOJIOTTUHUX MPOIECIB BiIHOBJICHHS Ta 3MIITHCHHS JCTAJICH.

AHAJII3 JIITEPATYPHUX JI’KEPEJI TA IOCTAHOBKA ITPOBJIEMH

Jdo BigoMux cnoco0iB HapOIyBaHHS Iapy METaly BIJIHOCATh HAIUIABICHHS, Ta30TepMidHe
HaNWJICHHS, TPUITIKaHHS TOPONIKOBOTO MaTepially Ta eJIeKTpOJIiTHYHE Oca/pKyBaHHsA. Jlo HeJONiKiB
HAIUIaBJICHHS BiJHOCSTH BHCOKMM TEPMIYHMM BIUIMB, II0 MPHU3BOAMTH N0 KOPOOJICHHS JeTaJyieH,
HEepaLiOHAJIBHICTD 3aCTOCYBaHHS AJIs1 BiIHOBJICHHS NOBEPXOHb 3 HE3HAYHUMH 3HOIIEHHsIMH [1]. Ilokpurrs,
OTpHMaH| HaNMJICHHSM, MAlOTh 3HAYHY MOPUCTICTh Ta HEJOCTACTATHHO Mil[HE 3YEIUICHHS 3 OCHOBOHO [2].
Hepnonikom wmetamizamnii Ta mpumikaHHS ITOPOIIKOBOTO MaTepialy € HEpiBHOMIPHICTh BIACTHBOCTEH 3a
LIMPUHOIO HAHECEHOT' O 1Iapy MOKpUTTA [3].

OpHuM 13 HaWKpamux Ta MPOTPECHBHHUX CIIOCOOIB BIJHOBJICHHS JeTaJied € 3acTOCYBaHHS
raJbBaHiYHUX TOKPHUTTIB. [3 raqpBaHIYHUX NOKPHUTTIB HAMOUIBII IIUPOKO 3aCTOCOBYIOTHCS HACTAIIOBAHHS,
XpOMYBaHHSI, HIKEJIIOBaHHS, IMHKYBAaHHS Ta MPAKTHYHO OyJb-AKi METalIH B SIKOCTI BUTPATHHX MarepiajiB
JUIsL HapollyBaHHs. ToMy, 3aCTOCYBaHHS 3aXOJ[iB HApOIIyBaHHS METaJIEBHUX MOBEPXOHB JETAJICH HUITXOM
rajibBaHiYHOT 0OPOOKH € aKTyaJbHUM 3aBJIaHHAM IS MATPUMAHHS POOOTO31aTHOCTI aBTOMOOLIIB.

Binpmiicte neraneil mpamoloTh B yMOBaX, /€ EKCIUTyaTallidHi HaBaHTa)XEHHS CIPUHAMAIOTbCA B
OCHOBHOMY iX TOBEpXHEBUM ImIapoM. CTIMKICTh O 3HOCY, iHILIOBaHHS Ta PO3BUTOK BTOMHHX TPIlIWH,
BUHUKHEHHS IICHTPIB KOPO3ii 3aJIe)aTh Bijl OMOpPY MOBEPXHEBOTO MIapy pyiHYyBaHHIO. ToMy B 0arathox
BUIIAJKaX JOLIIbHO BIJHOBIIOBATH Ta IOKpAIlyBaTH €KCIUTyaTalliiHi BJIACTHMBOCTI HE BCiei merami, a
JOCTaTHBO HAHECTU IMOKPUTTA 3 HEOOXiJHUMH BIACTUBOCTAMHM Ha ii poOoui moBepxHi [4]. Bukopucranus
MOKPUTTIB TMOB'SI3aHE 3 BIPOBAKEHHAM (DyHJJAMEHTAIILHO HOBOTO ITiIXOy JIO BiTHOBJICHHS Ta IMOKPAIICHHS
eKCIUTyaTallifHUX BJIACTHBOCTEH: MIIHICTh Ta BaHTaXOMIAHOMHICTH JeTalli 3a0€3MEeUyOThCS 3a PaxyHOK
MaTepiany, 3 SKOr0o BOHAa BHUI'OTOBJICHA, a CTIHKICTH JO 3HOCY, KOpO3ii Ta iHmmMX (akTOpiB 3pocTae 3a
PaxyHOK 3acTOoCcyBaHHs 6araropyHKIIIOHATBHUX MOKPUTTIB [4].

BiTHOBJICHHSI TIOBEPXHEBOTO MIapy JETali JOCSTAEThCS 32 JIOTIOMOTOI0 HAHECCHHS Ha IOBEPXHIO
neTani, SIKy CIHiJ BiJHOBUTH, MaTepiaiiB, SIKi BiIPi3HAIOTHCS 3a CBOIMH BIACTUBOCTSIMH BiJf OCHOBHOTO
MaTepialy JAeTani Ta BiONOBiZal0OTh yMmMoBaM ii ekcruryaTauii (3HOC, Koposisf). bararodynkmioHambHi
MMOKPHUTTS J03BOJISIFOTh 30LIBIIUTH TEPMIH CIOy»KOM JeTajeil TPaHCIOPTHUX 3aco0iB ITij] Yac BiJIHOBJICHHS
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3HOINIEHUX YaCTHH 1, BOJHOYAC, 3MCHIIWTH BUTPATH Ha CIUIABH CcTaii Ta cruiaBu [4]. BuxopucraHHs
TTOKPUTTIB JO3BOJIUTH 30UIBITATH TEPMIiH CITy>)KOM YacCTHH TEXHIYHOTO OOJaJHAHHSA MUIIXOM IIiIBUIICHHS
CTIMKOCTI JI0 3HOCY, 3MIIIHEHHs TOBEPXHEBOTO MIApy, BiAHOBICHHS 3HOIIEHUX YAaCTWUH IMPH 3aMiHi JOPOTHX
MaTepiajiB Ha OLTbII €KOHOMIYHI [5].

3a JOMOMOTOI0 HApOII[YBaHHS 3HOIIEHI IOBEPXHI BalliB BIAHOBIIOIOTHCS MUISXOM HAaHECEHHS
MOKPHUTTIB HA iX poOOdUi MOBEpXHi, SAKi CTIHKI 0 aOpa3WBHOTO, KOPO3IWHOTO Ta IHIIUX BHUAIB 3HOCY Ta
pyHHYBaHHS. Y TOM e Yac MiABHUILEHHS TEIUIOBHUIICHHS i/ Yac HAaHECEHHS MOKPHUTTIB 3HAYHOT TOBLIMHU
3a JIONOMOTOI0 METO/IiB HACHUTIAaHHS BUKPUBAE TE€OMETPIIO ETalIeH, K1 CIIiJ BiTHOBUTH, CKOPOUYE iX TEPMiH
cyxOW, 1 HacMUaHHS IOKPHUTTIB 3HAYHOI TOBIIMHHM BHMAara€ BHJAIIEHHS 3HAYHUX JOIYCKIB IIiJ Yac
3aKJIFOYHOI MeXaHiuHO1 00poOKH [5].

Metoau HaHeceHHsI He 3a0e3MeuyoTh 30epeKeHHS MOYaTKOBUX BIACTHBOCTEH MarTepiany MOKPHTTS;
BOHHM BHOCATH 3HAYHI 3MIHM B CTPYKTYpy MaTepialy BiTHOBIIOBaHHX YacTuH. lle moB's3aHo 3 TUM, 11O
MaTepiall TOKPHUTTS HarpiBaeThCs 10 TEMIIEPATyp, L0 MEPEBHIIYIOTh WOTO TEMIEpaTypy IUIaBJICHHS, IO
MPU3BOANUTH 1O 3HIDKCHHS (I3UKO-MEXaHIYHMX BIACTUBOCTEH MOKPHUTTIB i, B Pe3yibTaTi, HEMOXKJIHBO
OTPUMATH BUCOKI eKCIUTyaTalliifHi BIIaCTUBOCTI AeTaiei [6].

OTxe, 30UTBIICHHS TEPMIHY CIIYKOM TeXHIYHOTO 00JaHAHHS 332 PaXyHOK 3MEHIIICHHS iHTEHCUBHOCTI
3HOCY TaKWX BKJIUBHUX Ta BapTICHUX YAacCTHH, SK BaJlM, 32 JOMOMOIOI0 HaHECeHHs OaraToyHKIIOHATBHUX
MMOKPHUTTIB, OTPUMAHHUX 3 BUKOPHCTAHHSIM QJWTHBHUX TEXHOJOTIH, € ONHIEI0 3 OCHOBHMX 3amad y cdepi
PEMOHTY.

OIJIb TA 3AJAYI JOCJIILIKEHHSA

MeTtor poOoTH € BUOIp JOIIBHOTO TadbBaHIYHOTO HOKPUTTSI IS BITHOBJICHHS JIeTalel aBTOMOO1JIIB
MUITXOM 3aCTOCYBaHHS METOMY aHaJI3y i€papXii.

J1ist TOCATHEHHS! METH B POOOTI BUPILIYIOTHCSI HACTYTIHI 3aBJaHHA:

- Amnani3 mpobieM Ta TEepCIeKTUB HAHECEHHs Ha JeTalli aBTOMOOINIB TajbBaHIYHHX MOKPUTTIB 3
METOIO BiIHOBJICHHS.

- lIpufHATTS TEXHIYHUX pillleHh BUOOPY IOIIIHHOTO TallbBaHIYHOTO IMOKPUTTS HAa OCHOBI METOIY
aHaJIizy iepapxii.

PE3YJIbTATHU JOCJIIIKEHHS

Ha modatkoBOMy eTami 37iiCHIOETBCS BHOIp OCHOBHHMX KPHUTEpIiB, SIKi BIUIMBAIOTh Ha BUOIp MeTaly
JUISL TalbBaHIYHOTO TOKPHUTTS. [allbBaHIYHUI METOJA € TOIIUPEHOI0 TEXHIKOI HAHECEHHS MeETaJeBHX
MOKPUTTIB B PI3HHUX Taly3sX MPOMHUCIOBOCTI, BKIIOYAIOYM PEMOHT aBTOMOOimiB. [Ipu BuOOpI meramy ams
TaJIbBaHIYHOTO TMOKPHUTTS 3BEPTAETHCS yBara Ha Taki (aKTOPHU: BAPTICTh, MIKPOTBEPIICTh, TEPMiH CIYXKOU
MMOKPHTTS, KOe(DillieHT BiIOWTTS TaJIbBaHIYHOTO MOKPHUTTS, €KOJIOTiuHI KpuTepii. KiabKicTh 1 TeOMETpUYHIi
napameTpy KOMIIOHEHTa BU3HAYAI0Th BapTICTh TOKPHTTSL.

[Ipu 30inplIeHHI TOBIIMHU, $Ka 337a€ThCA TEXHIYHUMH BHUMOTaMH, BapTiCTh 30UIBIIYETHCS
HETPOMNOPIIIIHO 1 BU3HAYAETHCS 3TiTHO (HOPMYITH:

C=K.-(C; —Cy) 1)

ne C — BapTiCTh HAHECEHHS TIOKPHUTTS, TPH.;

C, — BapTiCTh POBIT 10 HAHECEHHIO TOKPUTTS TOBIIMHOK | MKM/IM’;

5 — BapTICTh JOIATKOBO 3aTpaueHUX MarepiaiiB i poOIT (OuuIeHHS, IUTiIQyBaHHs, MONIPYBaHHS Ta
iH.), TPH.;

K, — koediIieHT 3aTpar Ha 30UIbIIEHHS TPYIOMICTKOCTI Ta MAITHHHOTO Yacy.

3HIDKEHHS BapTOCTI HAHECEHHS TIOKPUTTS 3/ICIIEBIIIOE COOIBAPTICTh BUPOOHHMIITBA.

OriHka MIKpOTBEPAOCTI TabBAHIYHOTO TMOKPHUTTS 3IIHCHIOETHCS IIISXOM BHU3HAYCHHS BEIMYHHH
IUIONIMHHM BIIOMTKA IHIUKATOPA MPH 33JaHOMY HaBaHTaXKEHHI 3a (hopMmyJioro Bikkepca:

HV = 1,854, )

ne HV — mikpoTBepicTs mokputts, H/mm?;

P — naBpanTaxkenns, H;

¢l — JilaroHaiab BiIOUTKA, MM.

301IbIICHHST MIKPOTBEPJOCTI TaJIbBaHIYHUX MOKPHUTTIB TATHE 332 COOOI0 30UIBIICHHS 3HOCOCTIMKOCTI
raJbBaHiYHUX MOKPHUTTIB, sika 00YMOBIICHa KOHKPETHOK) TEXHOJIOTI€I0 Ta MOXKe OYTH OIliHEHa IO 3aKOHY
Dapages:

= ®3)

ISSN 2313-5425 , 2025, Ne2 (25) [E-yk



© 3axapuyk O.B., 3axapuyk B.I., Xomuu C.M., [Ipucryna C.O. 2025

Jie T — TPUBANICTh MPOLECY rajibBaHIuHOi 00p0OOKH, TO1;

j — KaTO/IHA TYCTHHA CTPyMY, A/M’;

& — 3a7]aHa TOBIIMHA TTIOKPHUTTS, M;

£ — eJIeKTPOXIMIYHHIA €KBIBAICHT METaly, I/(Arox);

 — 'yCTHHA METaNeBOTO MTOKPUTTS, I/M;

1] — BUXiJ] METaJy IO CTPYMY.

CKOpOYCHHSI Yacy MPOLECY SISKTPOIIi3y MPU3BOUTh JIO IiIBUIICHHS MPOYKTHBHOCTI TajbBaHIYHOTO
mporiecy. KoeditieHT BiIOUTTS TaJlbBaHIYHOTO TOKPUTTS BU3HAYAETHCSA  BITHONICHHSIM IOTOKY
BHITPOMIHIOBaHHS, BIIOUTOTO METAIOM, A0 BUIIPOMIHIOBAHHS, IO ITaJIa€ Ha IIOBEPXHIO:

Kaizs = f - 100%, 4)

ne Kgizs — xoeditient Binoutrs, %

& — MMOTIK BiZOUTOTO BUIIPOMIiHIOBAaHHS, BT;

&, — MOTIK MagavYoro BUMPOMiHIOBaHHS, BT.

30inbIIeH s KoedillieHTa BiTOUTTS METAIEBUX IMOKPUTTIB Ma€ OMOCEPEAKOBAHUN BIUIMB HAa KOPO3iiHY
Ta J)KapOCTIHKICTh, a OTXKE, 1 Ha TEPMiH CITYKOM KOMIIOHEHTA.

Jnst omiHKM ekosyoriuHoi HeOe3MeKd MpoleciB NpH TralbBaHiuHI 00poOLi iCHYe «EKOIOTiYHUI
KpUTEPii»:

OX
EK=yM_ 5)
iy}
ne EK — exonoriunuii kputepiii;
CIe* — makcuMallbHA KOHIICHTPAIlis M-HOTO TOKCUYHOTO KOMITOHEHTA €JIEKTPOJIITY, MI/J;
M — yMCcIO TOKCHYHUX KOMIIOHEHTIB, O1I.
Uwnm O6inbIle 3HAYEHHS €KOJIOTI9HOTO KPUTEPIt0, TUM €KOJIOTI9HO HeOe3MeUHilli CTiYHI BOJIU, B CKJIA]
SIKUX BXOJIUTH TOM UM 1HIIUI KOMIIOHEHT PO3YMHY CJICKTPOJIITY.

Ha pucynky | moka3aHo iepapXidHy CTPYKTYpY, SKa CKJIaJac€ThCsl 3 METH JOCTIKEHHS (BUOOpY
JOLITFHOTO TalbBAaHIYHOTO IMMOKPUTTS); KPUTEPIl, K BINIMBAIOTh Ha BUOIp; Ta Pi3HUX BUIIB METANIB.

Buojp douineHozo
eanbBari4Ho20 noKkpumms,
T

HV— min EA— min

C — min Kaizs—~ max

Janizo Mide Hikerns Xpors

Pucynok 1 — lepapxist MeTH, KpUTEPIiB Ta aNbTEPHATHB NPH BHOOPI raJIbBaHIYHOTO TIOKPHUTTS

B Tabnuui 1 HaBeaeHi po3paxyHKH 3HaYeHb KpuTepiiB (1)-(5) 11 anbTepHaTHB HOKPHUTTSI.
OBI'OBOPEHHHA PE3YJIBTATIB
IIpn HaHeceHHI 3aXMCHUX IIOKPHUTTIB Ta BIAHOBJCHHI JeTajiel TPaHCIOPTHUX 3aCO0IB IIHPOKE
MOIIUPEHHS OTPUMAaB CIOCIO TanbBaHIYHOTO oOca/pKeHHS wertaniB. lLlei cmoci® 3acTocoByeThes st
KOMIIEHCallii 3HOLIEHHWX IOBEPXOHb JAeTalieil, a TaKoX NP HAHECEHHI 3aXHUCHUX Ta AHTHKOPO3iHHHX
NMOKpUTTIB [7-8]. I3 TanbpBaHIYHUX MMOKPUTTIB MOXKYTh 3aCTOCOBYIOTBCS MPAKTUYHO Oyab-siki MeTanu. JlaHe
JIOCITIJPKEHHSI TPUCBSYEHE BUOOPY JNOMIJIBHOTO MOKPUTTS IIPU PEMOHTI 1 BiJIHOBJICHHI JieTaNCH.

Tabnuns 1 — BuxigHi 3HaYeHHS KPUTEPIIB JUIS PI3HUX METAIIB MOKPUTTS

nTepii C, rpa HV, MIla T, TOH Koizs, % EK
Mertan
0070508 20 550 0,516 55 0,4
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Minp 26 700 0,265 73 20
Hikenp 24 3500 0,214 66 52
Xpom 60 9000 1,662 62 10,2
Cranb 35 560 1,05 70 8,5
BUCHOBKHA

[IpoanamizoBaHo mpoOJieMH Ta TEPCIEKTUBH HAHECEHHS Ha JeTalli aBTOMOOLTIB TalbBaHIYHHX
MOKPUTTIB 3 METOI0 BiHOBIEHHSA. OCHOBHUMH CII0COOAaMH € HACTANIOBAHHS, XPOMYBAHHS, HIKEJIFOBaHHS Ta
iH.

Byno 3nificHeHO NpUAHATTS TEXHIYHUX pilleHb BHOOPY AOLIIBHOrO TallbBaHIYHOTO TOKPHUTTS Ha
OCHOBI MeTomy aHami3y iepapxiii. BuOpano ocHOBHI Kpwurepii, SKi BIUIMBalOTb Ha BUOIp MeTamy mis
rajJbBaHiYHOTO TMOKPHUTTS: BapTICTh HAHECEHHS; MIKPOTBEPAICTh; TPHUBAIICTh HAHECEHHS;, KOeQilieHT
BiOMBaOYOi 3IaTHOCTI; ekojoriyHuid kputepiil. Illnsxom OaratokpurepianbHOrO BHOOpPY MeTaily s
raJIbBaHIYHOI 0OPOOKHM 3MIHCHEHO IMOIIYK HANKPAmoro MOKPHUTTA LTS JeTaneld aBToMoOur1. MakcuManbHe
3HAa4YeHHsI BEKTOPY TI00ATBHOTO MPIOPUTETY BiAmoBigae Metany «Hikemby.
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V. Zakharchuk, O. Zakharchuk, S. Khomych, S. Prystupa. The Use of Mechanical Engineering
Technologies in the Repair and Restoration of Parts

The economic efficiency of parts restoration lies in the fact that the cost of restoration is usually lower
than the cost of new parts, since the process requires relatively little labor and time, as well as low material
expenses. One of the best and most advanced methods of restoring parts is the application of galvanic
coatings. The problems and opportunities associated with the application of galvanic coatings to automotive
components during repair and restoration are considered. Galvanization processes are associated with the
need for expensive equipment, high consumption of energy, water, and chemical materials, as well as
harmful effects on the environment. In the absence of automobile repair plants, this method of restoration
can be attributed to mechanical engineering technologies. The main methods include hardening, chrome
plating, nickel plating, and others. The choice of a suitable metal for galvanic coating mainly depends on
such criteria as coating cost, surface microhardness, coating time, reflection coefficient, as well as
environmental factors. The technical decisions regarding the choice of an appropriate galvanic coating were
determined using the Analytic Hierarchy Process (AHP). This is a mathematical-logical decision-making
method that helps to select the best option among several alternatives when multiple criteria are considered.
By choosing a metal for galvanic coating that meets different criteria, the most appropriate coating for
automotive parts was determined. Nickel proved to be the most prioritized option.

Keywords: automobile repair, automotive parts restoration, galvanic coatings, Analytic Hierarchy
Process, coating selection criteria.
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JTOCJII)KEHHSI TAPAMETPIB TEXHOJIOI'Ti BZIHOBJIEHHSA JIETAJIEN IIJIACTUUYHUAM
JE®OPMYBAHHAM

VY Ham yac icHye moTrpeba B YAOCKOHAJCHHI CHUCTEMH TEXHIYHOTO OOCIyrOBYBaHHS arpOHNpOMHCIOBUX
MiANpUEMCTB. 30UIBIICHHS PECypcy MAallMH € NPIOPUTETHUM 3aBJAHHAM Taly3l TEXHIYHOTO OOCIyroBYyBaHHS.
Po3pobka nporpecuBHUX TEXHOJOT1H PEMOHTY TEXHIKHU € IEePIIOYEPrOBUM 3aBAAHHIM JJIs HAIIOT KpaiHu.

JloCSITHEHHST BHCOKOTO PIiBHS HAJAIIHOCTI Ta JOBrOBIYHOCTI 00JNaJHAHHS MOXKINBE TUIBKH Uepe3 KOMIUICKCHE
BUDIIICHHS 3aBAaHb Tally3i TEXHIYHOTO oOOCIyroByBaHHs. [loTpiOHI cy4acHI BHCOKONPOAYKTHBHI Ta
pecypco30epirarodi TEXHOJOTIi BiJHOBIEHHS pecypcy oOJIalHAHHS, PEMOHTY MallMH Ta BIJHOBJICHHS 3HOLICHHX
Jeraneil.

BukopucranHs MeTOZIB IUIacTHYHOI nedopmarii B Mpolecax BHUTOTOBICHHS Ta PEMOHTY JIeTajied MallluH
JI03BOJISIE OTPUMYBATH BUCOKOsIKiCHE Ta epekTuBHE hopMmyBaHHs. [Iponecu mactuanoi Aedopmariii npu BiJHOBIICHHI
3HOIIEHHWX JeTaleldl MaroTh OOMEXEeHe 3acTOoCcyBaHHS. ICHye morpeda B IOCITIKEHHSIX 3aCTOCYBAHHS IUIACTHIHOL
nedopmarii y BiTHOBIICHHI KOHKPETHUX JIE€TaJICH.

IlecTepeHHi HaCOCH € BayKJIMBOIO YAaCTHHOIO TiIPaBIiYHUX cucTeM MamuH. OCHOBHI HECIIPaBHOCTI arperariB
TiIpaBiIivyHOI CHCTEMH: HaiHHA B 00'€MHIi e(QeKTHBHOCTI, NOTIPIICHHS KEpyBaHHS Ta MOPYLICHHS pEryJIIOBaHb
arperaty. HeoOxiTHO po3p0oOUTH ONTHMAIILHY TEXHOJIOTIIO BiTHOBJICHHS BTYJIOK.

VY craTTi mpeAcTaBICHO aHalli3 YMOB EKCIUTyaTallii MIECTEPCHHMX HACOCIB Ta XapaKTEepHUX JC(PEKTIB i 3HOCY
BTYyJOK. Lle mokasye, 110 3HOMICHI BTYJAKH MOXHA BiTHOBHTHU. bynu po3pobieHi pobodi iHCTPYMEHTH AJIs1 BUKOHAHHS
IIpoLeCy BiAHOBICHHS 3HOLIEHUX BTYJIOK

OOTpyHTYBall PEKUMH BiJHOBJIICHHS BTYJOK Ta 3alpONOHYBAIM PEXHM TEPMIYHOI OOpOOKH: MITydHE
BUTPUMYBAHHS MpOTsAroM 6 roguH 3a Temmepatypu 180°C. 3pobieHO BHCHOBOK NPO MOJMIIMBICTD BHUKOPHUCTAHHS
IUTACTHYHOT IeOpMAIlil U1 BiTHOBICHHS BTYJIOK.

KmrouoBi cioBa: Hacoc, pecypc, CHpsDKCHHS, BTYJKA, BiTHOBJICHHS, TOBTOBIYHICTH, 3HOLIYBaHHS, 00 €M,
IUTaCTHYHE eopMyBaHHS, po3ada, 0Ca/KyBaHHSI.

BCTYII

Benmka KiTbKicTh JeTaneld CillbChbKOrOCIOAaPCHKOT TEXHIKH, 30KpeMa, arperaTiB TiIpaBliYHAX CUCTEM
JBUTYHIB BHYTPIIIHBOI'O 3TrOpPaHHSA, MpPALIOE B yMOBaxX JOBOJI JKOPCTKHX LMKIIYHMX HABaHTAXEHb Ta
IHTEHCHBHOTO TepTs. Tomy, po3poOka TEXHOJOTIYHHMX TIPOIECIB BiTHOBIEHHS PO3MIpiB Ta 3MIIIHEHHS
MOBEPXOHb CaMe€ TaKUX JETalei BUIAETHCS OJHUM 13 BAXKJIMBUX IUISAXIB Y JOCATHCHHI BHCOKOTO PIiBHS
JIOBrOBIYHOCTI meraneii [1,2].

Metoa mmacTu4HOro JeOopMyBaHHS AJsl BIIHOBJICHHS 3HOLICHUX JeTanell ClUIbCHbKOIOCHOAAapPCHKOT
TEXHIKH (OPMYE 3HOCOCTIHKY TOBEPXHEBY CTPYKTYPY, MPAKTUYHO BHUKIIIOYAE YTBOPEHHS 30HU TEPMIUYHOTO
BILTUBY. JI0 TOTO 7k Ma€ BUCOKI €KOHOMIYHI Ta €KOJIOTI4HI MapaMeTPH TEXHOJIOTIYHOT'O IPOIIECY.

[Ipu po3podmi mporeciB TIacTUIHOTO nedopMyBaHHS: po3aadi abo Oca/pKyBaHHS JeTaleld THUILY
BTYJIOK Hac LIKaBUTh XapakTep Aedopmauii npu npoMy. BaxknuBumu € naHi npo HarpykeHo-aepopMoBaHui
CTaH Marepiany jeranedl (3aroTOBOK) Ta BIUIMB Ha HBOTO Pi3HUX IMapaMeTpiB PEKUMY TEXHOJIOTIYHOTO
mnpotecy [8].

TexHOJOriyHUK MpoLEeC OCA/KEHHS BTYJOK MOJSrae y KOMIIEHCAlii 3HOIIEHOrO IIapy Marepiaiy
3MEHIIICHHSIM BUCOTH BTYJIKH. TOMy, NMpH OCaJDKyBaHHI JeTaled THITy BTYJIOK OCOOJMBO BAKIMBHM €
BUSIBJICHHS XapaKTepy 3aJIeKHOCTI 3MiHU 00’ €My BTYJIKHU BiJI 3MiHHU ITapaMeTpiB 00OpOOKH.

Hnst mociikeHHs xapaktepy Aedopmalii, XapakTepy 3aJeXHOCTi 3MiHM HOro BiJ 3MiHU MapameTpiB
00poOKkK ametanedl mpu 3AiMiCHEHHI MPOLECIB IUIACTHUYHOTO Je(POPMYBaHHS MOXKYTh BHUKOPHUCTOBYBAaTHCS
PI3HOMAHITHI METOJM: aHANITU4HI, €KCIEPUMEHTAJbHI, IMITAllIHHOTO MOJCIIOBAHHSI. 3 TOYKH 30Dy
e(eKTHBHOCTI Ta TOYHOCTI HaWKpalle 3apeKOMeHAyBanu ce0e KOMOIHOBaHI EKCIEPHUMEHTaJIbHO-
po3paxyHkoBi meronu [2,14]. Bce Buiie ckazaHe oOyMOBIIOE aKTYalbHICTh MPOBEACHHS OCIiIKECHHS
XapakTepy 3aJIe)KHOCTI 3MIHH 00’ €My BTYJIKH BiJl 3MiHH ITapaMeTpiB 0OpOOKH MpH OCa/KyBaHHI JieTaleH.

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMH

BupimenHto 3aBaaHp MiJIBUIICHHS HAJIMHOCTI AeTajell MalliH MPUCBAYCHA BEIMKA KUIBKICTH POOIT
BUJATHUX BYCeHHUX. Han mOCHiDKeHHSMH BITHOBJICHHS HAIIMHOCTI JaeTajell MalllMH Ipaitoe 0Oarato
HAyKOBIIiB, a TAKOXK 1HKEHEPIB-TIPAaKTHKIB. JloCipKeHHS 0a3yI0ThCs Ha aHAi31 TEOPETUKO-PO3PAXYHKOBHX
JOCHIPKEHb T2 BUMPOOOBAaHHI pe3ybTaTiB Ha MPAKTHUIII.
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JliteparypHi Kepenma MICTATh JdaHi, SKI TPYHTYIOTBCS Ha PE3yNlbTarax TCOPECTUIHHX,
eKCIIepUMEHTAIBLHUX JOCIIHKEHB 1 Ha TOCBI I eKCIUIyaTallii JeTaei MariH.

Y nmiTepaTypHHX JDKepelax € BeJNWKa KUIBKICTh pe3YyJlbTaTiB MPOBEACHUX JOCTIIKEHb TI0
BUKOPUCTAHHIO METOAIB IUIACTHYHOTO AedopMyBaHHs y MamnHOOymyBaHHI. IlepeBakHO BHCBITIIOETHCS
BUKOPHCTAHHS TEXHOJOTIH OOpPOOKM 13 3aCTOCYBaHHSIM IUIACTUYHOTO [e(OpMyBaHHA OKPEMHUX BHUIB
JeTaneil mpu iX BUTOTOBJIIEHHI. 3aCTOCYBAaHHS X IUTACTHYHOI MedopMariii y raixy3i TEXHIYHOTO CEpBicy MpHU
BiJTHOBJICHHI JIeTaJell MallllH BUCBITIICHO, HA HAIIy JYMKY, HEJOCTaTHBO.

[Inactrane nedopMyBaHHS MOKHA 371MCHIOBATH Yepe3 Pi3HOMaHITHI CXeMHU HaBaHTa)KCHHS JeTajei.

[luTanHss AOCHIMKEHHS MIMHOCTI, IDIACTUYHOCTI, TMOIIKO/KYBaHOCTI MaTepialmy I d9ac
neopMyBaHHS, OLIHKH HAIPYXEHO-Ie()OPMOBAHOTO CTAHY PO3IIISIIAIOTHECS Y BEIIMKIH KUIBKICTI HAyKOBHX
pooiT

Han BuBdeHHSAM TpHOOQI3MIHUX OCHOB IIIBHINEHHS HAIIHHOCTI MOOITEHOI CiTBCHKOTOCIIONAPCHKOI,
ABTOTPAHCIIOPTHOI TEXHIKH Ta PO3POOKOI0 TEXHOJIOTIH BiTHOBIICHHS Mpalftoe npodecop Aynin B.B. [11].

HocnimxkeHHsIMA HEMOHOTOHHOI TacTH4HOi Aedopmanii B mporecax oOpoOKHM MeTalliB TUCKOM 3
METOI0 OTPHMAaHHA OI[IHKK Hampy>KeHO-IeOpMOBAHOTO CTaHy Aeraneil 3aiimarotees P. I. CuBak, B. A.
Oropoanikos, T. ®@. Apximosa [1,12,14,15].

HaykoBui Mateuituyk B. A., Muxanesny B. M. y cBoixX mpaisx AOCHiIKyBaIl MEXaHi3M PO3BUTKY
MIPOIIECIB JIOKATBHOTO Je(OPMYBaHHS 3arOTOBOK. TakoX po3poOuiy KpuTepii OlLiHIOBaHHS 1e(OpPMOBHOCTI
MaTepiaidy 3aroTOBOK IPH MPSMOMY i 3BOPOTHOMY BHTHCKYBaHHI METOJIOM IITaMITyBaHHS OOKOYYBaHHIM
MeTaJieBHX 3pa3kis [1,2,11].

Bu3HaueHHSIM 3aNMIIKOBHX HAaNpyKeHb Vy IUIACTHYHO JAe()OpMOBAaHMX JETalsiX 3aiMaloThes
Baxpymesa B. C., Mamum O. /1., I'py3in H. B. Ta inmi mayxosmi [13].

JocnipkeHHST 1O 3MII[HEHHIO TOBEPXHEBUM  IUIACTHYHUM  JAe(DOpPMYBAaHHSIM  IMIIHAPHYHHX
JOBIOMIpDHUX JleTajeld, 30Kpema CTalbimi3aTopiB KONICHUX Bi3KiB 3ali3HMYHHX BaroHiB IPOBOJSTH
Adranasis 1., llleuyk JI., Ctporan O. [2].

[IuTaHHSMH MiABHUINEHHS pecypcy 3HOIICHWX JeTajedl THIy BTYJIOK IIITXOM BiOpamiiHOTO
negopMyBaHHS YCIIIIHO 3aiiMalOTHCs HAYKOBII mKonu nmpodecopa Jdynnikosa A.A. [9,10].

OpHuM i3 HallMEHII BUBYCHUX MHUTaHb Y Teopil Ta NPAKTUKA BUKOPUCTAHHS IUIACTHYHOTO
nedopMyBaHHS 3aJIMIIAETHCS BUBUEHHS XapakTepy Aedopmarlii py BiTHOBIICHHI.

META TA 3ABJAHHSA JOCJIIAKEHb

Mertoto gaHoi poOOTH € BHBYCHHS Xxapakrepy Jjaedopmarnii Tpu BiJHOBIEHHI IUIACTHUYHUAM
nehopMyBaHHSIM BTYJIOK IIECTEPEHHUX IIECTEPEHHUX HACOCIB. [ 11bOro HEoOXiaHO:

- TOCTIANTH YMOBH €KCILTyaTallii HacOCiB, XapakTepHUX Ae(eKTiB i 3HOCIB BTYJIOK HACOCIB;

- IPOBECTH aHai3 METOJIIB BiTHOBJICHHS 3HOIICHUX BTYJIOK;

- po3pobuty pobodi iIHCTpYMEHTH AJis AePOpPMYBaHHS BTYJIOK;

- PO3TJISHYTH 3MIITHEHHS TIpH JIe)OpPMYBaHHI BTYJIOK;

- OOTpYHTYBATH PEXMMH BiTHOBIICHHS BTYJIOK.

PE3YJIbTATHU JOCJIIIKEHHSA

IllecTepeHHi HACOCH € YaCTWHOIO TiAPaBIIYHAX CHCTEM MAaIlWH. [IpH3HAYEHHS MIECTEPEeHYACTOrO
HACOCY - HAarHiTaHHA Ta TMepeKadyyBaHHs pPOOOYMX piAWH, TEPEeBAXHO MIHEpaTbHUX Maceld. BoHu
BCTAHOBJIIOIOTHCS Y MeXaHi3MaX pyJbOBOTO KEepYBaHHS, MPHUBOJIB KEpyBaHHs MPHUUIMTHAMH Ta HABICHUMHU
3HAPSSIMU TPAKTOPIB, IOPOXKHIX Ta IHIIMX MamuH [3].

[lpuHnun nii: B Kopmyci Hacocy Beoyda Ta BEJEHa IIECTEPHi, SKi MalOTh OJIHAKOBI JIOBXKMHH,
3HaXOJATHCS B 3a4eIUICHHI 3 MiHIMaJbHUM 3a30pOM. BOKOBI CTIHKH KOPIyCY MPWISTAIOTh IO TOPIEBHX
MOBEPXOHb IMX wIecTepeHb. [Ipum pobOTi Hacoca, piAMHA, MIO MEPEKAYYETHCS, 3aMOBHIOE BIAAMHU MIiX
3yOLsIMH LIIECTEPEHb, MEPEMIIyeThCsI 3 MOPOKHMHM BCMOKTYBAaHHS 10 BHYTPIIIHIM MOBEpXHI Kopmyca y
MOPOXXHHUHY HATrHITAHHSI.

OCHOBHHMH HECIIPAaBHOCTSIMU arperaTiB riIpOCUCTEM €: TIaJiiHHS 00'eMHOTO Koe(illieHTa KOPUCHOT il
HIDKYE 32 HOPMY, 3a3HaYCHY B TEXHIYHHWX YMOBaX, MOTIpIICHHs yNpaBliHHS, HASBHICTH TPAHWYHUX 3HOCIB
Jetaneld, TOPYIIEHHs peryitoBaHb arperaTiB. OCHOBHI BHJIM 3HOIIYBaHHs JeTaned TriipoarperatiB —
aOpa3uBHHI Ta rijipoabpa3uBHUI. 3HOUTYBAHHS JeTaCH Ta CTAPIHHSI 'YMOBHX YIIIbHEHb ArPeraTis i By3IiB
Be/Ie 10 BMHHKHEHHS 30BHIIIHIX | BHYTpILIHIX NPOTiKaHb PoOOYOi piIMHM, Yepe3 W0 Majaae o0'eMHUit
KoeilieHT KopucHoi aii [4,7].

HecnpaBHOCTI arperaTiB IiIpOCHCTEMH BUSIBIISIOTH MIEPEBAYKHO J1arHOCTYBaHHSM, TakK SK PO30UpPaHHS
HETaTHBHO BIUIMBAE HA TEPMETHYHICTH 3'€IHAHb, | 3HIDKYE IOBIOBIYHICTH arperariB. TexXHIUHU#N cTaH
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HACOCIB TepeJl PEMOHTOM BH3HAYAIOTh BUNPOOYBaHHSAM Ha CTeHAaxX. SIKmio mig yac BUNPOOYBaHHS
koedimienT moaayi Hacoca Menire 0,65, To HACOC PEMOHTYIOTH [5, 6].

[lectepenHi MacisiHi HacocH THUIy MAarOTh 3HOUIYBaHHS CTiHOK KOJIOAS3IB KOpIyca 31 CTOPOHHU
KaMepy BCMOKTYBaHHS B 3€IHAHHSIX i3 IICCTCPHSIMH, BTYJIKAMH, OMOPHOKO MOBEPXHEIO MiJ BTYJIKAMH |
MTOBEPXHIMH ITi]T YITUTHHIOBAIEHOIO MamkKeTor0. Kpim Toro, MoXyTs OyTH TPIIIMHA 1 pAKOBHHU Ha TIOBEPXHI
JeTayel, a TakoX 3puB a00 3HOCH Pi3pOW miJl OONTH KPIIUIEHHA KPUIIOK Ta MPHETHYBAIHHUX My(]T 10
kopiryca. OCHOBHI 3HOCH BTYJIOK: 3HOC MOBEpPXHI TOPI, fKa MPAIIOE B CHPSKEHHI 3 MIECTEPHEI0, 3HOC
BHYTPIIIHBOI IIIIHAPUYIHOI MOBEPXHI, 3HOC MaNol MUIIHAPUYHOI TMOBEPXHI XBOCTOBHWKA BTYJKH, 3HOCH
BEJIMKOI IIMTIHAPHYHOT MOBEPXHI | Majol TOPIEBOI MOBEPXHi B CIPSDKCHHI 3 YIIUILHIOBATBHOI MaHXETOHO
Ta KOPITYCOM.

Hamu Oyno mpoBezeHO JociipKeHHs (30kpeMa, MikpoMeTpax) 10 map BTYJIOK MO 3HOCY 30BHILTHBOT
Ta TOPIIEBOI MOBEPXOHb. B pe3ynbTaTi 1bOr0 BHUABWINA HANOIIbIE 3HAYCHHS 3HOCY CIPSDKEHHS TOPIEBHX
MOBEPXOHb BTYJKM Ta mecTepHi. Ha pucynky | mpuBeneHa aiarpama pe3yibTaTiB MikKpoMeTpaxy 20 miT.
BTYJIOK HACOCIB MO 30BHIIIHBOMY AiaMeTpy. A PHCYHOK 3 - JiarpaMa 3HOCY HMOBEPXHI TOPI 3HOIIECHHX

BTYJIOK.

Pucynok 1-30BHIlIHI# BUIJISIT 3HOIIEHUX BTYJIOK Ta CXeMa MIKpOMETPaKy
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Pucynok 2 — Pe3ynbratn MiKpoMeTpaxy 3HOILIEHUX BTYJIOK Hacoca 0 30BHILIHbOMY JiaMeTpy

Brynku mectepeHHOro Hacocy CHpuiiMaloTh K abpa3WBHE, Tak i TEIUIOBE 3HOLIYBaHHSA. TeroBuit
3HOC € HACNiJKOM BiJHOCHUX TEpeMillleHb CIPSHKEHUX MOBEPXOHb 3 BEIUKUMH IIBUAKOCTSIMH. [lapa TepTs
IPY LBOMY CIIPUHMMAE 110 3HAYHOTO MUTOMOTI'O HABAHTAKCHHS.

Ilpu nmocsrHenHi temmeparypi tepts 300°C i BHIE MOYMHAETHCS CYTTEBE 3HIKCHHS MIIHOCTI
pOOOYHX MOBEPXOHb BTYJOK. TO/i TEIIOBE 3HONIIYBAHHS XapaKTEPH3YEThCS KOHTAKTHHM CXOILTIOBAHHSM 1
IUTACTUYHUM PYHHYBaHHSIM MOBEPXHI 3 HATUIIAHHAM 1 pO3MHUBAHHSIM METally Ha MOBEPXHSIX TEPTSL.

VY pasi iIHTEHCUBHOTO PO3BUTKY 3HOCY 3 YTBOPEHHSM 3aJHpiB 1 HATUPaHb AJIIOMIHIIO Ta HaJUITaHHSI
M'SKHX 4aCTOYOK aJIFOMIHII0 Ha CTaJIbHI IIECTIPHI, 3pOcTae KOSDIIieHT TepTs. A 1ie MOXKE CTaTH MPUUUHOIO
3aKJIMHIOBAHHS 1 BUXOAY 3 JIaly COPSOKEHUX AeTael
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Pucynok 3 — Jliarpama 3HOCY TIOBEpXHi TOPIIS 3HOMIEHUX BTYJIOK
B pesynbrari HammMx AOCHiIKEeHb AIWIIIN 10 BUCHOBKY, L0 CEpelHiil 3HOC BHYTPILIHBOTO JiaMeTpy

Brynku ckmagae 0,14...0,21 MM, 3HOC B30BHINIHBOTO JHiameTpa BTylku craHoBuTh 0,08...0,16 mm.
Criocrepiraethcsi KOHYCHICTh 30BHIINIHBOTO JiaMeTpa BTYJIOK B Mexax - 0,02...0,03mm.
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HaiiGinpI iHTEHCHBHO 3HOITYBAaHHS BiIOYBAETHCS Y CIPSDKEHI «TOPEIh MIECTEPHI - TOPEIb BTYIIKW,
ajyie 3a YMOBH HasBHOCTI aBTOKOMIICHCAIIIi TOPIIEBHUX 3a30PiB BiH HE YHHUTH ICTOTHOTO TUIMBY HA 3HMKEHHS
KoedilieHTa mojadi Hacoca.

SKicTh BiTHOBIIGHHS BTYJOK MAlOTh Oe3mocepenHiii BIUIMB Ha POOOTO3MATHICTH 1 JOBTOBIYHICThH
[IeCTepPiHIaCTOr0 HAacOCa IMiCIs PEMOHTY.

€ Jexinpka Croco0iB BIJHOBICHHS BTYJIOK NIECTEPIHYACTOr0 Hacoca: 1- meperuiaBieHHsM, 2
HapOIIyBaHHM, 3 - IUTACTUYHUM AedopmyBaHHsM [8,9].

Crioci6 BiTHOBIIEHHS TIEPETUIABICHHSM BTYIIOK 3 BHOpaKyBaHHX 3apa3 IMHPOKO BHKOPHUCTOBYETHCS,
ajie Ma€ HEJOJIKW: CYTTEBI BUTpATH €HEprii Ta Ha MeXaHIuYHy oOpoOKy meperiaBieHoi BTynku. [lig gac
NepeIUIaBiIeHHs] BUTOPAIOTh JIETYI0Ul eIEMEHTH aJIIOMIHI€EBOTO CILIaBY, B Pe3yJbTaTi MOPYUIYETHCS XIMIYHUN
CKJIaJ], TOMY LeH crociO He MOKEMO BBKATH MPOTPECUBHHM.

HapormryBanHs 3HOIIEHHX BTYJIOK MOKHA BHKOHATH: TaJbBAaHIYHHUMHU ITOKPHTTSIMH, HOKPHTTIM
noJjliMepaMu, MiJHEHHSIM, TepMoAn(Y3iiHOI0 MeTai3ali€lo, a TakoXK METOJOM JOJaTKOBUX PEMOHTHHX
JieTanei.

BinHoBneHHs neTaneil METONOM IUIACTHYHOTO aehopMyBaHHS TPYHTYEThCS Ha iX 3TaTHOCTI
3MiHIOBaTH (popmMy 1 po3Mipu 3a paxyHOK Nepepo3mnofiny MeTany aeranmi. Llmmu meromamu gerami
BiIHOBJIIOIOTH SIK B XOJIOAHOMY, TaK i B rapssduomy ctani [8,15].

CyTb crioco0y oca/KyBaHHS 3aKIIFOUAETHCS B KOMITCHCAIIIT 3HOMICHOTO IIapy MaTepiary 3MEHIICHHIM
BHCOTH BTYJKHA. BHUCOTYy BTYyTKH MOMJIHBO BIJHOBUTH a0O TIOCTAHOBKOIO ANIOMIHIEBOI ImaiOum, abo
3MEHIITUTH BUCOTY KOJIOJISA31B KOpITyca.

OcamKyBaHHS BTYJIOK TIPOBOAUTHCS Ha riapasiidynomy npeci [1474b npu tucky P=430...450 MIla i 3
BUTPUMKOIO BTYJKH IIiJl THCKOM mnporsroMm t=2..3 c. Ilepen oca/ukeHHSM BTYJIKH HarpiBaloTh M0
temmnepatypu T=450...500°C, Tak sik anrominieBuii cruiaB AMO-7-3 (ISO 209-1) npu xonoxHii nedopmarii
Ma€ CXWIBHICTD O PO3TPICKyBaHHS.

[lepeBaru: mopiBHSHA MPOCTOTAa BUKOHAHHS 1 HE3HAYHI 3aTpaTH IOMOMIXKHOTO Mertamy. Hemomiku:
moTpebda y T0MaTKOBiH alFOMiHI€BIN 11aii01, a TAKOXK MOTIPIICHHS MEXaHIYHUX BIACTUBOCTEH TTOBEPXOHB, IO
OyJH BiJTHOBJICHI.

B mporeci ocamkyBaHHS BCepelHHI BTYJIKH TOBHHEH OYTH IHMIIHAPUYHOI (OPMH IyaHCOH ISt
00Me)XeHHS TIepETIKaHHS MeTaTy y BHYTPIIIHIO TOPOXKHHUHY.

[Ticns ocamkeHHs] BHYTPINIHINA AiaMeTp BTYJIKH NOBUHEH OyTH 0OpOoOJieHHH CIielialbHUM JJOPHOM J10
noTpiOHOTO PEMOHTHOTO po3Mmipy. Ilicis BOro BTYJIKA BCTAHOBIIOETHCS Ha CIELIANbHY ONMPAaBKY TOKApHO-
rBUHTOpI3HOTO Bepcrara 1K62, e mpoTouyeThest 30BHILIHS MOBEPXHS Ha 10 HEOOX1THOTO po3Mipy

dopma i po3Mipu BTYJNOK 1 IJTACTUYHI BIACTUBOCTI MeETalliB, i3 SKHX BOHU BUTOTOBIICHI,
J03BOJIAIOTh BUKOPHCTOBYBATH OKpeMi He poOOoYi MOBEpXHI 4M CHeliaJbHO mependadeHi s 3amacy
MeTaJla IPY BiTHOBIEHHS X METOJOM IDIaCTUYHOTO AedopmyBanHs. OO’ €M MeTally JeTali 3aJIUIIA€ThC
MTOCTIHHIM.

BuBuenns xapakrepy aedopmaltlii npu BiTHOBICHHI

HaBanTakeHHs, sIKi JiFOTh HA 00’ €KTH, SABJISIFOTH CO00I0 crin abo mapu cui (MOMEHTH), SIKi MOXYTh
pO3TISAATHCS K 30CepekeHi a00 pO3MO/IiIeHi.

Tax sik y mpupoi 30cepe/KeHUX cuil He OyBae, yci pealibHi CHITH - 1I€ CHIIH, PO3IIO/IIJICHI 32 JIEIKOI0
wioiero abo o0'eMoM. 3ocepe/KeHi, Ta PO3MOMICHI HABAaHTAXKEHHS MOXYTh OYTH SIK CTATUYHUMH, TakK i
JIMHAMIYHUMU.

3aKkoHM 3MiHM HABAHTAKEHB Y Yaci MOXKE MaTH JIyXKe CKIIaJHui xapaktep. [12,14].

Ilpu o0poOIi MeTanmiB THCKOM BiIOYBAa€ThCsS 3HAYHA 3MiHAa PO3MIpPIB JIETali, IO MOSCHIOETHCS
BUHHMKHEHHSM Aedopmariil. [Ipu nibomMy nmoBHa nedopmaris BU3HAYAETHCS SIK CyMa Majiux Aedopmariiii 3a Bech
mpoiiec aedopmartii.

[lpu BigHOBIEHHI MyCTOTLNIOrO 3paska aedOpMaIliifiHUi CTaH XapaKTEePU3YEThCS TPhOMa TOJIOBHHUMU
nedopmanismu: 1BomMa aedopMaLisiMA CTUCHEHHSI B paJiallbHOMY HalpsMKYy 1 AeopMalii€lo po3TsaryBaHHS B
OCBOBOMY HAmpsIMKy. XapakTepHUM Ui JIAHOTO IIporiecy JaedOpMyBaHHS € pIiBHICTH JIedopMariid sKi
BUHMKAIOTH B paJlialibHOMY HanpsiMky [12,13].

IIpu pospaxyHKy cymapHoi aedopmariii 1Mo NmepeTHHy BUKOPHCTOBYETHCS 3aKOH IOCTIMHOCTI 00’eMy
[7,13,14]:

V:do'Do'Iozdl’Dl'll, 1)
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ne dy, D,,l, - BigmosinHo BHyTpimHiii, 30BHILIHI AiamMeTp i JOBXKHMHA 3pa3ka J10 Aedopmallii;
d,, D,, |, - signosinuo BuyTpimmiii, 30BHimHii KiameTp i noBkKMHA 3paska micis Aedopmaltii.
B xomi po3pobkm mporecy (HopMO3MiHM 3pa3ka BH3HAYAIOTHCS 3aralbHUN (CyMapHa) CTYIIHB
nedopmanii. Ilpu npoMy TOuHE pilIeHHS MOXHa OTPUMATH MPH BUKOPHCTaHHI 1HTErpaJbHUX MOKAa3HHKIB
crynenss aedopmaniii. OcHOBHa mepeBara LUX MOKa3HUKIB CTYNEHS B TOMY, 1[0 BOHM HPOMOPILiiiHI

(hopMO3MiHU OKpEMHX OOCSTIB 3pa3Ka i MOXKYTh JOJABATHCH, IO AO3BOJISE MiApaxyBaTH 3arajbHy CTYIIHB
nedopwmariii. Jlorapudmyroun B HaTypadbHUX JIoTapumu piBHAHHS (1) omepxuMo:

Ini+ln&+lnl—1:0 , (2)
dO DO IO
e
d, tdd
mi:L——q
d, H d
D,
In&:_“d—D—g2
D, 2 D
d

Orxe & +&,+¢&,=0.

3 piBHsHHA (2) BWIUTMBAaE, IO IHTETPANTBHUN IMOKAa3HWK CTYIeHS JedopmMarii Omucye mpolec
(hopMO3MiHU TEXHOJIOTIYHOI omepallii CTHCHEHHS.

3araneHy (cymapHy) CTyHiHb Jedopmarii Mo MO3I0BKXHBOMY TMEPETHHY 3pa3ka 3HaXOIUMO 3
PIBHSHHS:

E,=& e, e+ tE ©)

ne &,,E5,E3,&; - iHTErpalibHi CTYIIeHI AeopMallii OKpEeMHUX TEePEeXOIiB.

MaxkcuManpHHAN CTYIiHB Aedopmaltii, A7 KOPOTKUX 1 CepeAHiX MO JOBXKHUHI BTYJIOK (JOBXHHA SKAX
He mepeBumye 1,5 - 2 miamMerpiB), MOKHA BHU3HAYUTH 3 YMOBH, IIO OCHOBI CTHCKAalO4i HAIlPpyrH B HE
neGopMOBaHOI YaCTHHH 3pa3Ka He TIOBWHHI MEPEBUIIYBaTH MEXI MPONOPHIHHOCTI MeTaly, TOOTO MOBHHHA
CTIpaB/IKyBaTHUCS PIBHICTE:

o,=—<o0

z F do (4)

A€ O, - 3HAYCHHS OCbOBO1 HAIIPpYTH,

O,; - MeXa MpOoNopLiHHOCTI 00pOOIIOBAHOTO 3pa3Ka.

no
[Tpu nmopyuieHHi i€l piBHOCTI 1 3pocTaHHI OCHOBOI HANPYTH JI0 3HAYEHHS, PIBHOIO MEXi TEKy4OCTi,
TTOYHETHCS] OOTUCHEHHS 3pa3Ka.
IIpu oOpoOui BTYNOK, NOBXMHA SAKHX MepeBuiiye 1,5 - 2 30BHIIHBOrO AiaMeTpa, HEOOXiTHO
BPaxoBYBaTU CTIMKICTh 3aroTOBKHU. J{JIsl HbOTO BUKOPUCTOBYEThCs hopmyna Efinepa, mo Bu3Hauae 3Ha4eHHS
KPUTHYIHOT CHJIH JIJISl TIOPOXKHBOTO CTEPIKHS, SIKHH MIIA€THCSI OCbOBOMY 3/1aBIIFOBAaHHIO [ 16]:

_ﬂz-E-O

TRy ®)

ne Py - 3HaueHHsS KPUTHYHOT CHIIM, TIPH SIKiM NpsiMOITiHilHa GopMa piBHOBaru CTep kKHs riepectae 0yTn
CTIHKOIO;

E - Mmonyne npysxHOCTI;

¥ - MoMeHT iHepLii HonepevyHoro NepeTUHy CTEPKHS;

K - KoehiIlieHT TOBKUHH, IO 3aJI€XKHUTh BiJl XapaKTepy 3aKpillJIEHHS KiHIIIB CTEPIKHS;
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| - po3paxyHKOBa TOBKHHA CTEPKHS (0OPOOIIIOBAHOI BTYIIKH).

VY 1pOMy BHIAAKY MaKCUMaJIbHUM CTYIiHb AedopMallii BU3HAYUMO 3 YMOBH, 110 3yCHUILIA aehopMariil
HE MOBUHHO MEPEBUILYBATH KPUTHYHOT CHIH Py.

[lepen mouaTkoM BHKOHAaHHS ofepamii MiIacTU4YHOI AedopMalii BTYJIKH HarpiBaloTh B MydenbHiii
enextporedi MII-8 no remmnepatypu 380°C, n100 301TBIINTH IIIACTHYHI BIIACTUBOCTI METANY 3 IKOTO BOHH
Burorosieni (cmwias AMO-3-7 cuctemu Al-Cu-Sn).

OBI'OBOPEHHSI PE3YJIBTATIB

BceranoBieno, mo Ans [OBOTO CIUTAaBY MiHIMajdbHAa TBEPAICTH 1 BIANOBiAHA i MakcHMallbHA
IUIACTUYHICTh, TPU SKUX TOTPIOHO poOMTH TUIacTHYHY JnedopMariito, mepebyBalOTh B IHTEpBaJi
temneparypu 450-500 °C.

[Mnactuune negopmyBaHHS.

[licns HarpiBaHHS BTYJIOK MAacJSHUX HAcOCIB MPOBOAMTHCS iX Oca/pKyBaHHS Ha mpeci. s mporo
HarpiTy BTYJKY MOMIIIAIOTh B MONEpeAHbO MiAirpity Ao temmeparypu 100-120 °C matpumio. IToTim B
TOPII BTYJIKH 3 OOKY TOpIS MIECTEPHi, 310paHUMH B KaceTy NMyaHCOHAMH, BUAASIOTH KOJOJA31 y BUTIISI
paniatopa (puc. 4).

2
.
Y
4&{ [ <4
g
@ ;
=3
& [e>]
2 -
a 0

Pucynok 4 — Cxema nedopMyBaHHS BTYJIKH: a - 3i0paHi B KaceTy IIyaHCOHH, O - IyaHCOH;

[Ticnst mpoliecy MIacTUYHOTO JeopMyBaHHS MNPOBOAMTHCS INTy4YHE cTapiHHsg [17] mpotsrom 6
rogud npu Ttemnepatypi 180°C, uyuMm gocsraeTbcsi MakcHMalbHa TBEpAiICTb Marepiany. Brus
TEMIIEpaTypH CTapiHHS Ha TBEPAICTh BiIHOBJICHUX BTYJIOK IIOKa3aHO Ha pHUC. 5.
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Pucynok 5 — BruiuB TemnepaTypu cTapiHHS Ha TBEPAICTh BiTHOBJICHHUX BTYJIOK

AmHami3ytoun rpadik MOXEMO 3pOOWTH BHCHOBOK IIPO ONTHMAJIbHI TEMIIEPATYPH BUTPUMKH
(cTapiHHS) BiIHOBIEHHX BTYJIOK: ONTHMAILHUMH € TemieparypH Bix 100 no 200°C.
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BUCHOBKH

OTxe, cTATTIO MU MPHUCBITHIM aHAIi3y XapakTepy aedopmaiii Ipyd BiIHOBJICHHI ILIACTHYHHM
negopMyBaHHIM BTYJIOK HIECTEPEHHUX HACOCIB, B Pe3yJIbTATI:

1). mpoBenu aHami3 yMOB pOOOTH MACIISTHHX HACOCIB, XapaKTepHHX AC(PEKTiB 1 3HOCIB BTYJIOK
MacCJISTHAX HAcOCiB MTOKA3ye, 0 3HOIIEHI BTYJIKH MOKYTh OyTH BiTHOBJIEeHi. MakcuManbHHAN 3HOC CKiIaB 148
MKM.

2). BU3HAYMIIH, IO HAHOLIBII MEPCIIEKTUBHUM METOJIOM BiIHOBJICHHS 3HOUICHHX BTYJIOK € IJIACTHYHE
nedopMyBaHHS.

3). po3pobmnu pobodi IHCTPYMEHTH s 1epopMyBaHHS BTYIIOK.

4). pO3IIISHYNIW BIUIMB 3MII[HEHHS Ha (i3MKO-MEXaHiYHiI BJIACTHBOCTI METAJIB: IPOBEICHUMH
JOCHIPKEHHSIMA BCTAHOBJICHO IO TBEPAICTH AeOPMOBAHOrO IIapy BiJHOBIEHOI BTYNKU ckiaaaae HB 450 -
550 MIla.

5). oOTpyHTYyBald PEKHMMHU BiTHOBIICHHS BTYJIOK: Ha OCHOBI pe3yJbTaTiB 3alpOIOHYBAIH DPEXKUM
TepMiuHOi 0OpOOKHM - IITydHE cTapiHHA ONpoTsIrom 6 rogu npu Temmeparypi 180°C, uum mocsraerbes
MaKCHMallbHa TBEPAICTh MaTepiamy.

6). 3poOMIM BHCHOBOK MO Te, IO CMOCI0 IIacTU4HOi aedopMariii s BiJHOBICHHS BTYJIOK
MaclITHUX HAacOCiB Ha PEMOHTHHX MiANPUEMCTBAX MOXXHA BHKOPHCTOBYBATH JJISl  IMiJIBUIICHHS
MICISIPEMOHTHOTO PECYPCy HACOCIB.
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0. lvankova., V. Fedin. Research of parameters of the technology of restoration of parts by
plastic deformation

Nowadays, there is a need to improve the technical maintenance system of agro-industrial enterprises.
Increasing the service life of machines is a priority task of the technical maintenance industry. Developing
progressive technologies for repairing machinery is a priority task for our country.

Achieving a high level of reliability and durability of equipment is possible only through a
comprehensive solution to the tasks of the technical maintenance industry. Modern high-performance and
resource-saving technologies for restoring equipment life, repairing machines and restoring worn parts are
needed.

The use of plastic deformation methods in the processes of manufacturing and repairing machine parts
allows for high-quality and effective shaping. Plastic deformation processes in the restoration of worn parts
have limited application.There is a need for research into the application of plastic deformation in the
restoration of specific parts.

Gear pumps are an important part of hydraulic systems of machines. The main malfunctions of
hydraulic system units are: a drop in volumetric efficiency, deterioration of control, and violations of unit
adjustments. Wear of pump bushings leads to a drop in volumetric efficiency, deterioration of control, and
violations of unit adjustments. Wear of pump bushings leads to a drop in volumetric efficiency, deterioration
of control, and disruption of unit regulation. It is necessary to develop an optimal technology for bushing
restoration.

The paper presents an analysis of the operating conditions of oil pumps and the characteristic defects
and wear of bushings. It shows that worn bushings can be restored. Working tools have been developed to
carry out the process of settling worn bushings.

To carry out the process of sedimentation of worn bushings, working tools were developed. We
substantiated the modes of restoration of bushings and proposed a heat treatment mode. Artificial aging for
6 hours at a temperature of 180°C. It was concluded that plastic deformation could be used to restore
bushings.

Keywords: pump, resource, bushing, recovery, durability, wear, volume, plastic deformation,
distribution, sedimentation.
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Kosuyp K.I'., ®enopos B.IO.
Xapkiscbkutl HAYiOHALHUL ABMOMODILIbHO-00PONCHIU YHIgepcUmem

PO3POBKA IIVIAHY EKCIIEPEMEHTY ITPOLECY OBCJIYI'OBYBAHHS
BAHTAKHUX ABTOMOBLJIIB B ITYHKTAX ITIEPEPOBKH

[IpencraBneHo MmiaH NPOBEAEHHS MOJIEIIOBAHHS TPOIECY HAAXOMKECHHS BaHTaKHHX aBTOMOOLUIIB
JI0 TYHKTY OOCIIyrOBYBaHHS 3 CHUMYJISII€I0 NUHAMIKH (OpMyBaHHS 4YeprH 3 ypaxyBaHHSIM BiIHOCHOTO
NPIOPUTETY B TOCIIJOBHOCTI OOCIYroByBaHHS aBTOMOOUTIB. 3 MeTO peaiizalii BU3HAYEHOI METH B
paMKax JOCITIKEHHS 3[iHICHEHO IPYHTOBHUH aHAaJi3 Ta iACHTU(IKAIII0 3aKOHIB PO3IOIiTY HMOBIpHOCTEH
CTOXAaCTUYHUX BEJIMYHH, 30KpEMa MOMEHTIB IPHUOYTTS BaHTAKHUX TPAHCIIOPTHUX 3aCO0iB Ta TPUBAJIOCTI
mporexyp o0cIyroByBaHHS aBTOMOOLTiB. OTpHMaHi eMIIpUYHI i TEOPETHIHI Pe3yIbTaTH CIyTyBaTUMYTh
MATPYHTSAM ISl TIOAANBIIOI MaTeMaTHYHOi (opMamizamii METpUK, SKi XapaKTepH3yITh TpPHUBATICTh
nepe0yBaHHs BaHTAXKHUX aBTOMOOLTIB y CHCTeMaX 00CIyrOByBaHHS.

KnrouoBi cioBa: BaHTaXHHI aBTOMOOLTB, MOJENIOBAHHS, BAaHTAXHI IEPEBE3CHHS, ITyIKT
nepepoOKH, uyepra, BIIHOCHHUH MPIOPUTET, YaC OUiKyBaHHS.

BCTYII

BusnauenHst TpuBajocTi mepeOyBaHHS BaHTa)KHOI'O TPAHCIOPTY B IYHKTax OOCIyrOBYBaHHS A€
3MOTY MiIBUIIATH €()EeKTUBHICT, POOOTH W TOYHIIIE OI[iHIOBATH MPOEKTH PO3BUTKY CHCTEMHU TOCTaBKH. Y
KOHTEKCTI CyYaCHHX BUKJIMKIB, TAKHX SK 3POCTaHHS OOCATIB BaHTaXOINEPEBE3CHb, ONTHUMIi3allisl JAHIIOTIB
nocTadaHb Ta 3a0€3MEUeHHs CTIMKOCTI TPaHCOPTHOT 1H(QPACTPYKTYpH, HaiiHI MPOTHOCTHYHI MOJENI 00
IHOTO TapamMeTpa HaOyBalOTh OCOONWBOrO 3HadeHHSA. BoHM ciyryroTe He jwmimie 0a30BUMH BUXITHUMHU
JMaHUMH JJIS ONTHUMI3allii NpOIECIB IUIaHYBaHHS, MPOEKTYBaHHsS Ta OIIHIOBAHHS JIOTICTUYHHMX CHCTEM
JOCTaBKM BaHTaXiB, aje ¥ CHOPHUIIOTH IHTErpamii MepeJoBUX TEXHOJNOTIH, TaKUX SIK CHMYJISIiiHEe
MOJICJIIOBAHHS. Ta LITYYHUH 1HTEJIEKT, AJs MiABUILEHHA 3arajibHOi edekTuBHOCTI. OTke, 3aBIaHHA
3a0e3MeUeHHs] BUCOKOI TOYHOCTI Ta JOCTOBIPHOCTI TaKMX MPOTHO3IB HaOyBa€ KPUTHYHOIO 3HAYEHHS B
HIMPIIOMY KOHTEKCTI 3arajbHOi OIIHKKM e(eKTUBHOCTI (YHKIIOHYBaHHS TWYHKTIB OOCIYroByBaHHS,
BKJIIOYAIOYM aHali3 OINEpaliiiHMX BHUTpAT, 3MEHIIEHHA IPOCTOIB Ta MiABUILNEHHS PIBHSA CEpBicy I
BaHTa)XXOIIEPEBE3€Hb, IO B IIJCYMKY CHpHUS€ EKOHOMIYHOMY 3pOCTaHHIO Ta €KOJIOTiYHIM CTiHKOCTI
TPaHCHOPTHOTO CEKTOPY.

AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA ITPOBJIEMHU

Crnin 3a3HayMTH, IO 33Jada NPOTHO3YBAHHS Ta MOZETIOBaHHA POOOTH MYHKTIB MepepoOku 3
00CITyTOBYBaHHSI BaHTQ)KHHUX aBTOMOOLUIIB HE € HOBOIO B HAyKOBOMY JIUCKYpPCi, OJJHAK XapaKTepU3YEThCS
CYTTEBOIO CKJIQJHICTIO 3 TMO3HUIlii I MaTreMaTHM4YHOI Ta ajlropuTMiuHOl (opmaizallii, 1m0 3yMOBJICHO
OaraTornapaMeTpUYHICTIO CTOXAaCTHYHHX IIPOIECIB 1 HEOOXITHICTIO BpaxXyBaHHS MPIOPUTETHUX MEXaHI3MIB y
cucTeMax 4epr.

B 6inbmocti HaykoBHX pOOIT MpeACcTaBIeHI JOCTIKEHHS, JIe MPOIec OYiKyBaHHS OOCIYrOBYBaHHS
aBTOMOO1IEl BU3HAYAETHCSI METOJOM HAaTYpHUX oOcTexxeHb [1]. V 3araipbHOMY BUNAJKY, IPU HaJAXOIKEHHI
3a8BKM 3 3aJlaHUM IIPIOPUTETOM, aBTOMOOLIb PO3MILIYEThCS B XBOCTi yepru. Ilepexin no oOGcimyroByBaHHs
BAMAara€e BUKOHaHHsI TaKMX YMOB: 3aBEpIIECHHs TIOTOYHOTO CEPBICHOTO IUKITY JUIsi aBTOMOOIJIEH, Mo 3aiiMae
noct; oOpoOKHM BCiX aBTOMOOUIEH, MPUCYTHIX y uep3i HA MOMEHT NpPUOYTTS; a TaKoXX OOCIyroBYBaHHS
aBTOMOO1IEH, 1m0 npulyaM Hajami B iHTEpBaJl OUYIKyBaHHS, aje 3 BUIIUM MPiOpUTETOM, L0 3abe3mnedye
ixHio mpioputeTHy 00poOKy. OTxe, y mepiof OUiKyBaHHS IOCTIIKYBAaHOrO aBTOMOOUIS peami3yeThes
CTOXaCTHYHA HMOBIPHICTh HAJ[XOJKCHHS BUIIONPIOPUTETHHX aBTOMOOLIEH, SIKi IEpEeTHHAIOTh HOTO B 4ep3i,
mo ($yHAaMEHTANbHO NETEPMiHy€ AWHAMIKY HPIOPUTETHOI 4eproBOi CHCTEMH MacOBOTO OOCIYrOBYBaHHS
[2].

VY poboti [3] meTanbHO OMHCYETHCS TIPOLEC OOPOOKKM BaHTAXIBOK Ha BOPOTaX CKIAJACHKHAX abo
BUPOOHMYMX 00'€KTIB. 30KpeMa, aBTOPH aKIEHTYIOTh YBary Ha KIIOYOBUX eTanax: MPHOYTTI TPAaHCIIOPTHHUX
3ac00iB, IXHPOMY BXOJKEHHI B 4epry, 0e3nocepeAHbOMY 3aBaHTaKEHHI Ta PO3BaHTaKEHHI Ol BOpIT, a
TaKOX 3aBepllabHOMY BHI3l 3 TepuTopii. llel miaxia miaKpecioe HUKIIYHMNA XapakTep omeparlii, e
e(eKTUBHICTh 3aJICXKHUTh BiJl CHHXPOHI3allii BCIX JAHOK JIAHIIIOTa IOCTavYaHHs.

3a3HayeHa mpoOiieMaTHKa XapakTepHa HE JIMIIEe Ui IyHKTiB OOCIYyroByBaHHS aBTOMOOIIBEHOTO
Tpancnopty. llle OimbIn rocTpo BOHA MPOSABISETHCS y cdepi BOAHOTO TPAHCIOPTY, A€ CyAHA 3MYIICHI
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MIPOCTOIOBATH I10 KUTbKA JIHIB y 4ep3i Ha 00CITyroByBaHHS. ABTOPH JOCITIDKCHHS [4] aKIEHTYIOTh yBary Ha
HETaTUBHUX HACIIIKaX 3pOCTaHHSI BAHTAXKOIOTOKIB, SKE IIABHINYE HMOBIpPHICTH 300iB 1 3aTpUMOK y
nepeBe3eHHsX. byap-ska Taka 3aTpUMKa, 32 IXHIMM BUCHOBKAaMH, MOYKE CIIPHYMHUTH MOPYIIEHHS rpadikis
poOOTH TOpPTIB, MOCTauyaHb BaHTAXKIB Ta JIAHIIOTIB MOCTavyaHb BLLIOMY. 3Ha4yHI MpoOjieMH MOB'A3aHi 3
TPUBAIMMHU OYiIKyBaHHSAMH CYICH Ha 00pOOKY, a TaKOXX HEOUiKyBaHUMH 3aTPUMKaMH depe3 MOTOHI YMOBH
9u 1HII GaKTOPH, SKi IPU3BOISITH 10 3pUBiB rpadikis i hiHaHcoBHUX BTpaT. KpiMm Toro, Opak iHdopmaii mpo
TOTOBHICTh BaHTAXXy CIPHUYUHSIE PEHIOBI MPOCTOI CyleH, OOMEXKYIOUH KalliTaHiB y BUOOPI ONTHMAIBHOTO
pexuMy pyxy. Y KOHTEKCTI CTaTTi 1€ PKEpesio CIYrye OCHOBOIO ISl aHai3y PH3HKIB, MPOTOHYIOYH
IHTerpaIifo iHPOPMAIHANX CUCTEM I MiHIMI3aIlil IPOCTOIB 1 MABUIICHHS CTIHKOCTI JIOTICTHYHUX MEPEK.

VY po6oTi [5] po3risHYTO ONTHMI3allil0 MOPTOBUX OMEpaliif, 1e aBTOp MPOMOHYE 3MEHIIUTH Yac
OUiKyBaHHSl Ta 3arajJbHUH Yac 3HAXOMKCHHS Y CHUCTEMi CyIeH dYepe3 YIOCKOHAJICHHS IIPOLECiB 3a
JOTIOMOT'0I0 METOIMYHOTO aHalli3y, IO MiABHINYye epeKTUBHICTh QyHKIiOHyBaHHSA cuctemu. Metog ECRS
(Eliminate, Combine, Rearrange, Simplify) Buminserbcs sk epeKTHBHUN IHCTPYMEHT AJS IiJBUILEHHS
eeKTHBHOCTI poOOTH MOPCHKOTO TOPTY, Ha Mmpukiaaai nopty B mposinmii Songkhla Province (Tainmanm).
Kpim Toro, mmanyBanHs rpadikiB 0OCITyroByBaHHS BAaHTaXHHX aBTOMOOLNB, 30KpeMa Monaenb Longest
Processing Time (LPT), neMoHCTpye Kpalli pe3yabTaTH B KEWC-CTami I ONTHMI3allil 3a3HauyeHHX
ornepauiii. JlociimKkeHHs JOBOISTh, IO 3MiHa MOPSAKY 0OCIYrOByBaHHS (4epry) MOKE MaTH 3HAYHUIA BIUIUB
Ha eeKTUBHICTh pOOOTH MYHKTIB mepepoOku. CIix 3a3HAYUTH, 10 BUCHOBKH CTOCYIOTHCS OJJHOTO MTyHKTY
mepepoOKH, 0 Ma€e OJHU MOCT (KpaH PO3BAHTAXEHHA), II0 BHCYBA€ IMEBHI OOMEXXEHHS Ha BHKOPHUCTAHHS
MpeJCcTaBIeHUX PE3yJIbTATiB.

VY crarti [6] mpenctaBneHo 0a30Bi MPUHIMIIK TeOpii Yepr Ta MOJCIIOBAHHS, a TaKOX BHU3HAYCHO
ONTHMAJILHAHN PEKUM OOCIYyTOBYBaHHS B CHCTEMI Yepr Ul HOPTOBOIO HABAaHTAXKEHHS. ABTOPH CIIPAIOTHCS
Ha OJHOBHMIPHY MOJIEIb, 3allPONIOHOBAHY MOMNEPEeNHIMH AOCIiAHUKAaMU, sSKa (QOKycyeThbcs Ha MiHiMizamii
BUTpaT Ha o0ciyroByBanHs. Ha 0CHOBI 1[bOTO, BOHU MTPONOHYIOTH HOBY JBOBUMIPHY MOJEIb, SIKA JO3BOJISIE
OJTHOYACHO OITHUMI3yBaTH JBa KIIOYOBI TOKA3HUKHU: €(PEKTHBHICTh OOCIYrOBYBaHHS HaBaHTAXKEHHS Ta
KITBKiCTh 00MaiHaHHS, 3a0€3MeTyI0Yl MiHIMallbHi BUTPATH.

MeTto anpokcuMalii, 3aJICKHHH BiJl CTaHy CHUCTEMH, JJIs OLIHKHA JOBXKUHHM YEePrM BaHTaKHUX
aBTOMOOLUIIB Ha MOPCHKMX TEpMiHANax, 3 METOIO 3allOBHEHHsI MPOTAIMH Y icHYIounX minxoxax. Ha ocHosi
CHUMYJISALIT CHCTEMH 4YEpryBaHHS BAaHTAKIBOK BCTAHOBJEHO, IO JIOCSATHEHHS CTAOLIBHOTO CTaHy YeprH
3aiiMae KilbKka TOJWH, a ICHOpYBaHHS MpoleciB (opMyBaHHS uvepru (pO3CiFOBaHHS) NPU3BOIUTH JIO
MEPEOLiHKN (HEAOOIIHKH) ii JOBKHHU. 3alpONOHOBAHUI METO]| BPaXxOBYeE SIK Mpoliecu (HopMyBaHHs, Tak i
PO3CitOBaHHS YepTH ISl TOYHIMIOL OI[iHKK. Pe3ynpTaTh OI[iHKA MOJIENi IeMOHCTPYIOTh, III0 BOHA 3a0e3meuye
TOYHIIII Ta CTIAKIII OIIHKY MOPIBHIHO 3 iICHYFOUUMH MeToamMu. KpiM TOro, METo1 TOYHO OIHIOE JIOBKUHY
4epru, CIPUYMHEHY KOPOTKOYACHHUM IEPEeBAaHTaXKEHHSIM Y MIKOBi TOAWHU, IO POOUTH HOTO KOPUCHHUM JIJIS
aHaIizy eEeKTUBHOCTI 3aXOiB IIOJ0 3MEHIIEHHS 3aTOPiB HA MOPCHKHUX TepMiHalaX. MoJelb TaKoK MOXKe
3aCTOCOBYBATHCS JIJISl OI[IHKH YePT KIIE€HTIB Y OYIb-SIKUX CEPBICHUX 00’ €KTax TPaHCIOPTHOI Ta JIOTICTHIHOL
rajysi, J¢ MBUIKICTh MPUOYTTSA Ta 00CIYrOBYBaHHS BapilOEThCS 3a 4acOM, a MEPCBAHTAXKCHHS BUHHUKAE B
MiKOBI nepioau [7].

B po6oti [8] 3ampomoHOBaHO BJOCKOHAICHHWH aNrOpUTM MYpAlIMHOI KOJOHIT JUTs  ONTHMi3allii
mpoliecy JOCTaBKH 1 migdopy KOHTEHHepiB (3 MalJaaHYMKIB O TepMiHaly i HaBMakW) 3 BHUKOPHCTAHHSIM
BaHTAKHOTO TPAHCIOPTY CTOPOHHIX KommaHii. Lleit anroputm Moandikye npasuia OHOBICHHS (HEpOMOHIB
MOPIBHIHO 3 TPaAULIHHUM aJrOPUTMOM MYpAIIMHOI KOJOHII, a TaKOXK BBOAMTH (PAKTOp BIUIMBY IIUPUHH
YacoBOTO BiKHA Ta CTYIiHb BIAXWJICHHA 4acy B IpaBHjax Iepexony craHiB. KpiM Toro, iHTerpoBaHo
anroput™ poro dactuHok (PSO) i aBTOMAaTHYHOTO HAIAIITYBAHHS CBPHUCTHYHHUX (AKTOPIB BILIMBY Ta
¢akTopiB BIUIMBY ()EPOMOHIB, IO MOKpAIIy€ 3AAaTHICTb YHUKATH JIOKAIBHUX ONTUMYMiB. PesympraTtn
JeMOHCTPYIOTh 3HaYHE MiABUILICHHS ONTHMIi3YyBaJIbHOI 3JaTHOCTI Ta cTabiIbHOCTI OPIBHSHO 3 TPaIULIHHUM
AJITOPUTMOM MYPAIIMHOI KOJIOHII Ta anroputMoM 3MiHHOTO cycinctsa (VNS).

OIJIb TA 3AJAYI JOCJIAKEHHSI

OCHOBHOIO METOIO JAHOT'O HayKOBOT'O JOCIIDKEHHS € peaizalisi eKCIepUMEHTaIbHOTO MOICIIOBAHHS
JTMHAMIKH (QYHKI[IOHYBaHHS MyHKTY OOCIIyTOBYBaHHS aBTOMOOUIFHOTO TPAHCHOPTY MPOTIATOM BH3HAYEHOTO
YacoOBOTO 1HTEPBAJy, BPaXyBaBIIM CTOXACTUYHUX BUIIAJKOBHX BEIUYWHH, IO IIJKOPSIIOTHCS 3a37alierijb
iIeHTU(IKOBAaHUM 3aKOHaM PO3MOJiTYy (30KpeMa, ITyacCOHIBCBKOMY JUIi IHTEpBaliB NpHOYTTIB Ta
MOKa3HUKOBOMY JIJIsl TPUBAJIOCTI CEpBICY), a TaKOX 3 HEYXWJIBHUM JIOTPHUMAHHSIM TNPHHLUIIB BiIHOCHOL
MPIOPUTETHOCTI B IPOIieCi 00CIyroByBaHHs, 110 J03BOJISE ONTUMI3YBaTH MOCIIIOBHICTE OOPOOKH 3asBOK 3
ypaxyBaHHSAM €KOHOMIYHOI €()eKTHBHOCTI Ta ONEPaliiHUX 0OMEKeHb. ¥ KOHTEKCTI TPAHCIIOPTHUX CHCTEM
e AOCHiIKeHHA HaOyBa€ MPaKTUYHOTO 3HAYCHHS, OCKIIBKH [IO3BOJISIE MPOTHO3YBaTH Ta MiHIMI3yBaTH
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MPOCTOI BAaHTAKHUX aBTOMOOILTIB, BPaXOBYIOUH CTOXAaCTHYHY MPHUPOIY MPOIIECIB, i CIYTyE OCHOBOIO IIJIS
moAajbIol popmaltizallii aiIrOPUTMIB ONITHUMI3ALIil.

PE3YJbTATHU JOCIIIKEHDb

TpuBainicTs nepeOyBaHHS BaHTa)KHOTO aBTOMOOLIS y MyHKTI OOCIYrOBYBaHHS MOJKHA BHPA3HTH SIK
CyMy OKPEMHX YacOBUX iHTepBamiB. TpuBamicTh 3HAXOKEHHS BAaHTAKHOTO aBTOTPAHCIOPTHOTO 3ac00y B
ITyHKT1 00CITyTOBYBaHHS! 00YMOBIIOETHCS HACTYITHUMHA (haKTOpaMHu:

—4ac MaHEeBpPYBaHHSI;

—y4ac o4iKyBaHHS 00CITyrOBYBaHHS,
—4ac 00CITyTOBYBaHHS;

—4ac NpUHOMy BaHTaxy;

—4ac 0OpMIICHHS IOKYMEHTIB.

Yac ouikyBaHHs o0OCIyroByBaHHs Ta Oe3locepeqHiii 4yac OOCITYrOoByBaHHS € CTOXaCTHUYHHMHU
3MIHHHMH 3 IMOBIPHICHOIO MTpHupo10t0. Ha TpuBasticTh 0UikyBaHHS BIUTMBAIOTH MPIOPUTETHICTh BAHTAXY, 11O
3HaXOMUTHCSI B aBTOMOOLT, Ta Yac WOro MPUOYTTS A0 IyHKTY OOCIYrOBYBaHHS. 3aCHOBYIOUHCH Ha
EMIIPUYHUX JaHWX II0JA0 NPUOYTTS BaHTAKHUX aBTOMOOULTIB JO WYHKTY OOCIYyrOBYBaHHS JJIS
npioputery Nel (Tabmuns 1), mpoBeAeHWi CTAaTHCTUYHWMA aHami3 Yy MporpaMHOMYy 3abe3nedeHHi
STATISTICA 12 mMaB Ha MeTi TepeBipKy TiNOTE3W MPO BIAMOBIMHICTH OTPUMAHOTO PO3MOAUTY MO
MyacCOHIBCHKOMY 3aKOHY po3mnoaury (pucyHok 1). I JOCHIDKCHHS B3STO 1HTEHCHUBHOCTI NPHOYTTS
BaHTQXHUX aBTOMOOLTIB 3 BaHTakeM 1 mpiopurery 3a 100y (aBT./moOy) 3a mepioj JOCIHIKCHHS.
[lyacconiBcpkuii mporec, sk (pyHIaMEeHTalbHA MOJEIbh y Teopii MacoBOTO OOCIYTOBYBAaHHS, JO3BOJISIE
aJIeKBaTHO OMMCYBaTH IOCIIJOBHICT, HE3aJNEXKHUX MOMIA 3 (DIKCOBAaHOK IHTEHCHBHICTIO (CEepeaHbOIO
KUTBKICTIO TpUOYTTIB 3a OJMHHUINO 4Yacy. Takuid MiAXiA, IIMPOKO 3aCTOCOBYBAHWH y TPAHCIIOPTHHX
CUCTEMax, TIOJIETIIyE aHAITUYHE OOYMCIICHHS KIFOYOBHX METPHK, TAaKHX SK CEpeIHIN Jac OdiKyBaHHS 4H
TOBXMHA YEPTH.

Tabmuus 1 — Emmipuyni naHi CKIaJOBHX 4Yacy 3HAXO/DKCHHS BaHTXHHUX aBTOMOOUIEH y MyHKTI

00CITyroByBaHHS 3 BaHTaXeM | mpiopuTery.

Hara Yac Hara Yac JlaTa Yac Bi[.i.z a Yac Buizny
npuOyTT | TIPHOYTT MOYATKY MOYaTKY 3aKiHUEHHS | 3aKiHYeHHS BaHTa)lI([I}-;OF BAHTAKHOT
s s 00CJIyroByB | 00CIyroByB | OOCIYyroBYB | OOCIIyrOBYB o 0
BAHTAXXH | BAHTAXH aHHS aHHSA aHHSA aHHSA . aBTOMOO1JIA

aBTOMOOLIIA
oro oro BAHTAXKHOI | BAHTAXHOI | BAHTAXKHOI | BAaHTAXHOT 4 TIVHKT 3 IYHKTY
aBTOMOO | aBTOMOO 0 0 0 0 YHETY 00ciyroByB
. . . . . . 00CIIyroByB
ISt 1151 aBTOMOOLIA | aBTOMOOLIS | aBTOMOOLIA | aBTOMOOLIS AL aHHA
30'2?'20 18:00:00 | 30.06.2021 18:14:00 30.06.2021 19:22:00 30.06.2021 19:59:00
009201 19:00:00 | 30.06.2021 | 20:15:00 | 30.06.2021 | 20:55:00 | 30.06.2021 | 21:25:00
30'2?'20 20:00:00 | 30.06.2021 22:20:00 30.06.2021 23:50:00 01.07.2021 0:45:00
01.%.20 14:11:00 | 01.07.2021 17:10:00 01.07.2021 19:00:00 01.07.2021 19:40:00
01'21'20 17:00:00 | 01.07.2021 20:40:00 01.07.2021 22:00:00 01.07.2021 22:40:00
01.%.20 18:20:00 | 01.07.2021 20:30:00 01.07.2021 21:25:00 01.07.2021 22:00:00
01.07.20 .~ 9. .0n- EE.
21 18:20:00 | 02.07.2021 4:32:00 02.07.2021 5:00:00 02.07.2021 5:55:00
01.07.20 A . . .
21 18:41:00 | 02.07.2021 0:10:00 02.07.2021 1:20:00 02.07.2021 2:20:00
01.07.20 e 90 e .20
21 18:45:00 | 02.07.2021 2:20:00 02.07.2021 3:15:00 02.07.2021 4:30:00
L0720 | 18:50:00 | 01.07.2021 | 21:45:00 | 01.07.2021 | 22:45:00 | 01.07.2021 | 23:35:00
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OL97:20 | 18:55:00 | 01.07.2021 | 21:10:00 | 01072021 | 22:35:00 | 01.07.2021 | 23:35:00
OL97:20 | 10:23:00 | 0107.2021 | 21:00:00 | 01.07.2021 | 22:40:00 | 01.07.2021 | 23:40:00
OLOT20 | 19:34:00 | 02072001 | 52000 | 02072021 | 6:2000 | 0207.2021 | 6:50:00
019720 | 19:56:00 | 02.07.2021 | 1:4000 | 0207.2021 | 24500 | 0207.2021 |  3:20:00
OLOT20 | 22:30:00 | 02.07.2021 | 4:00:00 | 02072021 | 52000 | 0207.2021 | 6:30:00
029720 | 1:00:00 | 0207.2021 | 30000 | 0207.2021 | 40500 | 0207.2021 | 4:40:00
020720 | 10:12:00 | 02.07.2021 | 11:00:00 | 02072021 | 12:20:00 | 02.07.2021 | 12:35:00
029720 | 13:52:00 | 0207.2021 | 1550:00 | 0207.2021 | 16:54:00 | 02.07.2021 | 17:10:00
020720 | 15:00:00 | 02.07.2021 | 16:40:00 | 02072021 | 17:56:00 | 02.07.2021 | 18:10:00
029720 | 16:32:00 | 0207.2021 | 19:00:00 | 0207.2021 | 19:30:00 | 02.07.2021 | 19:50:00
20
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|HTEHC MBHICTE NpWMGYTTA, aBT./A00Y

Pucynok 1 — Pe3ynbraT po3paxyHky 3akoHy [lyaccoHa po3nojiry iHTEeHCUBHOCTEH
npuOyTTA BaHTaXXHUX aBTOMOO1IeH 3a 100y npoTtsrom 70 AHIB aBTOMOO1IIIB 3 BaHTaXKeM
1 npiopurery g0 myHKTY obciyroByBanus 3a jgoromororo STATISTICA 12

[IpoBeneHmii KOMIUIEKCHUH CTAaTUCTHYHHUNA aHaIIi3 Ta 00poOKa eMITipHYHHX JaHUX, OTPUMAHMX Y XOAi
CIIOCTEPEKEHb 33 TPUBAIICTIO OOCIYroBYBaHHA aBTOMOOUIIB y MYHKTI OOCIYroBYBaHHS, J03BOJIMIN
BCTAHOBUTH CTYIIiHb BIJIOBIAHOCTI EMIIIPUYHOTO PO3MOAUTY Yacy OOCIyroByBaHHS KIACHYHOMY
EKCIOHEHLIANbHOMY 3aKOHY po3noziny. Lls 3aKoHOMIpHICTH MiATBEPIDKYETHCS aHAIi30M, HABEIECHUM Ha
PHUCYHKY 2.
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Pucynok 2 — Pe3ynbpTaT po3paxyHKy €KCIIOHEHIIIITHOTO 3aKOHY PO3MOIITY Yacy
00CITyroByBaHHS BaHT2XHUX aBTOMOOLIEH 3 BaHTaXeM | MPiopUTETY 3a JTOIIOMOT OO0
STATISTICA 12
[MepeBipka rinoTe3u Mpo HaJEXKHICTh JOCTIHKYBaHOI BHOIPKM TEOPETHYHINA KPUBIH BUAY 3aKOHY
[Tyaccona npoBeneHa 3a kputepieM BiamosigHocTi [lipcona (Tabnwis 2)

2 fi _fm
X =Z¥, (1)

k
i=1 m

ne K — gucio rpym, Ha siKi po30MTO eMITIpUYHHIA PO3MOIL,
fi — crocTepexxyBaHa yacToTa O3HaKH y i-i rpyi,
fm — TeOpeTHyHa yacrora.
KinbkicTh cTyneHiB cB00OM BUBHAYAETHCS

df =k —s—1, @

ne S — 4o napaMeTpiB ependadyBaHOrO PO3NO/LTY, OIiIHEHUX 3a JAHMMH BUOIPKH.

TakuM 4HHOM, OTPHUMAHi 3HAYEHHs y° IiATBEPIKYIOTH TilOTE3y IPO PO3NOILT iHTEHCHBHOCTEHR
NpuOYTTS BaHTaXXHHX aBTOMOOLTEH 10 MyHKTYy OOCIyroByBaHHsS 3 BaHTaxeM | TIpiopUTeTy Ta dYacy
00CITyroByBaHHS X aBTOMOOIEH (Tadmuis 2).

Tabmuus 2 — Tloka3HUKMA BH3HAYCHHS 3aKOHY PO3MOUIY 00CATY 3aMOBJI€Hb TOPTOBHX TOYOK
«IpiOHUX» PopMaTiB

[loka3HWKM BU3HAYCHHS
. . 3aKOHY PO3MIOALTY
Ha3pa nokaznuka 3akon posnoginry  [[TapameTrp po3moairy]
9) X2Ta6n Ipu

X“posp p=0,05
IHTEeHCUBHUCTH
npUOYTTS
BARTAALAX Tyaccona 14,706 9,895 15,5
aBTOMOO1JICH 3
BaHTaXeM 1
npiopuTeTy 3a 100y
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Yac
00CITyrOBYBaHHS
BaHTaXKHUX
aBTOMOO1IEH 3
BaHTaXXeM 1
mpiopurery

ExcrnoHeHminani 71,597 12,121 16,9

HactynHuM eramoM [JOCHIDKCHHS € MOJCIIOBaHHS 1HTCHCHMBHOCTI HAIXOMKCHHS BAHTaXKHOTO
aBTOTPAHCIIOPTY JIO MYHKTY TEXHIYHOTO OOCIYyrOBYBaHHsS 3 BHKOPHCTaHHSM METOAY HOPMAaJbHOI
ampoKcHMarlii, Mo TPYHTYEThCS Ha IIYaCCOHIBCHBKOMY 3aKOHI PO3MOMAUTY Ui JUCKPETHOI BHIIaIKOBOI
BEIMYMHU. 3acTOCOBYIOUM TIporpamHe 3abesmedeHHss Microsoft Excel, peanizoBaHo reHepariro
TICEBIOBHUIAAKOBUX 3HAUYEHb 31 CTAHIAPTHOTO HOPMAJILHOT'O PO3MOALTY 3a IOMOMOroro BOynoBaHoi (yHKIii

NORM.S.INV(RAND()), ©)

OTprMaHi 3HAa4YEHHS CIYTYIOTh OCHOBOKO IS alpoKCHMAIlii Ta MOIEIIOBaHHS 1HTEHCHBHOCTI
MpuOyTTS aBTOMOO1IIB 0 MYHKTY 0OCITyTrOBYBaHHS BiAIIOBITHO A0 HACTYIHOI (hOPMYITH:

X=u+ox2Z, 4)

Jie i — cepelHE 3HauUeHHS (PaKTHYHOI IHTEHCHBHOCTI IPHUOYTTSI aBTOMOOITIB Y MyHKTY 0OCITYTOBYBaHHS;
0 — CepeTHbOKBAIPATUIHE BiIXUJICHHS IHTEHCUBHOCTI MPUOYTTSI aBTOMOOLIIB Y ITYHKT OOCITyTOBYBaHHS,
Z — 3reHepoBaHa BEJIMYHHA CTaHAaPTHOTO HOPMAJIBHOTO PO3IIOILTY.

OTpumaHi 3reHepoBaHi 3HAUYEHHsI IHTCHCUBHOCTI HAJXOPKEHHSI aBTOTPAHCIIOPTY CTBOPIOIOTH OCHOBY
IUISL TIOJAJBIIOT0 CTOXaCTHYHOTO MOJETIOBAaHHSA ITyaCCOHIBCHKOTO TIpoOIecy NPHOYTTS TPAHCHOPTHHX
3aco0iB 10 TYHKTY TEXHIYHOTO OOCIyroByBaHHS. 30Kpema, Uil CHMYJSIii MOMEHTIB TpHOYyTTS
3actocoByeThes GyHKIis Microsoft Excel:

GAMMA.INV(RAND(), B, 1/X), (5)

ne B — Homep 3asBKH;
X — cepeqiHe 3HAYCHHS 3T€HEPOBAHOI IHTEHCUBHOCTI MTPHOYTTS aBTOMOOLIIB y ITyHKTY OOCITyTOBYBaHHS.

3aCTOCOBYIOYM EKCIIOHEHIIAIPHUI 3aKOH PO3MOALTY, L0 € KJIACHYHOK MOJCIUII0 Uil OIHCY
TPUBAIOCTI O€3MaM'ATHUX MPOLECIB y CHCTEMaX MacOBOrO OOCIYrOBYBaHHS, PEali3y€eThCs CTOXAaCTHYHE
MOJICJIFOBAHHS BHUIAJKOBHX BEJIHMYMH, SIKi MPECTABISIOTH Yac OOCIYroBYBaHHS TPAaHCIOPTHHX 3aco0iB.
['eHepallisi TAKUX BEJIMYHMH MPOBOAUTHCS 3a JONOMOTror HactynHoi ¢ynkiii Microsoft Excel:

T:LOG(RAND()-1), (6)

ne T — cepenne 3HaueHHs (AKTUIHOTO Yacy 00CIyroByBaHHS aBTOMOOLIIB.

Emmipuuni HaTypHI AOCHiJKEHHS, NMPOBEACHI B pEalbHUX yMOBax (PYHKIIOHYBaHHS JIOTiCTHYHHUX
BY3JIiB Ta TPAHCIOPTHUX Xa0iB, MEPEKOHJIWBO 3aCBIAYMIIM, IO JUHAMIL MOCIIJOBHOCTI OOCIYrOBYBaHHS
BaHTAKHUX aBTOMOOUTIB TNpUTaMaHHAa MOJIENb BIJIHOCHOI TPIOPUTETHOCTI, sIKa IPYHTYETbCS HE Ha
(ikcoBaHMX aOCONIOTHUX XapaKTEPUCTHKAaX TPAHCIIOPTHHUX 3acO0iB (TaKMX SIK THII BaHTaXy YW rabapuTHI
napameTpH), a Ha JUHaMi4Hil IpOMoOpLiiHii OLiHII NPIOPUTETIB, 110 BPaXOBYE MOTOYHI OlepaLiiiHi yMOBH,
piBEHb 3aBaHTa)KEHOCTI CHUCTEMH Ta EKOHOMIiYHi (akTtopu. Ll Monenb, Ha BiAMIHY BiJl TpaJUIIHHHX
KOPCTKUX 1€papXii, J0O3BOJISIE THYUKO aJanTyBaTUCS 10 BapiaTUBHOCTI MTOTOKIB, 3a0e3neuyroun OanaHc Mix
HIBUIKICTIO OOpOOKH KPUTUYHHUX 3asBOK 1 3arajibHOI0 cTabiibHICTIO mpouecy. BonHouac, aHami3 mokasye,
10 TNpPEPUBAaHHS OOCIIYyrOBYBaHHS HEI000POOJICHOrO BAaHTAXKHOI'O AaBTOMOOLIS Ha KOPHCTh Mi3HIIIE
MPUOYBIIOTO TPAHCIIOPTHOI'O 3acO0y 3 BHIIMWM BiJIHOCHMM MPIOPUTETOM (HAIPHKIIAZ, Ye€pe3 TEPMIHOBICTh
JOCTaBKH YW BUIILY KOMEPUIHHY LIHHICTH) BUSBISETHCS EKOHOMIYHO HES()EKTUBHUM 3 KIJIbKOX MEPCIEKTHB:
Mo-Tiepiie, BOHO MPHU3BOAMTH [0 3POCTaHHS 3arajbHUX BUTpAaT Ha MPOCTOI, OCKUIBKH MepepBaHe
00CIIyrOByBaHHSl BUMarae JOAAaTKOBOI'O 4Yacy Ha BIJIHOBJEHHS CTaHy CHCTEMH; IO-ApYyre, CIPUUIMHSE
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MIepEPO3NOIiI pecypciB (MepcoHay, OOJagHAHHSA Ta TPOCTOPY), IO 3HIKYE TPOIYCKHY CIPOMOKHICTH
IYHKTY B CEPEIHBOCTPOKOBIM MEPCIICKTHBI; MO-TPETE, HETATHBHO BIUIMBAE HA OINEpAIiifHy TPOIyKTUBHICT,
MOCUITIOIOYN PU3MK HAKOMWYEHHS Yepr i 3HIKYIOUM PIBEHb 3a/J0BOJICHOCTI KII€HTIB. Y KOHTEKCTI Teopil
MacoBOT0 OOCIYroBYBaHHsS Taka Hee()eKTHBHICTH MOXe OYyTH KiIbKICHO OIliHEHa 4epe3 METPHKH, SK-OT
cepenHiil yac mepeOyBaHHS B CUCTEMI Ta KOe(illieHT 3aBaHTaKEHHS , JIe PEPUBAHHS ITiABUIIYE AWCIIEPCIIO
CTOXACTHYHHX IIPOIIECIiB, 110, B CBOIO YEpTy, YCKIAIHIOE MPOTHO3YBAHHS Ta ONTHMIi3alifo. TakuM 4uHOM,
BIIPOBA/KCHHS MOJISNI BIIHOCHOI MPIOPUTETHOCTI 0€3 MEXaHi3MiB 3aXHCTy Bijl NMpepuBaHb (HAPUKIIA,
MTOPOTOBUX MPaBHII 4u Oy epHHUX 30H) HE JIHIIE He CIIPHsIE 3arabHid e()eKTUBHOCTI, a i MOKE TPU3BECTH 10
CHUCTEMHHX BTpaT, SKi MEPEeBHIIYIOTb KOPOTKOCTPOKOBI BWUTOAM Bim mpioputuzamii. s momampmroi
dbopMmamizarlii 1€l Mojeni PEKOMEHIYEThCS IHTErpaiis CTOXaCTUYHUX CHUMYJISIIH, 3aCHOBaHMX Ha
MyacCOHIBCHKUX Mpolecax MPUOYTTIB, 3 YpaxyBaHHSIM EMITIPHYHUX JAaHUX 3 HATYPHUX €KCIIEPUMEHTIB, IO
TO3BOJIUTH PO3POOUTH pPEKOMEHMaIii IMOJ0 ONTHUMI3amii AWCHUIUTIH OOCIYyrOBYBaHHS B peaJbHHX
TPAHCHOPTHUX MepekKax.

PesynpTarom 1aHOTO HAYKOBOTO JOCTIIKEHHS CIyTYBaTUME KOMIUIEKCHE CTOXaCTHYHE MOJCTIOBAHHS
OUHAMIKH (QYHKIIOHYBAaHHS BAHTAXXHOTO WYHKTY TIEPEpPOOKH BaHTaXy (BaHTQXHOTO TepMiHATY YH
JIOTICTUYHOTO BY371a) 3 BapiaTUBHOIO KIBKICTIO KaHAJIB OOCITyrOBYBaHHS, 30KpeMa, I KOH]irypamii 3
OJTHHMIM, JBOMA Ta TPhOMa IMOCTaMH OOCIYTOBYBaHHS, 1110 J03BOJUThH OI[IHMTH BIUIMB MaciuTady pecypciB Ha
KITFOUOBI1 OIEpaliifHi METPHUKH, TaKi K CepelHs JOBKWHA Yeprd, Yac OUIKyBaHHS Ta 3arajbHa MPOITYyCKHA
CIIPOMOXKHICTH cHCTeMH. JlaHe MOJIENIOBaHHS, 3aCHOBaHE Ha KIACHYHHMX 3acajaXx Teopii MacoBOTO
oOciyroByBaHHsl  (ITyacCOHIBCBKOMY Tporeci mNpuOyTTIB Ta [OKa3HMKOBOMY PO3MONIL  Yacy
00CITyTOBYBaHHS), BpaXOBYBaTHME IMPUHIMIIKA BiJHOCHOI MPIOPUTETHOCTI AJISl YHUKHEHHS HeeQEeKTHBHUX
NpEpUBaHb CEPBICY, SK € PEKOMEHJOBAaHO EMITIPUYHHMH JOCIIUKEHHSIMH TPAHCIIOPTHHUX cHCTeM. Takwii
MIIXiJ HE JIMIIE UTIOCTPYE MEepexij BiJl OJHOKAHAIBHOI J0 OararokaHaJbHOI KOH(Iryparlii, 1¢ 3pOCTaHHs
KUTBKOCTI CepBepiB 3HIKYE KOE(IIiEHT 3aBaHTAXCHHS 1 CTaOULIi3ye cuUCTeMy, aje W HaJae TpaKTH4Hi
pEeKOMEH Al II0/I0 ONTUMI3aIlil:

Taknii aHamITHYHWIA MiOXiA, 3aCHOBAaHUI Ha Teopil MacoBOTO OOCIYTrOBYBaHHS, MPOJEMOHCTPYE,
3aJIeKHICTh 3MiHM 4Yacy O4YiKyBaHHS OOCIYrOBYBaHHsSI BaHTa)XKHOTO TPAHCIOPTY, J€ KIIOYOBUH (akTop
TPHUBAJOCTI HOTO MepeOyBaHHs B ITyHKTI, 3aJIEKHO BiJl IHTEHCUBHOCTI MPUOYTTIB BAHTA)KHUX aBTOMOOLTIB Ta
ix oOciyroByBanHs. [logaTkoBo Oyze olliHEHO Yac 0OpoOKH MPUOYBIINX aBTOMOOIIIB i TPOCTOO MOCTIB, 0
BUHHKAE Yepe3 HEeY3TOKEeHICTh MOTOKIB. Lle cnyryBaTuMe iHCTpyMEHTOM /ISl IPOTHO3YBaHHS B JIOTICTHII, 3
CUMYJISIISIMH JUIsI CLIEHAPITB HABaHTAXKCHHSI.

OBI'OBOPEHHHA PE3YJIBTATIB JOCJIAKEHHSA

KiIr040BOI0 BHUMOTOI0 IO CTOXaCTHYHOTO MOJCTIOBAHHS IPOILECY OOCIYrOBYBaHHS BaHTaXXHOTO
ABTOTPAHCIIOPTY B IMYHKTI MepepoOKH BaHTaXy € MiHIMi3allisi HETPOAYKTHBHUX MPOCTOIB, SIKi IPU3BOISATH JIO
CYTTEBHX BTPAT B €KOHOMIYHOMY acHeKTi (3pOCTaHHs ONEpaIliiHUX BHTPAT Ha MAJMBO Ta Yac) Ui BCHOTO
JaHIora noctaBku. Lle nocsraeTbes yepe3 ONTHUMI3ALilO depr, e MPOCTOi 3MEHIIYIOTHCS 33 PaxyHOK
OanmaHcy IHTEHCHBHOCTI BaHTa)KHOTO aBTOTPAHCIIOPTY Ta TMPOIMYCKHOIO 3AATHICTIO MYHKTY MepepoOKH
BaHTaXKYy.

BUCHOBKH

[IporHo3yBaHHs JaWHAMIKK (YHKIIOHYBaHHS MYHKTIB TePepOOKHM BaHTaXy Ta BaHTAXXHOTO
ABTOTPAHCIIOPTY CIYTyBaTHME IOTY)KHUM aHAJTITHYHUM 1HCTPYMEHTOM JUISS OOTPYHTOBAHOTO MPHUHSTTS
pillieHb y CTpaTerivHoMy IUTaHYBaHHI KOMIUIEKCHUX JIOTICTUYHHMX CHCTEM JOCTaBKH, 3 YpaxXyBaHHSIM
MHOXXHHHOCTI CTOXaCTHYHMX (HAIPHUKIAJ, BapiaTUBHICTb NMPHOYTTIB 3a IyaCCOHIBCHKMM IPOLIECOM) Ta
netepMiHOBaHUX (akTopiB (SK KOH(]Irypamis KaHalliB OOCIYroBYBaHHS), IO B IMIJCYMKY CIpHSE
KOHCTPYIOBAaHHIO BHCOKOTOYHHMX Mojened Ha 0a3i Teopii mMacoBoro oOCITyroBYBaHHS MJisl ONTHUMI3alii
MPOIYCKHOI CIPOMOKHOCTI Ta MiHiMizanii Brpar. Takuii migXiZ He JHUILE MiJBHILYE TOYHICTH MPOTHO3IB
KITIOYOBUX METPUK, aJie i IHTerpye eMITipUYHi JIaHl 3 peallbHUX MyHKTIB MePepoOKH BaHTAXIB, TO3BOJISIOUH
MOJICIFOBATH CIICHApIT 3 PI3HUMHU PIBHAMH HAaBaHTa)KECHHS Ta 3a0e3MeYyBaTH CTIHKICTD JIAHIFOTIB IOCTAaYaHb
Yy aBTOTPaHCHPOTHUX MEpEKax.
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K. Kovtsur, V. Fedorov. Development of an experimental plan for the truck maintenance process
at recycling points

The paper discusses the development of a plan for experimental modeling of the process of servicing
trucks at cargo handling points, aimed at improving logistics system efficiency and reducing vehicle
downtime. The main focus is on simulating vehicle arrival and servicing dynamics under stochastic
conditions, considering the principle of relative priority in their order of service. Using empirical data, the
laws governing the probability distribution of random variables that characterize freight transport arrival
times and service durations were identified. It was found that the arrival process follows the Poisson
distribution, and service duration follows the exponential distribution, confirmed by statistical verification
using Pearson's criterion.

The paper supports the idea that queuing theory and simulation modeling methods are useful for
evaluating the efficiency of cargo processing points. A methodological approach to stochastic modeling of
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the service process is proposed, based on algorithms for randomly generating arrival intervals and service
durations within the Microsoft Excel environment using functions that implement Poisson and exponential
distributions. The model incorporates the principle of relative priority, enabling adaptive changes in service
sequences based on current operating conditions and economic considerations.

Study results indicate that implementing multi-channel service systems (with one to three stations) can
significantly decrease average queue length and waiting times, while increasing system stability under
varying traffic levels. This approach allows for predicting how long a vehicle stays in the system, identifying
time losses, and providing recommendations for optimal resource allocation at service points. The findings
can also be used for further mathematical formalization of logistics performance indicators and applied to
other transport networks.

Overall, this research advances analytical and predictive methods in transport logistics, offering
opportunities to reduce freight transport downtime and enhance the economic stability of cargo handling
systems in current conditions.

Key words: truck, modeling, freight transportation, processing point, queue, relative priority, waiting
time.
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Konapatiok M.A.
Hayionanenuii mpancnopmuuil ynigepcumem

JIOCJIJI’KEHHSI YMOB EKCILTYATAIIIT BAHTAXKHUX I'TEPATHAX
ABTOMOBLIIB KATEI'OPII N1

Ha mepermHi  poO3BUTKY TakWX MpONECIB SK MOCHJIEHHS EKOJOTIYHMX BHMOT JO aBTOMOOIIEHOTO
TpaHCIOPTY, HEBIMHHHMII mpomec ypOaHi3amii, 3pocTaioda 3aleXHICTh BiJ IMIOPTY MayMBa, 30UIBLICHHS PO
JIETKOTO0 KOMEPIIIHHOTO TPaHCHIOPTY U JOCTaBKH B TOPTIBIIi B paMKaX PO3BHUTKY €I€KTPOHHOI KOMepILil, KPpHTHIHOTO
3HaueHHs HaOyBae e()eKTHBHICTH CHIIOBOI YCTaHOBKH aBTOMOO1IIB Kateropii N1. ABromo0ini kareropii N1 3aiimaroTs
3HAYHYy YacTKy aBTONAPKY 1 3TiIHO JaHUMHU BHPOOHHKIB OinbIre 75% po6odoro gacTy NparioroTh B MICBKOMY PeXnMi
pyxy. Takomy pexxumy poOOTy HaOUIBII BiAMOBIAHUM BHIVISAA€ BUKOPUCTAHHS TIOPUIHOTO CHIIOBOI YCTAaHOBKH, SKi
po3BuBatOThCI OcTaHHI 20 pPOKIB Ta IIMPOKO BIPOBAIXKYIOTbCA B JIETKOBOMY TpaHCIOpTi. BusBieHo 3HauHe
Bi[ICTaBaHHS B HAYKOBHX IOCIHI/KCHHAX Ta MPAKTUYHIN peamizamii riOpuaHUX CHUCTEM Ui IBOTO TUILY TPAHCIOPTY.
Jnst 3amoBHEHHS Ii€l TNPOTAIMHM MPOBEICHO IPAKTHYHE MOCII/DKEHHS YMOB eKCIUTyaTalii MHOMyJIspHOTO
kxomepiiiHoro aBromo6iins (MERSEDES SPRINTER 208 cdi, €Bpo 6) B peanbHHX yMOBaxX eKCIUTyaTallil Ha MPOTs3i
TUIIOBOTO POOOYOTr0o MHS, L€ JO03BONWIO 3a0e3MeYUTH EeMIIPUYHY OCHOBY [UISI HOJAIBIIOIO MaTeMaTHYHOTO
MozemoBanHs. 1llnsaxom aHanisy manux 3 6oproBoro xomm'torepa Ta OBDII-ckanepa Oyno BH3HaYeHO OCOOJIMBOCTI
eKCIITyaTaliifHOro UKy, 30KpeMa 3HaYHy YacTKy pyXy HakatoM 35% nnixy (44,2xM), oo MiATBEpAXKY€E MOTEHINAT
U peKymeparnii eHeprii Ta BUKOPUCTAaHHS TiOpWAHOI CHIIOBOI YCTAHOBKH B PEKMMI YacTHX 3YMHHOK. Ha maHOoMy
eTari IpOBEICHO MOIEpeHiil aHali3 JaHUX 310paHuX 3 OOPTOBOrO KOMIT IOTEpa B po3pi3i 20-u 3ymUHOK, OTpHMaHi
JIaHI CHCTEeMAaTH30BaHi B TaOIHYHY OpMY Ha OCHOBI SIKHX 1MOOy0BaHi rpadiku 3MiHH MIBUAKOCTI Ta BUTPATH MaTHBA.
3i0pani mani 3a momomororo OBDII-ckanepa BKIIIOYWAIOYHM IIBUAKICTH, NMPHUCKOPEHHS, HABAaHTA)KEHHA HA IBHUTYH,
TIOB3JIOBXKHIH HaXwjl JOPOTH Ta BIUIMB MaHEpH BOJIHHS OyAyTh BUKOPHCTaHI JUIS MOJAIBIIOTO OUIBII AETATEHOTO
anamizy. OTpuMaHi eMnipuydHi JaHi JSDKYTh B OCHOBY IS HOAQIBIIOT0 MATEMaTHYHOTO MOJIETIOBAHHS, 110 IO3BOJIUTH
po3poOUTH onTHManbHI KOH(DIrypamii TiOpHIHOT CHIIOBOT YCTaHOBKH, BKIJIIOYAIOYM TIOTYXHICTh JIBUTYHA
BHYTPIIIHBOTO 3TOPSHHSA Ta €JIeKTPOJABHIYHA, a TaKOX €MHICTh TAToBOi Oarapei. PesymbraTH mociimkeHb
COPUSATHMYTh HE  TUIBKH MiABAIIEHHIO TadMBHOI €(QEKTUBHOCTI, IO mpHu3Beae A0  30UIbIICHHS
KOHKYPEHTOCIIPOMOKHOCTI TPAaHCIIOPTHUX KOMIIaHiH 3aBISKH 3HIDKCHHIO CYKymHOI BapTocTi BononinHsa (TCO), sx
[l MATBEPUKYIOTh OCTaHHI MiKHaponHi mocmimkeHHs (Hanpukian, TCO HEV-BaHTaxiBOK € HallHWXYOW0), a U
COpPUSATHME 3HIDKCHHIO IIKIJUIMBUX BUKHIIB OCOONMBO B MICBKOMY LHKII, IO MTO3HTHBHO BIUTMHE Ha €KOJIOTIUHY
CHTYaIlil0, a caMe SIKICTh MOBITPSI.

KiwuoBi cioBa: aBTOMOOiNb, TiOpUAHWIT CHIOBHH MpPUBIA, YMOBH €KCIUTyaTallii, MIBHAKICTh, TaJHBHA
e(heKTHBHICTh

BCTYII

OcHOBHHM 3aBJiaHHSI Oy/b SIKOTO TPaHCIIOPTHOTO 3aco0y € TIEPeBE3CHHS JIIOJE Ta BAaHTaXy 3
HEOOXIIHOIO HIBUJAKICTIO 1 BOJHOYAC 3 HAWMEHIIOK BUTPATOK pecypciB. J[isi MiABHIIEHHS TATOBO-
HIBUJKICHUX BJIACTUBOCTEH Ta MaJMBHOI €(EKTHBHOCTI HAYKOBLI Ta 1HKEHEPH OLIHIOIOTh, HAMAraroThCs
MIiHIMI3yBaTH BIUIMB Psy CHJI, QJallTyFOUd Pi3HI CHUCTEMH aBTOMOOLIS Ui iX MOMOJIaHHS, a came - CHII
iHepIil (3aJIeKUTH BijI MAacH), CHJI OTIOPY JOPOTH (OMip KOUYESHHIO Ta HAXWJI JIOPOTH) Ta CHIIU OMOPY MOBITPSL.
Tomy mocTiiHO HaMararThCsl 3pOOUTH aBTOMOOLIb JIETITNM, OOTIiYHMM Ta IUIaBHUM. KirrouoBuM 3aco0om,
METOAOM [JOCSTHEHHS ONTHUMAaJIbHOI MPOAYKTHUBHOCTI € BHUKOPHCTAHHS CHJIOBUX YCTAHOBOK 3 HaHBHUILUM
KK]] ta TpaHcwMicii, sika 6 3abe3neuyBaia poOOTy JIBUTYHAa B ONTHMAJbHOMY pekumi. HesBaxkaroum Ha
CYTT€BE 30UIBIICHHS TPOYKTUBHOCTI aBTOMOOLIIB 3 MOMEHTY 1X MacOBOTO BHKOPUCTAHHS, TaKi MPOIECH SIK
CTpiMKe 30UIbIIEHHS MapKy aBTOMOOLIIB, a TAKOX MOCWJICHHs Ipollecy ypOaHi3amii HOTipIIye eKoJIoriyHi
MOKa3HUKH HAaBKOJIMIIHBOTO CEPElOBHINA Ha CTUIBbKH, Mo 90% HaceJeHHS CBIiTy AWXa€ MOBITPSAM fKE HeE
BignoBigae crangapram BOO3 [1], a nukiniuHi HaTOBI KPH3H Ta BUYEPITHICTH PECYPCIB IMiJIBUIIYE IIIHU HA
HajabHe 3 MOJBIHHOI CUIIOH.

ABToMOOiNBHMI TpancnopT npoxykye 18% cBitoBux BukuaiB CO,, 13% 3 sxux npumagae Ha
BaHTaXHI aBTOMOOUT Kareropii N1[3]. Oco0nMBO TOCTpO TNHTaHHA TOCTA€ MiJ 4Yac Pyxy MicTtom. Y
MICBKOMY PEXHMI pyxy e(eKTUBHICTH POOOTH TPaJWIIHOTO JBHI'YHA BHYTPINIHBOTO 3TOPSHHS 3HAYHO
najae, a piBeHb BUKHUIIB MIKIUIMBUX PEUYOBHH, IIyMOBOTO 3a0pyIHEHHS, EKOHOMIYHHUX 30MTKIB 3pocTae. [2].
3riHO JTaHWX BHPOOHHKIB JIETKWUH KoMmepiiiiHuii TpancropT kareropii N1 nHa 75% poGovoro uacty
MPAIIOI0Th MiCBKOMY PEKUMI, BUKOPUCTOBYIOUH TIEpEBaYKHO Tpanuiliitauii J1B3.

OcTaHHIM YacoM WIBHAKO HaOYBalOTh MOMYJSIPHICTH E€IEKTPOMOOiIi, Hapasi BHUIYCKAIOTbCA P
MoOJIeTIeH, 10 31aTHI mpoixkmKkaTH 10 500-600 kM Ha ofHIN 3apsLi. 3HIKEH] TOJaTKY, rapaHTisd Ha OaTapero
JIO3BOJISIIOTE 301TBITUTH KiTBKICTh BIIACHUKIB €IEKTPOMOOLTIIB, MMPOTE IIi aBTOMOOLII MArOTh PSII HEIOJIKIB.
Lle Ginpln BuCOKa IIiHA, TOBTHH Yac 3apsIKaHHA, CTPIMKE MaliHHs 3aJIMIIKOBOI BapTOCTi, Ta €KOJOTi4yHi
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HACJIJKY, TOB’s3aHi 3 OUIBIIIOI0 MAacOi0, BUCOKMM KPYTHHM MOMEHTOM, IO MPU3BOIUTH 0 HAIMIpPHOTO
CIIpAIliOBaHHS IITUH Ta MPOOJIEMH, OB’ A3aH1 3 BUAOOYTKOM JIITiI0, YTHIII3AIlI€I0 TATOBUX aKyMYJISITOPIB.

Haii6inpm onTuMansHUM 30aJ1aHCOBAaHMM Ta MPAaKTUYHUM PIilIEHHSIM B OTJISZOBIH KOPOTKOCTPOKOBIH
MEPCHEeKTHBHI € MIMpIIe BOPOBaHKEHHS T1OpUIHUX CHJIOBHX YCTaHOBOK AJisi aBTOMOOLiB KaTeropii N1, ne
1o Tpagutiiaoro /IB3 momaroTh MOTYKHUI €1eKTPOABUTYH 3 MOTYXHUM aKyMyJISTOPOM IJIS TOTIOMOTH YU
MMOBHOILIIHHOTO PyXy aBTOMOOINS Ha eneKTpotTsasi. ['I0pumHI CHIOBI YCTaHOBKH MOEAHYIOTH B cO01 mepeBaru
K TPaJWLIMHMAX [BUTYHIB BHYTPIIIHBOTO 3TOPSHHA, TaK 1 €NEeKTpUYHUX MOTOpiB. Lle mocsraerscs 3a
pPaxyHOK TOTO, IO €JIeKTPOJBUIYH Ma€ 3HaYHO OiIBIINI KPYTHHI MOMEHT Ha HM3BKHX 00epTax, Ha BiAMiHY
Bix /B3, mo no3Boinse epextuBHO posranatucs. 1lim gac rambMyBaHHS Ta pyXy IO iHEPIIil BiOyBa€eThCs
3BOPOTHHH MpoIec: eNEKTPOABUTYH B PEXHMi TeHepaTopa IOYMHAE 3apspKaTH Oarapero, THM CaMéAM
3201/KYI0UH TalbMiBHY cucTeMy. OTXe CITyCKH Ta HEOOX1THICTh rajJbMyBaHHA 3apsIKaroTh Oarapero, o
301JIBIITy€ 3aI1ac X0y, [0 POOHUTH iX HOBUM JIKEPEIOM €HEPTii.

[Noeananust pobotn [AB3 1 eNeKTpUYHOrO ABUTYHIB y TiIOPHUIHUX aBTOMOOUISX IO3BOJISE OCATTH
ONTUMAJBHOTO OanaHCy MK MAJMBHOIO e(EKTHBHICTIO Ta TATOBO-IIBHIKICHUMH XapaKTEPUCTHKaMHU, a
TOJIOBHE MOXX€ JTO3BOJINTH 3HWU3WUTH BHTpATH majbHOTO 110 50 % B Mickkomy nukdii [3]. Tak sk riGpumHi
CHJIOBI YCTaHOBKH TOEIHYIOTH B CO0i TepeBaru K TPagWIlifHUX IBUTYHIB BHYTPIIIHBOTO 3TOPSHHS Ta
CJICKTPUYHUX MOTOPIB, II€ JO3BOJIIE iM OyTH OUIBII E€KOHOMIYHUMH, CKOJIOTIYHMMH, TOTYXHHUMH Ta
BUTPHUBAINMHU, HIXK YACTO EIEKTPUIHI MOJIENi, OCOOIUBO TSI TPUBATNX MapIIPYTiB.

Hapa3si npoBigni kpaiHu-BUpoOHUKH aBTOMOOLTIB, Taki sk Kutaii, Snonis Ta kpaiam €BponeicbKoro
Coro3y, akTUBHO BIPOBAKYIOTH PI3HOMAaHITHI CTUMYNIHU ISl IPUAOaHHS TiOPUIHUX TPAHCIOPTHHUX 3acO0iB,
HaMararouuch 30UIBIINTH IX YacTKy Ha puHKY. Hampukman, y Kurai mocraBnena mera, mo6 mo 2035 poky
riopuani enexrpomoOini (HEV), sixi nponatoTbes Ha BHYTpPILIHBOMY PUHKY, cTaHOBHIM 100% Bin 3araibpHOI
KUTBKOCTI JIETKOBUX aBTOMOOUIIB Ha TpagumiiiHoMmy mnanusi (Kuralicbke TOBaprUCTBO aBTOMOOITBHOI
imkenepii, 2020). B €pori, fe TpaHCIOPT JOCTaBKH CTAHOBHUTH YBEPTh BHUKHIIB, FOpUIU3AIisl JU3ETHHUX
ABTOMOOIJIIB € KITFOUOBUM pillleHHsSM. 30HU 3 HU3BKUM piBHEM BHKHIB, ooMexxeHHS CO2 no 147 r/xkm (€C,
2020 pix) crumymrotots niepexin Ha HEV, PHEV Ta EV.

AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA IMNPOBJIEMHU

Jnst ouiHkM eQeKTHBHOCTI TIOPUAHMUX CHUCTEM BHKOPHCTAaHO PpE3yJbTaTH IOPOXKHIX BUNPOOYBaHb,
MPOBEJICHNX B PI3HUX KpaiHaX, a TaKoXX aHali3 eKOHOMIYHWX MOKa3HWKIB ekciuryatamii. [licist Bimomoro
CKaHJATy, TaK 3BAaHOT0 «J{M3eNbreiTy», CocTepiracThes 301IbIICHHS KiJTbKOCTI IOPOKHIX BUIIPOOYBaHb HaJI
J1Ta00PaTOPHUMU, WO JIO3BOJIAIOTH OTPUMATH peabHI JaHi, sIKI B pa3u OuIbImi. Pe3ynbTaTH OCTaHHIX
nochimkens y CIIA, Kanani, Jlatuachkitt AMepui, Itamii, Kurai aeMOHCTpPYIOTH, 110 BHKOPHCTaHHS
MMOBHOIIIHHUX TiOpuaHuX crinoBux yctaHoBok HEV ta PHEV mis aBroMo0iniB 3HaYHO 3MEHIye BUTPATH
MajvBa Ta PiBeHb IIKIJIUBUX BUKHJIIB, a TIOPUIHI TEXHOJIOIOBI HA CHOTOJHI € MEPIIMM KPOKOM PO3BHUTKY.
3okpema, y CIIIA Kep’smaiinep Ta iH. [S] mpoBenu A0pokHI BUNpOOyBaHHS, Y SKHUX IHOPIBHSJIM pealibHi
BUKHJIM HAHOYACTUHOK, TBEPAMX YAaCTHHOK Ta caxi Bix riopumnoro PHEV aBromo6ins (Volkswagen Passat
2017), w0 WiAKIIOYAETbCS, Yy TOPIBHAHHI 31 3BUYaHUMH OCH3MHOBHUMH aBTOMOOUIAMHU. YMOBHU
BUNIPOOYBaHHS - 1€ 2 MapUIPyTH 3 Pi3HUMH YMOBaMH, MicTo Ta 1roce. [IpoBelieHe TOCHiIKEHHS TIOKa3aJlo,
mo PHEV mae Hibkumii piBeHb BUKHIIB TBEPIUX YaCTHHOK Maiike y 10 pasis.

Ban Ta iH. [6] mpoBenm nopokHi BuUnpoOyBaHHS 3 ogHuM Tibpuaom PHEV 3 mapanensHuM
MIIKIFOYECHHSM, OLIHIOIYHM €KOHOMIYHICTh Ta piBeHb MIKiAIuBUX BUKUAIB (CO, NOX Ta TBepaAHX 4aCTUHOK)
B 3aJIeKHOCTI Bijl piBHS 3apsay Oarapei Ta pexumy pobotu I'CY. Im Baanocs BUSABMTH, IO PiBEHb TTUTOMOT
BUTpaTH eHeprii OyB Ha 45% Bumum 3a ouinkamu WTW (Bix cBepUIOBUHM J10 KOJIC) B PEKUMI HiITPUMKH
3apsaay Oarapei (/IB3 mpaiiroe) mopiBHSAHO 3 PeKUMOM PO3psay Oarapei, KOJU aBTOMOOLUIb PYyXa€eThCs B
pexxumi enekTpomMobinsg. Xyanr Ponr ta in. [7] y 2022 poui npoBeiu I0pOXkKHI BUNPOOYBAaHHS, OLIHIOIOYN
nepesaru 3BuuailHux HEV nag tpaguuiinumu T3 3 /IB3 B KOHTEKCTI CIOKMBAaHHS TajuBa Ta PiBHA
NIKITMBUX BHUKHJIB Yy PI3HUX peknMax poOOTH, a caMe B CIOKiHHIM Ta arpecWBHIN MaHepi BOJiHHS.
lopuana cunoBa yctaHoBka Maia Ha 41% Kpally NaJMBHY €KOHOMIYHICTh B MICBKUX YMOBaX, 8 BHKHJIH
CO; i NOx Oynu 3umxkeni Ha 33% 1 61%, ogHak KiIbKiCTh TBepAMX YacTUHOK Ta CO Oyjo BUIIUM HiX Y
TPaHCHOPTHUX 3ac00iB 3 TpaAWUidHMMHU JBUTYHaMH. Lle TMOSICHIOETbCA YacTUMH 3YNHMHKaMH Ta
nepe3anyckamu JIB3 mis HEV. YV 3B’s3Ky 3 UM ISl KOMIUIEKCHOT'O MTOPIBHSHHS MAJIMBHOT €KOHOMIYHOCTI
Ta TMOKAa3HWKIB MIKIJJIMBUX BHUKUAIB OyB 3alpONOHOBAaHMK I1HIEKC OLIHKK peabHOTO KoediuieHTy
BinoBigHOCTI. [le MToBOMUTH HEOOXIIHICTh TOEHAHHS CTPATETiH OPIEHTOBAHUX HA MAJIMBHY €KOHOMIYHICTh
Ta KOHTPOJIb BUKHIIB.

PoGepra me PyGio Ta in. (2022) [8] mns omiHku e(EKTHBHOCTI TiOPUIHOI CHJIOBOI YCTaHOBKH
BUKOpHUCTaiH mporpamue 3abesnedeHHss ADvanced Vehlcle SimulatOR (ADVISOR). 3a iioro momomororo
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MPOBEICHO MOJICTIOBAHHS 13/0BUX IUKIIIB, 30KpeMa CBITOBOTO Y3rOJPKEHOTO IHMKIY BUNPOOYBaHb JUIS
JerkoBux TpancnopTHux 3aco6iB (WLTC). Byma crBopeHa BipTyalibHa MOJIEIb KOMEPLIHHOTO IU3EIbHOIO
TiOpUIHOTO ENeKTPOMOOUI 3 TapalelbHOK KOH(QIrypamier, sKy BepUQpiKyBad 3a JIOMOMOIOI0
CKCIIEPUMCHTAILHUAX JTAHUX, OTPUMAHUX BiJI PEaIbHOTO JTU3ENBHOTO JIBUTYHA. Pe3ynbTaTe MOACTIOBAaHHS
MOKa3aJy 3HAYHY TepeBary TiOpuaHOI cucTeMu, 30KpeMa y pexkumi BucHaxkeHHs 3apsany (Charge Depleting)
3aikcoBaHO 3HIDKEHHS CrokMBaHHS manuBa Ta BukuaiB  CO, mo  73%, a okcuniB azotry — mo 69%.
VY pexumi migrpumkn 3apsay (Charge Sustaining) mi moxasuuku ctanoBwim 30% s namusa ta CO, Ta
15,6% nnst okcuniB a3oTy.

INopiBHAHHA BUKUMIB TBEPAUX YACTHHOK aBTOMOOLNIB B Pi3HHUX PEKUMAX PYXY
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Buxuau TBEpAMX YacTHHOK PM EF (Mr/Kkn)

VW Passat PHEV Kia Ceed GDI Ford Focus PFI
B MapmpyT6 7 B MapmpyT21 MapmpyT67 B pmapmpyT2 1
B MapmpyT6 7 MapmpyT2 1 B MapmpyTo 7 B pmapmpyT2 1

Pucynok1- liarpama nopiBHsHHS piBHSA 1wKiumBux Bukuais PHEV nporu B3 [4]

[ananko Ta iH. [3] moBenwu, 1o 3actocyBanHs ['CY Ha BaHTa)KHUX aBTOMOOUISIX, 3 TOYKH 30Dy
€KOHOMIi NajiuBa Ta 3MEHLICHHS LIKiJIMBUX BUKHU/IIB, 3HAYHO e(pEeKTUBHIILE, HIXK Ha JIETKOBHX.

3rinHo pocmimxkens 2023 p. y Kwurai, ne anamizytorecs exomoriuyai (WTW —Bukumum CO2 Bin
CBEp/UIOBMHU 10 Kojic ) Ta ekoHoMiuyHi TokazHUKH (TCO-cykymHa BapTicTh BOJIOMNIHHS) IW3ENBHUX,
3BHYAHUX TiOpUAHMX Ta TIOPUIHMX BaHTAXKIBOK 3 MOMJIMBICTIO TIAKIIOYEHHS 10 MepexXi 3 pi3HUMHU
koedinieHTamu Tibpuan3anii 1 emHOCTAMHakyMynsaTopiB 50, 100 u 150 kBT/r numsxoMm mopiBHSHHS
BukuAiB CO2 i miNBHOCTI €Heprii akyMyJsTopa 0yJIo BU3HAYEHO ONTUMAIIBLHICTD BificTaHei noiznku Big 100
10 800 kM [9].

Edext exonomii nansHoro s micro-HEV, MHEV ta HEV 3aomamkye 3,5%, 16% i 20% ButpaTtn
JIU3EIBHOTO TAalbHOTO TOPIBHAHO 3 TPAaIULiMHOI CHJIOBOIO YCTAHOBKOI Yy 3MILIIaHOMY IIMKJI.
[epenbadaerbes, MO BAPTICTh 3apsJIKU, aKyMYJISTOPIB Yepe3 MONIMPEHICTh Ta PO3BUTOK TEXHOJOTIH Oyne
3HW)KYBATUCS, a 1iHa Ha HadToBe maybHe OyAe cTalijabHO 3pocTaTH. ABTOpamMH OyJIO MPOBEAEHO aHaji3
3arajibHOI BapTOCTI BOJOAIHHS 3 TOUYKH 30pY BapTOCTI BAaTa)KHOTO aBTOMOOIJISI, BApTOCTI NAJbHOTO Ta BUTPAT
Ha 00ciyroByBaHHs, puc.2 [9].
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CepenHA cyMapHa BapTiCTh BONOMIHHA (¥/KM)

Plug-in III
Plug-in II
Plug-in I

IlopHuii. . !
M'saxuit riGpumg
Mikpo ridpum
JB3 (mm3enn)

0 05 1 15 2 2,5 3 35 4 45
BapricTs manpHOTO Bapricts npuadanua Bapricts TO Ta PEMOHTY

Pucynok 1.3. [lopiBHSIHHS BAPTOCTI BOJIOJIIHHS B 3a1eXHOCTI BiT TUIY CY[9]

HEV mnponemonctpysaB naiiHmwkay TCO. Cykynna Bapricte Plug-in 306inmbimyBanacs 3 €MHICTIO
Oarapei, 1 3 HaOLIBIIOK OaTapecro HAaOIMKAETHCS O CYKYITHOI BAPTOCTI YTPUMaHHS JU3EIbHOTO ABUTYHA.
Lle moB’s13aHO 3 BUKOPUCTAHHAM KOMEPIIITHUX 3apsiTHAX CTAHIIIN Ti OUTBIIIN IiHI HAa IOKYTIKY aBTOMOOIIS 3
OinpIoro Oatapeero. VY 11iif ke poOOTi MPOBEIEHO MOETIOBAHHS HEraTHBHOTO BIUIMBY Ha €KOJIOTIIO, a caMe
ckinbku Tp/kM CO2 Oyne BUAUICHO BaXXKUMHU BaHTAXKIBKAMU B 3aJIGKHOCTI BiJ| CTYNEHS riOpuau3aiii 3
TOYKH 30Dy Bif BUIOOYTKY 10 6aky WTP , ta Big 6aky no xomic PTW, puc. 3 [9].

Pipens pukumie CO2 (Tp/xM)

Plug-in ITI
Plug-in I
Plug-in 1
[ToBHmit TiGpun
M'akuit Ti6pu
Mikpo ribpun
JIB3 (mu3ens)

0 200 400 600 800 1000 1200 1400

WTP m PTW

Pucynok 3 - INopieasHus Bukuais CO2 B 3anexHocTi BIT Tuiy CVY. [9]

Haitamxui Bukuan CO2 WTW Oynu ve y Plug-in 3 naibinemum AKB, a y HEV. OgHouacHO
Bukuan CO2 WTW plug-in 30inpiryBanucsa 3i 30inblIeHHAM e€MHOCTI Oarapei. oBeaeHo, mo 6 Tumis
riOpUIHUX €JIeKTPUYHUX BaHTAKIBOK MArOTh Kpalli €KOJIOTiYHI Ta €KOHOMIYHI MOKa3HWUKH, HIK JHM3eJbHI
BaHTaXiBKHU 3 normany BukuaiB WIW CO2 i cykynHoi BapTocTi BonoAiHHA. byno BusBieHo, mo ribpugHi
CJIEKTPUYHI BaHTAXIBKM 3 BUCOKMMH KoedillieHTaMu TiOpuan3alii NpaiioTh Halkpame. Y MaiOyTHbOMY
riOpuaHI eNeKTPUYHI BAHTAKIBKA 3 BEIWKUMHU aKyMyJSTOPaMH, IO MiJKIIOYAIOTHCS, MPaIOBATUMYTh
HalKpalie Ha KOpOTKUX BijncTansax. | HaBmakw, mig'ennysanbHi (PHEV) riOpumHi enexTpudHi BAHTaKIBKY 3
HEBEJIMKUMH aKyMyJIITOpaMu OyIyTh KpallMMHU JUIsl CEpeAHIX 1 BeJMKUX BifcraHei. lle B ocHOBHOMY
MOB'SI3aHO 31 30UIBIICHHSIM YaCTKU EKOJIOTIYHO YHCTOI ENIEKTPOCHEprii Ta 3HIKECHHSM IIiH Ha 3apsjKy.
3arasom, nepesara Plag-in TCO 3MeHIIyeThCs 31 301IbIICHHSM IIOACHHOT BiJicTaHl MpoOIry, IiH Ha 3apsaKy
Ta 3HIDKEHHSAM WiH Ha Au3enbHe nanbHe. Ha mammit momeHnt ans Kutaio B cTpykTypi BHpOOHMLTBa
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CIeKTPOCHEPTii, I[iIH Ha TalbHE, 3apSAOKY, aKyMyJISITOPH CHJIOBA YCTaHOBKA 3BWUYaiHWi TiOpuny HEV
BB@KAEThCS HAHOIbIIT e(heKTUBHOO. [9]

HIJIb TA 3AJAYI JOCJIIKEHHSA

MerToto cTarTi € eKCIepUMEHTAIbHE IOCIIKCHHS TATOBO-IIBUAKICHUX BJIACTUBOCTEH 1 MaaMBHOL
€KOHOMIYHOCT] BaHTXXHUX T10pHIHUX aBTOMOO1ITIB Karteropii N1 y peaJpbHHX yMOBax eKCILTyaTarii.

I'iOpunHi BaHTaXIBKH BUKOPHCTOBYIOTH TAaKUX THIIIB!

-mapanensHi riopuau: /IB3 Ta enekTpoABHIYH MPaLoTh OAHOYACHO abo Mo Yep3i;

-nociinoBHi TiOpumu: JIB3 BHKOPHCTOBYETHCS Aisl 3apsiDKaHHS aKyMyJaToOpa, a €JIeKTPOIBHUTYH
NPUBOANTH B PyX KOJIECa;

-koMOiHoBaHi Tiopuan: IloenHytoTh B cO01 eJeMEeHTH MapaesbHOI Ta HOCHiJOBHOI cXeM. € Kpamum
BubopoM, amke HaitOinpmmii KKJ, MiHiMi3yloun BTpaTH MOCHiOBHOI CXEMHU Ha MEPETBOPEHHS
eHeprii 3 MexaHIYHOI B ENIEKTPUYHY Ta 3 €JeKTPUIHOI B MEXaHIIHY

Knro4uoBrM MOKa3HUKOM I BU3HAYEHHs TUIY TiOpUAHUX aBTOMOOLUIIB € KoedilieHT ribpuan3zaii,

0 XapaKkTEPU3ye 3AIEKHICTh MOTYKHOCTI TATOBOTO ENEKTPOJBUIYHA JI0 CyMapHoi motyxkHocTi ['CY:
FEM

Hybridization foctor = - rE"f =-
Fem+FicE Frehicle
ne Fepy ¥ Frz — MaKCUMalIbHI TOTY)KHOCTI elleKTpoaBuryHa ta /B3, sika moctymnHa ajs npuseaeHus T3 1o
pyxy.
3a nUM OKa3HUKOM y Tabi. 1 HaBeleHI XapakTepHi O3HAKH TUIIIB TiOpumiB [2].

Tabmurs 1 - XapaktepHi 03HaKH TUMIB riOpumiB [2]

Pesxum pobotu
z
A Y z =
= L =X - m
= | = - =
s | 52 | § |5 =8
= = = < = o <& =
T v Q < A 5 = H
HII K . (=1 ) =
5 = o & EE |= &% 3
oL v = v o= = j=5 =
~ -] =) < <
@) = 5 = L = = o $
3] =
o
Mikporiopua + — - —
M’ sikuii ridpua + + — —
IToBHuUit ribpu + + + —
I1narin ribpunnii + + + +

st TOCSTHEHHST METH JIOCIIDKEHHS NMPOBE/CHI JOPOKHI BUNpoOyBaHHs. [lpu mpomMy Oe3mnocepeHe
BHUMIPIOBaHHS MapaMeTpiB PyXy aBTOMOOLIS (IIBUAKICTH, MPUCKOPEHHS, BUTPaTa ManBa, HABAHTA)KEHHS Ha
JBUTYH, TEMIIepaTypy, 3MiHa TMO3/0BXKHBOIO HAaXWIy JOPOTH, HAmpsiM BITPY) B peallbHUX YMOBax
eKCIUTyaTallii HaJjae MaKCUMallbHO JOCTOBIPHI JlaHi, OCKUIBKH BOHH OTPUMYIOTHCSI B pPeajbHHX YMOBax Ta
JIO3BOJISIIOTH BUSIBUTH HerependadeHi edeKTH B3aeMOJlii CHCTEM, HE3BaXKAIOYM Ha BapTICTh Ta YacoBi
BUTPATH, CKJIAJHICTh BIITBOPEHHS 1 TOBTOPIOBAHOCTI BCIX MOKJIMBUX YMOB €KCILTyaTarii.

[IpeameroM MOCTIKEHHSI CTAd YMOBH EKCIUTyaTaiii MOmyJspHOi Mojeni kiacy N1, siKy o s
BUKOPUCTOBYIOTh B KOMITaHii AJIs1 pO3BE3EHHS TOBAPIB IIMPOKOTO BXHUTKY MOBHUM poOounii ieHs B Kuesi Ta
obmacri. Ile BanTaxuuii aBroMmo0ias MERSEDES SPRITNER 208 cdi, guszens 06’emom 2143¢cm3, 105kBT,
KJIaC €KOJIOTTYHOCTI €Bpo 6. ABTOpPOM OyJIO MPOBEICHO JOCIIKESHHS IbOI'0 aBTOMOOILIS B pEAIbHUX YMOBax
eKCIUTyaTallii Ha 3aJJaHOMY MapIIpyTi, y 3BUYaliHIIA PoOOYHM JIEHb, JIJIsl 4OTO CKIIQJICHO 3BiT IO MPOOITy.
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Pucynok 4 - Mapmpyt pyxy aBTroMo0itst ctanoM Ha 9 TpaBHs 2025p.

Ha nmepmomy erami OyB BUKOHAHMIA MOMNEpenHiN aHali3 MaarBHOI e()EKTUBHOCTI, IIBUAKOCTI Ta MaHEpH
BOMiHHA. [ LOTO BHKOPHCTOBYBAHCS MAaHi OOPTOBOTO KOMITIOTEpa aBTOMOOUIS, IO BiIMOBigae
eKOJIOTIYHOMY cTaHzapty €Bpo 6 3 BOyIOBaHOIO CHCTEMOI0 HaBYaHHA [UI E€KOHOMIYHOTO BOJIHHS.
[IpoTsiroM MOBHOTO POOOYOTO JHS JOCHIIHKYBAHOTO aBTOMOOLIS (PiKCyBamuCs MOKAa3HUKH BUTPATH TTalUBa
Ta OLIIHKA CTHJIIO KEPYBaHHS BOJIsS Mix yac Omm3bko 20 3ynmMHOK Ha MapuIpyTi Ha OCHOBI 3BiTiB PO MOI3AKY
Ha KOXXHOMY Biapi3ky musixy. Ilporpama 3HiMae Oanmu 3a pi3KH pO3TiH Ta TalbMyBaHHS, 320X0YYE
MepeMHKATH Tiepesiadi B NTOTPiOHWH MOMEHT Ta MAaKCUMaJIbHO BUKOPHCTOBYBATH CHITY iHEpIIii, puc. 5.

_ i
Trip report
~ Distance: 295.6 km

Average consumption 5.5
/100 km .

Total consumption 16.4
: '
Average speed 22.6
km/h ‘ Gear shift
Without consumption 108.2
- .

[ Acceleration

‘ Anticipation

" Save Reset

Pucynoxk 5 — I[TapameTpu, 110 GiKCyIOThCSI OOPTOBUM KOMITIOTEPOM, 3@ MTOT3IKY

PE3YJIBTATHU JOCJII?)KEHb
OtpuMaHi gaHi OyJM CHUCTEMaTH30BaHI y TaOmuW4Hii (opMi, Ha OCHOBI 4YOoro Oyjau MoOymoBaHi
nonepeHi rpadiky BUTPATH HalKMBa Ta MIBUAKOCTI pyXy, pHC. 6.
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Butpara nanusa npotarom poboyoro ans, n/100km \
CepepHs WBHAKICTD, HM/TOA

w
., KMTOL,

CepeanHa sutpaTta n/100Kkm
w
LIBMAKICTE
>

0 20 40 60 80 100 120 140 - 0 0 40 60 80 100 120
MpolizeHa BiLCTaH, kKM BICTAHG, KM
a) 0)
PucyHok 6 - 3MiHUM cepelHbOT BUTpATH MajuBa (a) i cepeAHbol IBUIKOCTI pyxy (0) Ha MapuIpyTi.

I'padik, puc. 6a, TeMOHCTpye MPHUPOIHE 30ITBIIEHHS BUTPATH MAMBAa Ha KOPOTKHUX BIJICTaHSIX Ta
0co0JIMBO HA HE MPOTPITOMY JABWUTYHI Ta 3HIKCHHS BUTPATH MPH PyCl HA Tpaci Ta B MICLAX 3 HAXHIOM
noporu. [Ipu iboMy BCTaHOBJICHO, O 35% MapmipyTy, a 1e 44,2kM, 0yJI0 I0J10JIaHO HAKaTOM (33 PaxyHOK
CWJIY 1HEpIii Ta HAXWITY IOPOTH), IO BIATIOBIA€ MTOTIEPETHIM JOCITIIKEHHSIM.

I'padik, puc. 60, AEMOHCTpPY€E NMPUPOIHE 301IBIICHHS CEPEIHBOI MBUIKOCTI Ha aBToMarictpaini Kuis-
BpoBapu Ta ii 3HIWKEHHS Ha KOPOTKMX BiacTaHsx y MicTi. [Ipyn mpoMy MOKa3HMKH CepelHBOI IIBUAKOCTI
6oproBoro 11K Oynu 3Bipeni 3 gaammu GPS 1 BcraHoBneHo, mokazHuku [IK 3aBumytoTh mBHUAKICTH Ha 3
KM/TO.I.

Ha pesynbraTi I0CiiKeHb MaTUBHOT €EKOHOMIYHOCTI 1 CepelHbOI MIBHJKOCTI PyXy CYTTEBO BILTHBAE
MaHepa BOJiHHs. Tak, MaHepa npog)eCiifHOTO BOisl BAHTAXKIBKH JIEMOHCTpYE Kpaily edekTuBHicTh Ha 10%
(85 GamiB mpoTu75), M0 TOBOPHUTH MPO KPAILy MPOTHO30BAHICTh, & OTXKE Kpallle BUKOPUCTAHHS CUIIN 1HEpIii
Ta MEHII pi3Ke MPUCKOPEHHs, 110 B JAaHOMY BHUMAJIKy 3MEHIIYE CHIIy ONOpPY iHEpIii, m0 HampaBiieHa y
3BOPOTHIH OiK BiJ] pyXy aBTOMOOLISI.

Y pe3ynbTati NpoBEACHUX AOCIiIKEHb BCTAHOBIICHO:

- npoiaena 125 kwm;

- cepeans putpara mnanuBa 5,07 1n/100 (mokasHuku BuTpaTH nanuBa Bijg Ooprooro IIK Oymm

NepeBipeHi METOIOM 3alpaBKu «Big 6aky 10 Oaky», JaHi 3aHIKEH] Ha 6%);

- cepelHs MIBUIKICTh Ha MapuIpyTi 24 km/rox 24;

- cepeIHs HIBHJKICTh PyXy HakaToM 44,2 KM;

- yac pyxy 6e3 npocToiB 5 roauH, 10XB.

Otpumano macuB gaHux 3a gonomororo OBDII-ckanepa 7 MBb 1 orpumani rpadiku OynyTb
BUKOPUCTaHI HA HACTYIHUX eTarax JJisi OUIbII JEeTaTbHOTO aHaji3y HIBHIKOCTI pyXy, BUTpPATH IaJHBa,
BIUTMBY TI03/I0B)KHBOTO HAXWJIy JOPOTH Ha IIi MOKA3HWKH, & TaKOX BHUKOPHCTAHO! MOTYXXHOCTi JIBUTYHA.
JlocnipKeHHsT CKJIAHOTO MacuBy (aKTOpiB, 110 BIUIMBAIOTH HAa PyX aBTOMOOLNb, JO3BOJIUTH FAPMOHI3yBaTH
ribpuaHy cucTeMy JOCTiHKYBAaHOTO aBTOMOO1IS.

OBI'OBOPEHHA PE3YJIBTATIB.

B ymoBax crpiMkoi ypOaHi3awii, TOCHJIEHHS €KOJOTIYHMX BHKJIHKIB, TMOB’S3aHMX 3 BHUKHIAMH
aBTOMOOUIFHOTO TPAHCHOPTY Ta 3aJIEKHICTIO BiJ IMIOPTY MAJBHOTO MUTAHHS MiABHUIICHHS MaIMBHOL
e(EeKTUBHOCTI Ta 3HIKEHHS IIKIJJIMBUX BHKHIIB BIANPAllbOBAHUX Tra3iB HaOyBa€ KPUTHYHOTO 3HAUYCHHS.
HesBakatoun Ha 3HAYHI YCHIXW Yy BIPOBAJKEHHI TIOPUIHUX TEXHOJOTIH y JIETKOBHX aBTOMOOLISX, IXHE
JOCTIDKEHHS Ta MPaKTHUYHA peaji3allis Juisl MaJIuX BaHTaXXHUX aBTOMOOuUIIB kareropii N1 3HauHO Bijcrae,
IO CTBOPIOE KPUTHYHY TPOTAIMHY B HAYKOBOMY 3HAaHHI Ta IHXKEHEpHid mpaktuii. JlaHe JOCHiKEeHHS
3aIIOBHIOE [0 MTPOTAIMHY, aHAI3yI0UH peallbHi YMOBH €KCILTyaTalii y MiChKOMY Ta IPUMiCbKOMY PEXHMax
MOIMYJISIPHOTO KOMEPLIHHOTO TPAHCIIOPTY NPOTATOM MOBHOTO poOoyoro aug. OTpuMaHi faHi Ta iX nojasblie
BUKOPUCTAaHHS JJs1 MaTeMaTHYHOTO MOJENIOBAHHS JO3BOJSTH HE JIHMIIE pO3POOUTH ONTUMAIbHI
koH(pirypamii, mapamerpu noryxHocti JIB3 Ta enekrpoaBuryHa, EMHOCTI TATOBOI Oarapei, a i CIPUATHMYTh
€KOHOMIYHIM TepeBa3i Ta KOHKYPEHTO3JATHOCTI BHPOOHWKIB Ta BIACHUKIB TPAHCIOPTHUX KOMIIAHIHN
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OJTHOYACHO 3MEHIIYIOUH iXHI{i HETaTUBHWHN BINIUB HA NOBKULIL. TakuM YHWHOM, PE3yJbTaTH ITi€i poOOTH
MarOTh 3HAYHY TCOPETUYHI Ta MPAKTUIHY IIHHICTE IJIS TOJINIICHHS ¢(DEKTUBHOCTI BAaHTAKHUX T1OPUIHUX
aBTOMOO1I1iB Kateropii N1.

BUCHOBKH

VY pesynbraTi MpOBENEHHUX MOCTiIKEHh Ha OOpaHOMY MapuIpyTi MOBXKHWHOIO 125 KM BCTaHOBJIEHI
Cepe/iHs BUTparTa MalliBa, CepeqHs MBHJIKICTh, Yac MpocTor Tomo. 1lngxoMm aHamizy maHux 3 60pTOBOTO
koMmm'totepa Ta OBDII-ckanepa 0yi0 BH3HAUEHO OCOOIMBOCTI €KCILIyaTAI[ifHOTO IUKITY, 30KpeMa 3HAYHY
4acTKy pyxy Hakatom (35% nuraxy), mo miATBepIKye MOTEHITIAN U peKyIepaiii eHeprii.

OtprMaHi eMmipu4Hi JaHi JSHKYTh B OCHOBY JIS MOJANBIIOTO MaTEMATHYHOTO MOJETIOBAHHS, IO
JI03BOJIUTH PO3POOUTH ONTHMaIbHI KOH(Irypanii riOpuaHOi CHIIOBOI YCTaHOBKH, BKJIIOYAIOUU MOTYXHICTh
JBUTYHA BHYTPIIIHBOTO 3TOPSHHS Ta EJICKTPOJBUIYHA, & TaKOXK €MHICTh TAroBoi Oarapei. Pesymbrarn
JOCTI/DKEHHS. MalOTh 3HAYHY NPAKTUYHY MIHHICTh, OCKITBKH MOXYTh CHPHSATH IiABHINEHHIO MaJTHBHOI
eeKTUBHOCTI  Ta  3HMKCHHIO  WIKIJJIMBUX  BUKH[IB, [0, CBOE  YEProrw,  MiJABHIIUTH
KOHKYPEHTOCIIPOMOXKHICTh TPAHCIIOPTHUX KOMITAHIHM Ta 3MEHIINTh TXHii HETraTUBHUH BILTUB HA JTOBKIJLIS.
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M. Kondratiuk. Research of operation conditions for N1 category hybrid trucks.

At the intersection of several key trends—tightening environmental standards for vehicles, relentless
urbanization, growing dependence on fuel imports, and the increasing role of light commercial vehicles in e-
commerce logistics—the efficiency of the powertrain for N1 category vehicles becomes critically important. N1
category vehicles constitute a significant share of the vehicle fleet, and according to manufacturer data, they
operate in urban driving modes for over 75\% of their working time. The most suitable solution for this operating
regime appears to be the hybrid powertrain, which has been developed over the last 20 years and is widely
implemented in passenger transport. A significant lag in both scientific research and practical implementation of
hybrid systems for this vehicle type has been identified. To address this gap, a practical study of the operating
conditions of a popular commercial vehicle (Mercedes Sprinter 208 CDI, Euro 6) was conducted under real-world
conditions during a typical working day. This provided an empirical basis for further mathematical modeling.
Analysis of data from the on-board computer and an OBDII scanner identified specific features of the duty cycle,
notably a significant proportion of coasting, accounting for 35% of the route (44.2 km). This confirms the
potential for energy recuperation and the use of a hybrid powertrain in conditions with frequent stops. At this
stage, a preliminary analysis of data collected from the on-board computer for $20 stops has been conducted. The
obtained data were systematized into a tabular form, and graphs of speed and fuel consumption changes were
plotted. Data collected via the OBDII scanner, including speed, acceleration, engine load, longitudinal road grade,
and the impact of driving style, will be used for further, more detailed analysis. The obtained empirical data will
form the basis for subsequent mathematical modeling. This will enable the development of optimal hybrid
powertrain configurations, including the power split between the internal combustion engine and the electric
motor, as well as the capacity of the traction battery. The research results will not only enhance fuel efficiency—
increasing the competitiveness of transport companies by reducing the Total Cost of Ownership (TCO), as
confirmed by recent international studies (e.g., TCO for HEV trucks is the lowest)—but will also contribute to
reducing harmful emissions, particularly in urban cycles, thereby positively impacting the environmental
situation, namely air quality.
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CYYACHI EKCILTY ATAIIIHHI BUMOT'H 10 JOPOXHIX TPAHCIIOPTHHUX 3ACOFBIB

VY crarTi po3mITHYTO Cy4acHi eKCIUTyaTalliifHi BIMOTH IO HEPCIEKTUBHUX aBTOMOOLTIB — TPaHCIIOPTHUX
3ac00iB, IO MPOEKTYIOTHCS 3 ypaxyBaHHAM MaiOyTHIX TEXHIYHHX, CKOJIOTIYHMX 1 COI[iaJbHUX BHKIHKIB. AHami3
OXOIUTIOE aCIeKTH Oe3MeKd, HaIiMHOCTI, MAJMBHOI i eHepreTHYHOi e(EeKTUBHOCTI, EKOJOTIYHOCTi, TEXHIYHOTO
0o0ciyroByBaHHS, €proHOMIKH, IHU(pOBizamii Ta KibepOe3mekHw, a TaKoXK CTaHAAPTU3AIl 1 PeryIATOpHI BHMOTH.
HaBeneno pexoMeHpamii oo excIUTyaTalliifHOI MOMITHKM Ta KOMIUIEKCHOTO MiAXOAY [0 OIIHKA TOTOBHOCTI
aBTOMOOLIIS 10 CY4acHUX YMOB €KCILTyaTarlii.

Ha ocHOBI mpoBemeHOro aHaiizy CcQOpMyJIBOBaHO IIPAKTHYHI PEKOMEHJAlil IOJ0 BIOCKOHAJICHHS
eKCIITyaTaniiiHol MONITHKH, YIIPOBaPKCHHS 1HTEIEKTYaAIbHUX CHCTEM YIPaBIiHHS TEXHIYHUM CTaHOM i 3a0e3NeueHHs
KOMILICKCHOTO TMiJXOAy JO OIIHKA TOTOBHOCTI aBTOMOOINSA JO eKcIulyaralii B cydacHMX ymoBax. OTpuMaHi
pe3yiabTaTH MOXYTb OyTH BHKOPHCTaHI NPH pO3poOJICHHI HOPMAaTHUBHUX JOKYMEHTIB, MOJEpHi3allil TEeXHIYHUX
CHCTEM, a TaKOX Y HAYKOBHX JTOCITIDKEHHSX, CIPAMOBAHUX Ha MiJBUIICHHS ¢(EKTUBHOCTI Ta OE3MEKN TPAaHCIIOPTHUX
3ac00iB MallOyTHROTO.

KuaouoBi cjaoBa: mepcHeKTHBHI  aBTOMOOLTMI, eKCIUTyaTamidHi BHMOTH, HaAidHICTH, Oe3meka,
eHeproe(peKTUBHICTh, EKOJIOT1YHICTh, TEXHIYHE 00CIyroByBaHH:, HU(pOBi3allii, KibepOe3neka.

BCTYII

CydacHuii aBTOMOOLNE TiepecTaB OyTH JHIIE MEXaHIYHUM 3acO00OM TepecyBaHHA. BiH moenHye
MEXaHiKy, eJeKTPOHIKy, TIporpamHe 3abe3leueHHs Ta CKIaJHI CHCTEeMH ympasiiHHSA. llepcriexTuBHI
aBTOMOOLII — IIe TPaHCMOPTHI 3ac0o0H, SKI MPOEKTYIOTHCS 3 YPaxyBaHHSM TPHBAJIOTrO XUTTEBOTO LUKIY,
3MIiH y €HepreTH4Hiil iHQpacTpyKTypi, CyBOPIIMINX €KOJOTIYHUX HOPM Ta HOBHX OYiKyBaHb KOPHCTYBadiB
o0 KoMQopTy i 6e3nexu. Lle cTaBuTh HOBI eKcILTyaTaIliifHi BUMOTH, SIKi IOBUHHI OyTH 3aKiajieHi e Ha
eTari po3po0KH i MATBEPKEHI i Yac eKCIuTyaTailii.

CyuacHuii aBTOMOOIb TIEPETBOPUBCS Ha CKIAIHY CHCTEMY, LIO MOEAHYE MEXaHiuHi, eJIeKTPOHHI,
iHdopMariiiHi Ta eHepreTHYHi KoMIOHeHTH. [lepcriekTvBHI aBTOMOOLTI MaroTh 3a0e3MeuyBaTH BHCOKY
e(EeKTHBHICTh EKCIUTyaTalii, HaJiiHICTh, EKOJOTiYHICTh 1 IHM(GPOBY iHTErpamito 3 iHQPACTPYKTYpOIO.
3pocTaHHs BUMOT JI0 TPAHCIIOPTHUX CUCTEM 3YMOBIIIOE HEOOXIIHICTh (JOPMYBAaHHSI HOBUX EKCILTyaTalliiHHX
KpUTEPIiB, SKi BpaXOBYIOTh KUTTEBUH IUKII, O€3MEKY, eHeproe)eKTUBHICTH 1 aJJallTUBHICTh aBTOMOOIJIS.

Merta cTaTTi — cucTeMaTu3yBaTH Ta OOIPYHTYBAaTH Cy4acHi BUMOTH JO €KCIUTyaTalii mepCcreKTUBHUX
aBTOMOO1IIB, BAOKPEMHUTH KIIFOUOBI HANIPSIMHU BJIOCKOHAJICHHS €KCILTyaTaliiHOT OMITUKY Ta 3allpPOIIOHYBaTH
MPaKTU4HI PEeKOMEHAIlii JIyIsi BUPOOHHUKIB, ONepaTOpiB aBTONAPKIB 1 CEPBICHUX OpraHizalliii.

AHAJII3 JIITEPATYPHUX JJAHUX TA IOCTAHOBKA IIPOBJIEM

VY cydacHHX JOCHI/DKEHHSX eKCIUTyaTal[iiHUX XapaKTepUCTUK aBTOMOOUTIB BITYHM3HSHI Ta 3apyOikHi
aBTOPH  pO3IJIIAIOTH  IMUPOKW  CHEKTp  mpoOjeM, TMOB'SI3aHUX 3 HaJilHICTIO, 0e3MeKoro,
eHeproe(eKTUBHICTIO Ta NU(POBI3aIli€0 TPaHCIIOPTHUX 3ac00iB. [IpobieMu miBUINEHAS eKCILTyaTalliitHO1
HaJilHOCTI Ta Oe3rmekn aBTOMOOWUIIB aKTHUBHO JOCHIDKYIOTHCS B POOOTaX BITYM3HSIHHX 1 3apyOiXHHUX
yueHux. 3okpema, Murane B.Jl. migkpeciroe BaxIIMBICTh ajanTailii TEeXHIYHOIO 00CIIyrOBYBaHHS J10 HOBUX
texnonoriil. P.C. Cunmopenko, B.A. AnydpieB, B.O. KonecHikOB aHali3ylOTh PO3BUTOK €JIEKTPOHHHX
cucreM KepyBaHHs, a [letpoB A. L. i ['onuapyk M. C. Z0CHiIKyIOTh €HEPreTUYHI aClEeKTH eNEeKTPOMOOITIB.
Mixnaponui craggaptu ISO 26262 i SAE BusHauaroTh npuHUMNM (YHKIIOHANBHOI OE3MEeKH, a 3BIiTH
MixHaponHoro eHepretuuHoro areHtrctBa (IEA) HaronomyrmoTh Ha BaXKJIMBOCTI e€HEproe(eKkTUBHOCTI B
ABTOMOOLUTEHOMY CEKTOPI.

Muranes B.JI. (2022) npuniisie oco0nuBy yBary oprasizaiiii TeXHIYHOTO 00CIyroByBaHHS aBTOMOOLITIB
3 ypaxyBaHHSM HOBITHIX TEXHOJOTIH, MIJKPECIIOIOYHM  HEOOXIAHICTh  BIPOBA/PKCHHS  CHCTEM
TEJIEMETPUYHOIO MOHITOPHHTY Ta MPEIUKATUBHOTO 00CIyrOBYBaHHS IJIsl 3HM)KEHHSI IPOCTOIB 1 MiABUILIEHHS
HaxiHocTi ekcrutyaranii [1]. P.C. Cunopenko, B.A. Anydpie, B.O. KonecnikoB (2023) anamizyroTb
Cy4acHi CHCTEeMH KepyBaHHS aBTOMOOiNeM, 30Kkpema BIpoBajikeHHS ADAS Ta eNeKTpOHHHX CHCTeM
Oesnekn. BoHM miIKpecioOTh, IO aKTUBHA Oe3leKka CTae KIIOYOBUM €JIEMEHTOM eKCIUTyaTaliiHoi
MOJIITHKH, 1 BiJl IPaBUIBHOCTI 1i HaJalITyBaHb 3aJ€KUTh HE JMIIEe Oe3leKa MacakupiB, a # ePeKTUBHICTD
pobotu aBTOMOOUNIS B ckiamuux ymoBax [2]. I'anmsrok M.O., Jdyounpkuit O.C., Masumiok I1.B. (2024)
Posrnsparots mpuHIMnE (GopMyBaHHS MaTeMaTHYHOI MOZENi OaraTOKpUTEpIalbHOI CTPYKTYPH OIIHKH
SKOCTI aBTOMOOIJISI B CHCTEMI YHPaBIiHHS TEPMIHOM €KCIUTyaTalii aBTOMOOLIA, 10 TOBMHHI BimoOpaxaru
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OCHOBHY CYKYIHICTh Cy4aCHHUX BHMOT CEpEIOBHINA HOTO EKCINTyaTallii Ta HiBEIIOBATH HEIOJIKH MOJIEICH,
siki pamime 3actocoByBammcs. [3]. JL I I'peumxin, H. I'. Kymp  (2016) JlocmimKyioTs IepeBaru
PaJIOTEXHIYHOI JIIaTHOCTHKK aBTOMOOLIS, SIKi MOJIATaI0Th B O€3KOHTAKTHOCTI, BUCOKIN TOYHOCTI, IIBUIKOCTI
0OCTeXCeHHs, Oe3MEeYHOCTi, YHIBEpPCalIbHOCTI, NOCTYMy A0 BaXXKOAOCTYMHUX 30H. llpm pamioTexHiuHii
TIarHOCTHIII TPAHCIIOPTHOTO 3ac00y HeMae MoTpedm po3dmpath abo nedeKTyBaTH JeTalli aBTOMOOINIA, a
TO3BOJISIE BUSBIATH ApiOHI nedekTr abo 3MIHM Ha paHHIX CTaAisX 3aTpavalodd 3HAYHO MEHIIE 4Yacy, HiXK
Tpaauniina miarHoctuka [4]. Novak J.,, Smith A. (2017) y cBoiii poGoti «Vehicle Reliability and
Maintenance Strategies» TpOBOAATH TOPIBHSUIIBHUM aHAN3 TPaAWLIHHUX Ta MPEIUKTUBHUX CTpaTerii
00CITyroByBaHHS aBTOMOOLTIB Y pi3HUX KpaiHaX. BOHU MOKa3yrOTh, 10 BUKOPUCTAHHS CTAHOOPIEHTOBAHOTO
00CITyTOBYBaHHSl JJO3BOJIIE CKOPOTUTH BHUTPAaTH Ha TexHiuHe oOcimyroByBaHHS A0 20-25% i miaBHIMTH
6e3BinMoBHIcTh cucteM. Haeusler A. (2021) y xypnani Automotive Security Journal posrnsgae nuranHs
kibepOe3mekn aBTOMOOUTFHUX cHucTeM. BiH Bka3dye Ha HEOOXigHICTH OaraTopiBHEBOi aBTeHTH(IKaIIii,
mmdpyBaHHS JaHUX, MO Ta peryaspHOro ayAauTy Oe3meku i 3amobiraHHs kiOepatakam. Cucrema
ynpasiiHHs KidepOesnexoo (CSMS) BiZHOCHTBCA O CHCTEMAaTHYHOI'O, 3aCHOBAHOTO Ha OLIHII PHU3HUKIB
X0y 0 BCTAHOBJIEHHS OpTaHi3allifHUX MpoleciB, 000B’S3KIB 1 KEPIBHUIITBA B YIIPABIIHHI PU3HKAMH,
MOB’si3aHUMH 3 KiOep3arpo3amu [UIsl TPaHCHOPTHHUX 3aco0iB, 1 3aXHCTOM TPAHCIIOPTHUX 3acO0iB Bif
kibeparak [5].

PermamenT OOH Ne 155 - € 1uHi monmokeHHS mo10 oiniiHOTO 3aTBepKEHHS TPAHCTIOPTHUX 3ac00iB
CTOCOBHO KibepOe3meku Ta CHCTeMH yIpaBIiHHS KibepOesmekoro [2021/387] [6]. MixkHapoaHi cTaHIapTH
ISO 26262 ta noxymentn SAE BH3HA4alOTh NPUHIUNY QYHKIIOHAIBEHOI O€3MEKH aBTOMOOLTIB, 110 CTAlOTh
00O0B’SI3KOBUMH I BCIX BUPOOHHUKIB CYy4aCHUX aBTOMOOLTIB 1 3aKJIaJal0Th OCHOBY JUIS €KCIUTyaTalliiiHUX
mpoteayp. 3BiT MixnapogHoro eneprermuHoro arentctBa (IEA) «Global EV Outlook» migkpecmioe
rno0anbHi TEHICHILIT PO3BUTKY €JIEKTPOMOOLIBHOIO TPaHCIOPTY, 3POCTaHHS YacTKU €JIEKTPOMOOINiB y
CBITOBOMY aBTOMNApKy Ta Ba)KJIUBICTb PO3BUTKY 3apsaHoi iHpacTpykTtypu. Lle cTuMmymioe 3MiHU B
eKCIUTyaTalliifHii TOMITHII Ta BUMorax 1o eHeproedektuBHOCTI. €Bporeiickka koMicisa (Clean Vehicles
Directive) Bu3Ha4ae HOpMATHBHI BHUMOTH IIOAO €KOJIOTIYHOCTI aBTOMOOiNIB, OOMEXKEHHS BHKHIIB Ta
MpoLeAypH yTWmizalmii Oarapedl 1 IHIIMX KOMIIOHEHTIB, IO BIUIMBAlOTh HAa CTAHJIAPTU CKCILTyaTallii
nepcrnekTuBHUX aBToMoOLTiB. Kpuxtina 0. O. aHani3ye aepkaBHy HOJITHKY PO3BUTKY TPAHCIIOPTHOI rairy3i
VYkpainu: Teopisi, METO0JIO IS, TpaKkTUKa [7].

OTxe, aHali3 OCTAaHHIX JOCTI/KEHb MOKa3ye, MO KIIOYOBI HANpsIMH PO3BUTKY EKCILTyaTal[iiHHX
BUMOT JI0 TPAHCTIOPTHHX 3aC00iB BKITIOYAIOTh:

- MBUIICHHS HAAIHHOCTI Yepe3 MOIYJIBHICTh 1 CTAaHAaPTH3AIIIF0 KOMIIOHEHTIB;

- BIPOBA/DKCHHS HU(PPOBUX TEXHOJIOTIHN JUIS IPEUKTUBHOTO 00CITyTrOBYBaHHS;

- IHTErpallilo CHCTEM aKTUBHOI Oe3IeKy;

- ONTHUMI3aIli0 eHeproeeKTUBHOCTI Ta KepyBaHHS OaTapesiMu;

- 3a0e3neueHHst KibepOe3nekn Ta 3aXUCTy JaHUX;

- IOTPUMaHHS MDKHAPOJIHUX CTAH/IAPTIB Ta EKOJOTTYHIX HOPM.

i wHampsiMu BH3HAYAIOTh Cy4YacHY KOHICMIII0 EKCIUTyaTalliifHOI TOJITHKH TEepPCIEeKTUBHUX
aBTOMOO1ITIB, (JOPMYIOTH BUMOTH 10 BHPOOHHWKIB, OIEPATOpPIiB aBTOMAPKIB Ta CEPBICHUX OpraHizaiii Ta
MOXYTh CIIY’KHTH HayKOBOIO OCHOBOIO JIJIS IIOJANBIINX JIOCHIPKEHB Ta PO3pO0OK.

OIJIb TA 3AJAYI JOCJIKEHHSA

MeTol1o cTaTTi € cUCTeMaTH3allisl Cy4acHUX eKCILTyaTaliiHUX BUMOT JI0 NIEPCIEKTHBHUX aBTOMOO1IIB 1
(hopMyBaHHS PEKOMEHJIAIIH 11010 BAOCKOHAJIIEHHS eKCILTyaTaniiHoi momtuku. [l 3abe3nevyeHHs CTilikoi
Ta e(QEeKTHUBHOI eKCIulyaTaiii HEeoOXiJHI KOOpAWHALS MK BHUPOOHHUKOM, OIIEPaTOpOM Ta CEPBICHOIO
MEpeXer0, a TaKOX IOCTiHHE OHOBJIEHHS CTaHIApTIB 1 HaBYaHHS NepcoHany. llepcriekTuBHI aBTOMOOLTI
MaloTh OyTH CIPOEKTOBAHI 3 METOIO CIIPOLICHHS TEXHIYHOTO 0OCIYroByBaHHS: yHi(DiKOBaHI MOAYJIi, AOCTYII
JI0 4acTo 00CITYroByBaHUX JIeTallei, 3aCTOCYBaHHs JIarHOCTHYHHX iHTEp(eEHCiB 1 e 3HUKYE Yac IMPOCTOIO Ta
BapTICTh €KCILIyaTallii.

J1st TOCATHEHHS! METH BUPILLIEHO TaKi 3aBJaHHS:

- BU3HAYUTH KIFOYOBI HAIIPSIMHU PO3BUTKY €KCILTyaTalliiHUX XapaKTepUCTHK;

- y3arajbHUTH TCHIEHIT [udpoBi3allii;

- OLIHHUTH BIUIUB €KOJIOTIYHHX 1 KiOepOe3neKoBUX (PaKTOpiB Ha EKCIUTyaTallito.

PE3YJIbTATHU JOCIIIKEHb

V3aranpHeHHS 10Ka3ajo, Mo (opMyBaHHS EKCIUTyaTal[ifHUX BUMOT Mae 0a3yBaTHCh Ha CHCTEMHOMY
migxomi. KirrodoBuMu HampsMamu € iHTerpailis MUQPPOBHX TEXHOJOTIH y TexHiYHe OOCIyroByBaHHS,
MiABUIICHHS HaIiHOCTI 4Yepe3 MOAYNBHICTh 1 JIarHOCTHKY, 3HIDKCHHS BIUIMBY Ha JOBKULISA, a TaKOX
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3a0e3nedyeHHs Kibep3axucTy. Po3poOiieHHsT CTaHIapTiB eKCIulyartalii cupustuMme e()eKTHUBHIIIN aganTarii
aBTOMOOWITIB 10 YMOB MaliOyTHROTO TpaHCTIOPTY. IIpoBeneHnii aHai3 CyJacHUX €KCILUTyaTalliiHUX BUMOT 110
MEPCHEKTHBHUX aBTOMOO1IIB 103BOJIsIE CHOPMYBATH HACTYITHI KIIFOYOBI pe3yIbTaTH:

1. KommnekcHicTh eKCIuTyaTallifHUX BHMOT: Cy4acHi TPaHCIIOPTHI 3aCO0HM IHTETpYIOTh MeXaHiuHi,
€JIEKTPOHHI Ta TPOTpaMHiI CHUCTEMH, III0 BHMara€ KOMIUIEKCHOTO MiAXOAY IO IXHBOTO OOCITyrOBYBaHHSI.
BusBreno, mo eekTrBHA eKCILTyaTallisi MOKIIMBA JIMIIIE 32 YMOBH Y3TO/DKEHHS TEXHITHUX, OpraHi3aIlifHimx
1 eKOJIOTIYHHX ACIEKTiB.

2. besreka Ta HaAIHHICTE: IHTETpallis TACHBHAX Ta aKTHBHHUX CHUCTEM OE3IEKH 3HIKY€E PU3UKU aBapiit
Ta MABUIY€E HaAIHHICTH aBTOMOOIS. JlochikeHHs TOKa3yIoTh, 0 PeryisipHe KalliOpyBaHHS CEHCOPIB Ta
OHOBJICHHS IPOTrPaMHOT0 3a0e3MeueHHs] € KPUTHYHO BasKIIMBUMH IS T ATPUMKH MIPaLe3JaTHOCTI.

[lacuBHa Oe3neka mependavdae KOMIUIEKC KOHCTPYKTHBHHUX pillleHb, CIIPSIMOBAaHMX Ha MiHIMi3aliio
Hacmiakie JTII. Jlo HMX HaleXaTh €HEPrONONNIMHANBHI 30HW aedopMaliii, kapkac Oe3NeKH, CHCTEMH
MOAymIOK Oe3lekd, peMeHi 3 TepenHartaryBauamMu. IlepcreKTHBHI aBTOMOOUT MPOEKTYIOTHCS 3
BUKOPUCTAHHSM HOBUX BHCOKOMIIIHUX JIETKUX MaTepialliB — allOMiHI€BHX CIUIaBiB, KOMIIO3HTIB,
TepMorutacTiB. Lle mae 3Mory 3HMBUTH Macy TpaHCIOPTHOTO 3aco0y 0e3 BTpaTHh >KOPCTKOCTI Ky3oBa. B
eKCIUTyaTamii HeoOXiTHO TMPOBOAWTH PETYISAPHHUI OINANl HECYYHMX EJIEMEHTIB Ky30Ba, IMEPEBIPKy CTaHy
KpiIUleHb, MIAPHIPIB, IIBIB 1 aHTUKOPO3IMHOTO MOKPHUTTA. Taki MpoleaypH OCOOJIMBO aKTyalbHi s
eJIeKTPOMOOLIIB, y SKUX OaTapeiiHi OJOKH 4acTo IHTETPOBaHI Y CHIIOBY CTPYKTYPY IIaci.

Cucremn aktuBHOI 6e3neku (ABS, ESP, TCS, AEB, LKA, ACC Tomo) [8] 3amo0iraroTh BHHUKHCHHIO
aBapidHuX cHrTyanid. [nsg mnepcrneKTHMBHUX aBTOMOOLTIB OOOB’SI3KOBHUMH CTaloTh Komiuiekcn ADAS
(Advanced Driver Assistance Systems) Ta cucTeMH aBTOHOMHOrO KepyBaHHs. OCHOBHI eKCIUTyaTaliifHi
BUMOTH TOJISTAIOTh Y:

- perynsipHomy KaniOpyBanHi cercopiB (LiIDAR, pagap, kamepn);

- OHOBJICHHI MTPOTPAMHOTO 3a0€3MEeYCHHS CUCTEM PO3Mi3HABaHHS Ta OOPOOKHU NaHHX;

- TIepeBipIIi MPae3IaTHOCTI MicIsl Ky30BHOTO PEMOHTY a00 3MiHH TeOMeTpii Ky30Ba;

- MIepiOUYHIN TIePEeBIPIli TOYHOCTI CUCTEMH MO3UITIOHYBAHHS B CKIIQJHUX YMOBAX (IO, CHIT, ITHJ).

Hapiitna pobora 11X crcteM 0e3nocepeIHhO BIUIMBAE Ha SKCILTyaTalliiiHy 0€3eKy aBTOMOO1IIS.

3. EneproeekTHBHICTh 1 MalMBHO-CHEPTETHYHA IMOJITHKA: Cy4acHI aBTOMOOLUII BHKOPHUCTOBYIOTbH
pi3Hi TUIIM npUBOAIB (eNeKTpUuHi, riOpuaHi, BogHesi). OnTumizanis podotu Oatapeil, cucteM pekymneparii
SHeprii Ta ynpaBJIiHHS 3apsyDKaHHAM 3HAYHO MIBUIIYE PECYpC KOMITIOHEHTIB Ta 3MEHIIYE eKCILTyaTaliiHi
BUTpaTH. BUKOpHCTaHHS MOAYJIbHOI KOHCTPYKIIii JO3BOJISIE 3MEHITUTH BIUTUB HA HABKOJIMIIHE CEPEIOBHILE
Yyepe3 NOBTOPHE BUKOPHCTAHHSA JeTaliel 1 mepepoOKy OaTapeit.

[lepcriekTrBHI aBTOMOOLTI BHKOPUCTOBYIOTh Pi3HI KOMOiHAIi NMPUBOJIB: JBUTYHH BHYTPIIIHBOTO
3TOPSIHHS 3 CUCTEMaMH peKyIiepallii, mapajieisHi abo MociIoBHI TiOpUIN, MOBHICTIO €IeKTPHYHI IPUBOAH 3
TMTiA-IOHHUMH 200 TBEpPAOTIIPHUMH OaTapesMu, BOJHEBI ManuBHI eneMeHTH. J[Isi KOXXHOTO THITY
BCTAHOBIIIOIOTBCS CBOI €KCIUTyaTaliiiHi BUMOTH: KOHTPOJIb TEMIIepaTypu, rpadik 3apspKaHHs, JOMYyCTUMI
IUKJIA TTIHOOKOTO po3psiy, MpaBuiia 30epiraHHst Mpyu HU3BKUX TeMIepaTrypax.

Cucrema BMS (Battery Management System) BiAmoBijae 3a MOHITOPUHT HANpPYTH, TEMIIEPATYpH Ta
CTpyMy KOXHOI Komipku Oartapei. BoHa 3miiicHI0e OanaHCyBaHHS €JEMEHTIB, 3arobirae IeperpiBy,
KOPOTKOMY 3aMUKaHHIO Ta jerpazamii. Ilig uac ekcruryararii moTpiOHO peryjspHO NEpPEBIpATH CTaH
OXOJIOJKYBaJIbHOI CHCTeMH OaTapei, KOHTPOIIOBATH XypHATW 3apA/DKaHb 1 MUKIW TIIHOOKOTO PO3PSAY,
MPOBOJUTH JIarHOCTHKY Jerpaauii eJIeMeHTIB uepe3 NporpamHi iHTepdeHcH, JOTpUMYBaTHCS MPaBHI
30epiranHs MpH TPUBAIOMY IPOCTOI aBTOMOOLIS.

Excrutyatariifina e(eKTUBHICTh €JIEKTPOMOOLUISA 3aJ€KUTh BiJl JOCTYHHOCTI 3apsiIHUX CTaHIH i
cymicHocti poz’emiB (Type 2, CCS, CHAdeMO Ttompo). IlepcrnextuBHi cucremu Smart Charging
JO3BOJIAIIOTH  OajaHCYBaTH HABaHTAKEHHS Ha EJIEKTPOMEpEXKY, 3HIDKYBaTH BapTiCTh eHeprii Ta
MiATPUMYBATH €HEPreTHYHY CTa0UIBHICTE periony. [ aBTonapkiB BaXKJIMBO IHTETPYBATH 3apsIHi CTaHIIl y
BHYTPIIITHIO CUCTEMY YIPaBIiHHS TPAHCIIOPTOM.

4. Hudposizamis Ta kibepOesneka: BOpOBaKEHHS TeJIeMeTpil Ta BiIaJICHOr0 MOHITOPHHTY A03BOJISIE
MPOrHO3YBaTH TEXHIYHMN CTAH aBTOMOOLIA, 3armodiraTy MOJIOMKaM Ta ONTHMI3yBaTH PEeCypCH aBTOIApPKIiB.
3abe3neueHHs KiOepOe3neKn CTae HEBiJ'EMHOKO YAcTHHOK eKCIUTyaTallifHOT TOJITHKH, IO BKIFOYAE
mmdpyBaHHs JaHUX, AyAUT OHOBJICHb Ta KOHTPOJb AOCTYILY.

Tenemerpuuni cuctemu (Hanpukinaa, On-Board Diagnostics 3.0, Over-the-Air Updates) 103BOJISIOTH
30uMpaTd JaHi MpO CTaH aBTOMOOiIA B peajdbHOMYy uaci. L{i JaHI BUKOPHCTOBYIOTHCS JUISI TEXHIYHOI'O
MOHITOPHHTY, aHaji3y CTHIIO BOMIHHA Ta ONTHMI3amii MapmipyTiB. ExcroryarariiifHi BAMOTH BKIIIOYAIOTh:
CTaHAApPTH30BaHi MPOTOKOJIM Tepeadi JaHuX, 30epeKeHHs] KpUTHYHHX ITapaMeTpiB y JIOKaJIbHOMY CXOBHIIII,
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pe3epBYBaHHS KaHAIIB 3B 3Ky y BUNAAKY 30010 Mepeki. OCKIIbKM aBTOMOO1Ib CTa€ YaCTHHO MEPEKEBOT
iHGpPaCTPYKTYpH, BiH Miajsarae pusrkam Kidepatak. OCHOBHUMH 3aX0/daMU €: TIEpeBipKa IU(PPOBUX ITiITUCIB
OHOBIICHb, MIN(PYBaHHS TEIEMETPUYHHX JJAHUX, OaraTopiBHEBa aBTEHTHU(IKALS TOCTYITy 0 AiarHOCTUYHUX
CUCTEM, XYPHATIOBAaHHS MO 1 mepiognuHuil ayaut Oe3neku. KibepOesneka ctae He MEHII BaXKITUBOIO, HIX
MeXaHi4Ha HaJiiHICTh aBTOMOOLIA.

5. Epronomika Ta koMopT: amanTHBHI iHTepdeicH, MATPUMKAa KOPUCTYBadiB 3 OOMEKEHOIO
MOOUTBHICTIO Ta IHTYITUBHO 3p0O3yMisli iH(OpMamiiHO-pO3BaKalbHI CHUCTEMH MiABUIIYIOTH Oe3MeKy 1
3py4HICTh ekcinryaTamii. IlepcnekTuBHI aBTOMOOLII MarOTh OYTH TPHUCTOCOBAaHI A0 MOTped PIi3HUX TPyl
KopucTyBadiB. [HTepdelicn kepyBaHHS CTAIOTh aJalTHBHUMU: HAJAIMITOBYIOTHCS IIiJ 3PICT, 31p, yrmomo0aHHsS
BOJisl. BUKOpUCTaHHSI TEXHOJOTIH IITYYHOTO iHTEJEKTY Aa€ 3MOTY MPOTHO3YBaTH HaMiph KOpHCTyBada i
aBTOMATUYHO HAaJaIITOBYBAaTH CHCTEMH. [HpOpMaliiiHO-pO3BaXKallbHI CHUCTEMH iHTErpyIOTh HaBiraito,
3B’S30K 1 JOITOMOTY BOAi€Bi. BoHM mMOBUHHI OyTH MpOCTHMH, iIHTYiTHBHUMU, HE BIJBOJIKATH BiJl KEPyBaHHS.
Bumoru ekcrutyarariii BKIIFOYAlOTh MEPIOAMYHI OHOBJICHHS, MNMEPEBIPKY (YHKI[IOHATHHOCTI TOJOCOBOTO
KepyBaHHS Ta KOHTPOJIb CyMiCHOCTI MOOITBHUX MPUCTPOIB.

6. Hapmiitricte 1 TexHiuHe 00CITyroByBaHHSA. KOHCTpPYKTHBHAa pPEMOHTONPHIATHICTH IOKA3ye, IO
MEPCIIEKTHBHI aBTOMOOLI MaloTh TPOEKTyBaTHCH 3a mpuHiunoMm Design for Maintenance, ToOTO 3
ypaxyBaHHSIM 3pyYHOCTI IOCTYIy JI0 BY3IiB, yHi(ikamii KpirieHb, MOIYIBHOCTI KOMIIOHEHTIB. Lle ckopouye
TPUBAIICTh TPOCTOIB Ta BHUTpaTH Ha peMoHT. OcoONMBY yBary MNpUIUIAIOTE pPO3poOIi  €IUHUX
niarHoctryHUX iHTEpdeiiciB (Hanpukinaa, OBD-I1I, UDS, DolP), siki 703BONSIOTh MPOBOAUTH IWCTAHIIITHE
TECTYBaHHSI CHCTEM 1 IpOrpaMHy peKoHpiryparito 6JI0KiB.

[lpu mnpenukaTHBHOMY OOCIIyTOBYBaHHI TpaJulliiiHa CHCTEMa TEXHIYHOTO OOCIyroByBaHHS 3a
KaJleHapeM IOCTYMIA€EThCs MiclieM cTaHoopieHToBaHOMY (condition-based) Ta MpemIWKTHBHOMY MiIXOJaM.
ABTOMOOLIb CaMOCTiiHO 30Mpae TeleMEeTpUuHi JaHi 3 AaTdukiB (BiOpamii, THCK, TemrepaTypa, CTpyM) i
nepeaae iX y XMapHi aHamiTH4HI cucTeMH. Ha OCHOBI aNrOpuTMiB MAallMHHOTO HAaBYAHHA MPOTHO3YETHCS
pecypc KOMITOHEHTIB (HampWKIaj, MiAMUNHUKIB abo OartapeiiHmx moxayni). Lle mo3Bomse 3amobiraTu
BiIMOBaM i 3MEHIINTH HETUIAHOBI MMPOCTOI TPAHCIIOPTY.

s 3abesnedeHHs O€3MEpPepBHOT eKCIUTyartallii moTpiOHa CTaHJapTHU30BaHa JIOTICTHYHA CHCTEMa
MOCTa4yaHHsl 3aMacHUX YacTHH. BakIMBHMHU CTalOTh IU(POBI KaTalorn KOMIIOHEHTIB, YHi(iKoBaHI KOIU
neraneid 1 MOXJIMBICTh 3D-IpyKy AESKHX €JIEMEHTIB Ha Micui. Y pa3i OHOBJIEHHS €JIEKTPOHHHX MOJIYJIB
(mampuknan, ONOKIB KepyBaHHS) HEOOXiTHO 3a0e3MeYUTH BEPCIHHICTH MporpaMHOro 3abe3reueHHs, 1100
YHHKHYTH KOH(QIIKTIB MiCII PEMOHTY.

7. ExonorivHiCTh i BIUTUB Ha MOBKiUIA. HaBiTh enexkTpoMoOini MalOTh HENpsMi BUKHIIU, TTOB’S3aHi 3
BUPOOHUIITBOM Oarapeil i reHepaiielo enekTpoeHeprii. ToMy NpH OMIHINI E€KOJIOTIYHOCTI BpPaxOBYIOTh
noBHUH xutTeBnid 1K (LCA) — Bijx BUpOOHMIITBA MaTepialiB 0 yTuimizamii. B ekcruryaranii HeoOXigHO
nepeadadaTy KOHTPoib BUKHAIB (i [AB3), yruiizanito Mactui, QiabTpiB i aKyMysIsaTOpiB BiAOBIAHO 110
esponeiicbknx aupektuB (ELV, REACH). CyvacHi BUMOTHM BUMararoTh OpraHizamii cucTeM pekynepauii
MaTepialiiB — OCOOJIMBO Uil aKyMyJSITOPiB, sIKI MICTATH JIiTii, KOOAIbT 1 Hikenb. [lepcreKTHBHUM
HanpsMoM € peManydakTypunr (remanufacturing) — BiJHOBJICHHS BXKUBAHUX KOMIIOHEHTIB 13 MMOAAJIBIINM
MOBEPHEHHSM Y BUKOPUCTAHHSI.

8. Posib Mi>kHapOIHUX CTaHIAPTIB 1 HOpMATHURBIB: BiAMOBiAHICT ISO 26262, SAE Ta nupexrtusam €C
3a0e3nedyye €auHI MpaBuia OE3MeKH, EKOJOTIYHOCTI Ta (PYHKIIOHAIbHOI HaIiMHOCTI, IO CIPOIILYE
eKCIUTyaTallilo B Pi3HUX PETiOHaX Ta MiABUIIYE JOBIPY KOPUCTYBAYiB 1 OIIepaTopiB aBTOMAPKIB.

OBI'OBOPEHHA PE3YJBTATIB JOCJJIIAKEHHSA

[NacuBHa Oe3reka (KOHCTPYKTUBHI €JEMEHTH Ky30Ba, 30HH Jedopmarlii, CUCTEMH YTpUMAaHHS
MacaXUpiB) JMIIAETbCA 0a30BUM EKCIUTyaTaliiHUM BUMOTOIO. JIJisl MepCeKTUBHUX aBTOMOOLTIB BasKIMBO
3a0e3MeYUTH BHCOKY KOPO3iliHY CTiIHKIiCTh MaTepiaiiB, 30epeKeHHs EHEpProNOTIMHAIBHUX BIIACTHBOCTEH
YIPOJIOBK TPUBAIOTO PECYPCY Ta JOCTYIHICTh €JIEeMEHTIB KPITUICHHS I1iJ] YaC TEXHIYHOTO 00CITyrOBYyBaHHSI.
Excruryaranist Mae mepenbavaTé MepioJindHy IEpEeBIpKY CTaHy KapKacy, aHTHKOPO3IMHOI'O TOKPHUTTS i
KpINMIBHUX 3'€AHAHb.

Cucremu pomomoru BonieBi (ADAS) 1 aBTOMaTHYHOTO KEpyBaHHS 3pOCTAlOTh Yy CKIQJHOCTI H
KutpKocTi. EKculyaTaliiHi BUMOTH BKIIIOYAIOTh peEryJsipHe KamiOpyBaHHs natuwkiB (pamap, LiDAR,
KaMepH), OHOBJICHHS IPOTpaMHOro 3a0e3MeueHHs Ta A1arHOCTUKY CeHCOpHUX cucteM. OnepaTopy MOBHHHI
MaTH IpoLeaypH nepeBipku npane3gatHocTi ADAS micist peMOHTY 4M 3iTKHEHHsI, 8 TaKOX IIiJ] Yac 3MiHU
YMOB €KCITTyaTtaiii (Halpukiai, iINTEHCUBHOTO CHITY 200 IHITY ).

Exkcruryarariiini mOJITHKA TOBMHHI TepemdavaTH JIOTICTHKY 3allaCHUX YacTHH, CTaHIApTH30BaHI
MPOLEAYPH PEMOHTY MOXYJIB Ta MOXIHMBICTH OHOBIIEHHs (replacement vs. repair). IIpo3opa cucrema
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BEpCIMHOCTI enmeKTpoHHHX MomymiB 1 [IO 3HmWKye pu3uk HecyMmicHOCTI Tmicias pemoHTy.Ilepexim Big
KaJICHIapHOrO JI0 CTAaHOOPIEHTOBAHOI'O Ta MPEAUKTUBHOTO OOCITYrOBYBaHHS IiJBHINYE €()EKTHBHICTb.
HeoOxigHi BUMOTH: HasBHICTH CHCTEM MOHITOPHHTY CTaHy KOMIIOHEHTIB, 30ip TeleMmeTpii, cTaHAapTHa
mpoleaypa OHOBJICHH Ta aHAIII3y JaHHUX JUIS CBOE€YACHOT TiarHOCTUKH.

Jia enexTpoMOOiTiB KITFOYOBIMHE € BUMOTH JI0 CHCTeM ympaBiiHHS Oarapesmu (BMS): MoniTOpHHT
cTaHy, OajaHCyBaHHS €JIEMEHTIB, 3aXUCT BiJ INIMOOKOTO po3psiay Ta meperpiBy. Excruryararis nepenbavae
peryJsipHi mepeBipku cTaHy OaTapeil, BeleHHS iCTOpii 3apikaHb Ta TEMIEPATypHOTO PEXHUMY, a TaKOXK
pEeKOMEHAIli IIOoJ0 TpHUBAIOro 30epiraHHs. HaBiTh eIeKTpOMOOUTI MaroTh EKOJIOTIYHI acIleKTH —
BHPOOHUIITBO, yTHII3amis OaTapeit i MatepianiB. ExkcinryaTariitHi mpoueaypu MaioTh BKIIOYATH BiAIOBIIHI
MpaBUiIa yTUITi3aliil, peKymnepalii Ta mepepoOKH KOMIIOHEHTIB, a TAKO)K MOHITOPHHT HTTEBOTO LUKIY.

[lepcnexTuBHI aBTOMOOINI TIOBMHHI BpaxOBYBAaTH PIi3HOMAHITHICTh KOPHUCTYBadyiB: aJalTHBHI
iHTepdelicu, maTpuMKa JIoei 3 00MeKeHOI MOOUTBHICTIO, TPOCTOTA YIIPABIIIHHS Ta IHTYITUBHICTh CHCTEM
iH(pOpMaLifHO-pO3BaXKATFHOTO KOMIUIeKcy. EkcruryaTtamiiiHi BUMOTH MaroTh BKIIIOYATH HaJallTyBaHHS
npodisliB KOPUCTYBaUiB, TOKYMEHTAILII0 3 YiTKUMH IHCTPYKLISMH Ta HaBYaHHS MEpPCOHAy aBTOMapKiB.3i
30iTBIIEHHSIM POJi TpOTrpamMHOTrO 3a0e3leYeHHs Ta MEpPEeKeBOro 3BSI3KYy 3pocTae pH3UK Kibeparak.
ExcroryaTaniiiazi BUMOTH TIOBHHHI MICTUTH TONITUKK oHOBIeHb 1O, Bepudikamii miAmmMciB OHOBJIEHB,
MPOLEAYPH BITHOBICHHs IICJIS IHIMICHTIB Ta peryysapHi ayautd Oesneku. [lepcriekTwBHI aBTOMOOLNI
MMOBMHHI OyTH CIPOEKTOBAHI 3 ypaxyBaHHSM MIKHAPOIHUX 1 HAI[lOHAJHHUX CTaHAAPTIB (KOHCTPYKTHBHI,
eKoJIOTiuHi, O0e3mekoBi). EkcrimyaTariiiiHi BUMOTH BKJIIOYAIOTh MiITPUMKY CepTH(]IKAI[ifHUX TOKYMEHTIB,
HaSBHICTh MIPOLEAYP JUTS MMiATBEPKCHHS BIAMOBIAHOCTI Micis Moau(iKalliii Ta OHOBJICHB, @ TAKOX BEACHHS
JOKYMEHTAIlii PO TeXHIYHUI CTaH.

[IpakTi4aHi peKoMeHaaIii:

1. BmpoBaauTu cHCTEMH MOHITOPHUHTY CTaHy 30MpaHHs TeJleMeTpii Al NpeAuKaTHBHOTO
00CITyrOByBaHHSI.

2. Po3pobutn pernamenTy kamiOpyBaHH 1 epeBipku ADAS micis Oyab-IKiuX peMOHTHHX POOIT.

3. BropoBanuti mpouenypHi BUMOTH 10 oHOBIeHb [IO — mianmmcaHi makeTH, KypHall OHOBJICHb i
BIJIKaTHI IUTAHU.

4. 3a06e3neynTy JIOTICTUKY 3aMacHUX YaCTHH Ta IUJIaH 3aMiHI/PEMOHTY OaTapeii i MOIyIIiB.

5. OpranizyBatu peryJisipHe HaBYaHHS IEPCOHATY Ta AOCTYII A0 IM(POBOI JOKyMEHTAIi.

Po3pobienHss MeTofy Ta amapaTypu Ajsl aHalizy ¥ BUMIpIOBaHHS iHTETpalbHOI MOTYXHOCTI HpPH
MOHITOPHHTY TPaHCIIOPTHHUX 3aCO0IB € CKIIQJHUM, MPOTe BKpall aKTyalbHWUM 1H)KEHEPHHM 3aBJIAHHSM, IIO
OXOIUTIOE MUTaHHS esiekTpoMarHiTHoi cymicHocti (EMC), exonoriyHoi Oe3meku, KiOep3axucTy Ta
panioMoHiTOpuHry. OCHOBHOIO METOI0 TaKOro JOCHI[DKEHHS € BU3HAUCHHA IHTErpajbHOi (CymapHOi)
MOTY>KHOCTI IIyMY, SIKHH BUIPOMIHIOETHCS TPAHCIIOPTHUM 3aCO00M — HE3aJISKHO Bijl THUITy HOTO CHIIOBOI
YCTaHOBKH (JBUTYH BHYTPIIIHBOTO 3TOPSHHSA, TiOpHIHA YHM €JIeKTpUYHA CUCTeMa NpUBOAY). AHai3
NPOBOMUTHCS y 33JaHOMy Jiarma3oHi 4YacTOT 3 YypaxyBaHHSIM OCOOJHMBOCTEH poOOTH JBHIYHA,
€JIEKTPOOOIIaIHAHHS, CUCTEM 3aps/PKaHHs (y BHIIQIKY €JIEKTPOMOOLTIB) Ta KOMYTalliHHUX MPUCTPOIB —
30KpeMa iHBEpPTOPIB i CHCTEM HIMPOTHO-IMITyIbcHOT Moy sl (LLIIM).

OyHKIIOHANBHI 3aBJaHHS JOCIiKEHHS 1epen0avyatoTh BUKOHAHHS TAKUX €TalliB:

- aHaJIi3 IIapaMeTPiB IIyMY TPAHCIIOPTHOTO 3aCc00Y;

- Mo0Oy/IOBY CHEKTPOTpaM BHIIPOMIHIOBAHb y 33J]aHOMY YaCTOTHOMY Jliara3oHi;

- aBTOMaTU4YHE OOYMCIICHHS IHTETrPajIbHOT MOTYKHOCTI;

- IOPiBHIHHS OTPUMaHMX PE3YJIbTATIB 13 HOPMAaTUBHUMH BUMOT'aMHU.

INonaneima omiHKa pe3ynbTaTiB 3MIMCHIOETHCS NDIBIXOM MOOYJNOBU Tpadika 3MIiHH IHTETpajbHOT
noTyHOCTi y 4aci. [Ipu npoBeneHHi aHani3y 3aCTOCOBY€ETbCS HOPMAaTHUBHA 0a3a, IO perjaMeHTYyeE BUMOT'H
710 eJIEKTPOMArHiTHOI CyMICHOCTI TPaHCTIOPTHHX 3ac00iB:

- CISPR 12, CISPR 25 — HopMH 110AO PIBHIB padioNEepeIiKo/l, IO BHIPOMIHIOIOTHCS
TPAHCIIOPTHUMH 3ac00aMu;

-I'OCT 30377, TOCT P 51317 — meTonuku BUNIPOOYBaHHS €JIEKTPOMArHiTHOTO BUIIPOMIHIOBaHHS Ta
OLIIHKHU HOT0 BIUIHBY;

- 1SO 11452-1 — cranjgapTy, IO BU3HAYAIOTH IMYHITET aBTOMOOUIBHUX EJIIEKTPOHHUX CHUCTEM JIO
PaznioyacTOTHOTO BUIPOMIHIOBAHHS.
BUCHOBKHU

Ha ocHoBI aHami3zy niTepaTypH, JOCTiHKCHD Ta MPAKTHIHUX MPUKIIAJIB €KCINTyaTallii IePCIIeKTUBHUX
aBTOMOO1JIIB MOYKHA 3POOMTH TaKi BUCHOBKH:
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1. IHTETpaIliss TEXHONOTiH: MepCIeKTUBHUI aBTOMOOUIb — II€ CHCTEMa, ¢ MEXaHi4Hi, eJICKTPOHHI Ta
u(poBi KOMITOHEHTH TOBHHHI TPAIOBATH CHHXPOHHO. EXCITIyaTaliiifHa MmoriTHKa Ma€e 3a0e3eYUTH IXHIO
CYMICHICTb Ta HaliiHICTh MPOTATOM YCHOT'O KHUTTEBOTO LIUKITY.

2. [Ipiopurer Oe3meku Ta HaIIHHOCTI: IOEAHAHHS TACHBHOI Ta aKTHBHOT OC3IEKH, PETYJISIPHE TEXHIYHE
0o0CITyroByBaHHS Ta KaliOpyBaHHA CEHCOpPIB € KPUTHYHUMH (haKTopaMd 3MEHIIEHHS aBapiifHOCTI Ta
iABUIIEHHS TOBrOBIYHOCTI aBTOMOOLIISL.

3. EneproedexkTuBHiCTh Ta CTiHKICTh: €(EKTHBHE YHPABIiHHS EHEPreTHYHHMHU PECypcamu,
nepenOadeHHs Aerpanmarii Oartapeil Ta BUKOpPHCTaHHS TiOpHIHWUX 1 ENEKTPUYHUX NPHUBOMIB 3MEHIIYE
eKCIDTyaTaliiHi BUTPATH Ta BIUIMB HA HABKOJMIIIHE CEPEIOBUIIE.

4. Iludposizawis Ta kibepOe3neka: BIPOBaIKEHHS TeJIEMETpii, CUCTEM BiIAaJICeHOT0 00CIYrOByBaHHS
Ta 3axHCTy JAaHUX [O3BOJSIE TMEPEXOJUTH BiJl TPaJULIHHOTO KaJeHIApHOTO OOCIYroBYBaHHS MO
CTaHOPIEHTOBAHOTO 1 MPEINKATHBHOTO, IO TiABHUIY€E e(pEKTUBHICTH 1 Oe3MeKy.

5. MoaynpHICTh Ta cTaHIApTHU3AIlis: 3aCTOCYBaHHS YHI(iKOBaHUX MOIYJIiB, CTAHAAPTHUX iHTEpdEciB
Ta BIAMOBIAHICTP MDKHApOAHWM HOpMaM 3alesledye MIBUIAKUN PEMOHT, MOBTOPHE BHUKOPUCTAHHS
KOMITOHEHTIB 1 JIETKE BIPOBAKEHHS HOBUX TEXHOJIOTIH.

6. PexomeHparii ansi MpakTHKU: BIPOBAKYBAaTH CHUCTEMH MOHITOPHHTY CTaHy 1 MPEeIUKaTHBHOTO
00CITyTOBYBaHHS, OpPraHi3yBaTH peryJspHE HaBYaHHS IEpPCOHANY Ta IOCTYN A0 IM(poBOI ITOKyMeHTalii,
3a0e3MeYnTH JIOTICTHKY 3allaCHUX YacCTHH Ta IUIaH 3aMiHW Oarapei i MOAYINIB, CTBOPIOBATH PETIaMEHTH
kanmiopyBanast ADAS 1 nepeBipku npare3aTHOCTiI CUCTeM Oe3MeKH MiCIIs PEMOHTIB.

TakuM 4YHMHOM, YCHIIIHA EKCIUTyaTallisli MEepCHeKTHBHUX aBTOMOOLUIIB MOXIMBA JIMIIE 33 yMOBH
KOMIUIEKCHOTO MiAXony A0 Oe3leKu, HamiiHOCTi, eHeproeeKTHBHOCTI, HU(POBI3alii Ta IOTpUMaHHSI
MDKHApOJHUX CTaHAAPTIB, IO 3a0e3Meuye CTiHKy, eheKTUBHY Ta €KOJIOTIYHO BIAMOBIIATbHY €KCILTyaTallito.
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Kuts N.G. Contemporary Operational Requirements for Road Vehicles

This paper examines modern operational requirements for prospective vehicles — transportation
means designed with consideration of future technical, ecological, and social challenges. The study provides
a comprehensive analysis of key aspects, including vehicle reliability, safety, fuel and energy efficiency,
environmental impact, maintenance strategies, ergonomics, digitalization, cybersecurity, standardization,
and regulatory compliance. Emphasis is placed on the integration of active and passive safety systems,
predictive maintenance strategies, advanced battery management, and sustainable energy management
approaches.

The review highlights recent scientific and industrial research, identifies current trends in automotive
technologies, and provides practical recommendations for vehicle manufacturers, fleet operators, and service
organizations. The paper stresses the importance of life-cycle management, modular design, and digital
monitoring systems to ensure reliable, efficient, and environmentally responsible operation.

Finally, the study underscores that the development and implementation of a comprehensive
operational policy, aligned with international standards and emerging technologies, is crucial to maintaining
vehicle safety, performance, and sustainability in the evolving transportation landscape.

Developing a method and equipment for analyzing and measuring integral power when monitoring
vehicles is a complex but extremely relevant engineering task that covers issues of electromagnetic
compatibility (EMC), environmental safety, cyber security, and radio monitoring. The main goal of this
research is to determine the integral (total) power of noise emitted by a vehicle, regardless of the type of its
power plant (internal combustion engine, hybrid or electric drive system). The analysis is carried out in a
specified frequency range, taking into account the characteristics of the engine, electrical equipment,
charging systems (in the case of electric vehicles), and switching devices, in particular inverters and pulse
width modulation (PWM) systems.

Keywords: prospective vehicles, operational requirements, reliability, safety, energy efficiency,
environmental sustainability, maintenance, cybersecurity, digitalization.
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Jrobwuii €.B., 'opbauos I1.D., Kaninyc C.B., ['ybapes O.C.
Xapkiscbkutl HAYiOHALHUL ABMOMODILIbHO-00PONCHIU YHIgepcUmem

EKCHHEPUMEHTAJIBHA OHIHKA BIIJIMBY YACY BUIIEPE/ZKEHHS HA EQEKTUBHICTD
IILTAHY KOOPIUHAILII

VY cTaTTi po3ISHYTO aKTyalbHy Mpo0jeMy HiIBUINEHHSA €(EeKTHBHOCTI CUCTEM KOOPAMHOBAHOTO KepyBaHHA
JOPOXKHIM PYXOM y MICTax 3a paxyHOK BpaxyBaHHS 4acy BHUIIEPEIDKECHHs, HEOOXIIHMH Ui PO3rOHY AOJATKOBHX
TPAHCHOPTHHUX 3ac00iB, M0 HAKOMUYYIOTHCA MEpes CTON-TiHIE YeproBOro B IUIaHi KOOpAuHamii mepexpects. Ha
BIZIMIHY BiJ] 3aKOPJOHHHX MNPAaKTHK BIPOBAPKCHHS aJalTUBHUX CHCTEM KEpyBaHHS TPAHCIIOPTHHUMH ITOTOKAMH, B
YKpalHCBKHX yMoBax uepe3 (iHaHCOBI Ta iH(ppacTPyKTYpHI OOMEXEHHsS OCHOBHHUM IHCTPYMEHTOM e(EeKTHBHOTO
KepyBaHHS PyXOM TPAHCIIOPTY Yy MICTaX 3aJIMIIAETHCS caMe KOOPIMHOBaHA po0OTa CBITIOQOpPHHUX 00’€KTiB (3e1eHa
xuis). HassBHI MeTonmku moOymoBH IUIAaHIB KOOpPAMHAII HE BPaXOBYIOTh BIUIMBY JOAATKOBHX TPAaHCIOPTHHX
3aco0iB, 10 3’ABISIOTHCS HA MiAXOJaX 0 CKOOPAMHOBAHUX MEPEXpecTh, a TAKOXK dYacy, HEOOXiTHOTO IJIS PO3TOHY
Yepru 0 MIBHIAKOCTI PyXy OCHOBHOTO MOTOKY. Lle 3HMXKye 3araipHy e(eKTHBHICTh KOOPIMHALIT Ta YHEMOKIHUBIIOE
3a0e3mnedYeHHs] PiBHOMIPHOTO MPOCYBAaHHS TPAHCHIOPTHHUX 3aCO0IB Y3[0BXK MaricTpaii 3 KOOPAHMHOBAHUM KEePYBaHHSIM.
[MuTanHs BU3HAYECHHS 1 BpaxyBaHHS Yacy BHICPEKCHHS 3aIUINAETHCS BIAKPUTUM, IONPH YUCICHHI CHPOOH
onTUMi3alii CTPIYKA dYacy 3€JeHOi XBWJII Ta TapMOHI3allii IMIBHIKOCTI PyXy TpPaHCIOPTHHX MOTOKIB. Jlis
EKCIIepUMEHTAILHOTO OI[IHIOBaHHS BIUIMBY 4Yacy BHUIIEPEIKEHHS Ha e(eKTUBHICTH IUIaHY KOOPIAHMHALII CTBOPEHO
iMiTaniiHy TPAaHCHOPTHY MOZENb AUITHKH MaricTpaii 3 KOOpJIMHOBaHUM KepyBaHHSIM (Ha ocHOBI mpukiany 3 HCM
2016) y cepenosumi VISSIM. 3MiHHUM mapaMeTpoM y MOJENi € 4Yac BUNEPEIKCHHs. Pe3ynbTaTH MOJICITIOBAHHS
3aCBIAYYIOTH, 1[0 CEPEHIN Yac MOI3AKH Y3AOBX MaricTpaii 3MEHIIYEThCS 31 30UIBLIICHHSIM Yacy BUIEPEIHKEHHS 10 6
CEeKyHJl, MpOTe MOJANbIIEe HOro 3pOCTaHHSA IPH3BOAUTH JIO PI3KOr0 IOTIPLIEHHS YMOB PYXy Ha JAPYrOpsIHHX
HampsMkax. OTpuMaHi pe3ylpTaTH CBiAYaTh, IO BPaxyBaHHSA 4Yacy BHIICPEIKCHHS y IUIaHI KOOpAHMHAII 371aTHE
MOKPAIIUTH YMOBH PYXY OCHOBHHX TPAHCIIOPTHHUX IIOTOKIB y 3€JeHI XBWi, MPOTE MOTpedye OAHOYACHOTO
MOHITOPHHTY TPAHCIIOPTHOTO HAaBaHTA)KEHHS Ha APYTOPSITHAX HAIPSMKaX.

KonrouoBi ciioBa: xepyBaHHsS JOpPOXKHIM PYXOM, ITaH KOOPAMHALT, PeryJboBaHI HEepeXxpecTs, TPaHCIIOPTHE
MOJICITIOBaHHs, yac Bunepemmkenns, VISSIM.

BCTYII

Haii0inpm momupeHo CBITOBOIO MPAKTHKOI e(eKTHBHOTO KepyBaHHSA A0poxkHIM pyxoMm (KIP) y
MicTaXx € BUKOPUCTAHHS aJalTHBHUX CHUCTeM KepyBaHHsS TpaHcroptHuMH notokamu (TII), ski B pexumi
pEaNbHOTO 4acy aHalli3yloTh Tpadik i aBTOMAaTUYHO 3MIHIOIOTH PEeXKHUMH POOOTH CBITIOPOPHUX OO’ €EKTIB.
3acTocyBaHHS TAKUX CUCTEM J03BOJISAE (DaxXiBISAM 3 OpraHizalii JOpOKHHOTO PyXy ONEPATHBHO BUPIIIYBaTH
KOH(QJIIKTHI CHUTYyallii, 110 MOXYTh BUHHKAaTH B mporeci pyxy TII y Mexax MICBKHX TEPHTOPIH, a Takox
OTPUMYBATH ONTHMAIIBHI MapaMeTpH CBITIO(OPHOTO PETYITIOBaHHS 3 IPHB’SI3KOI0 JO BiJIIOBITHOTO Yacy
n00u, JHS TWXKHSA Ta/ab0 piBHSA HABaHTAXKEHHS PYXOM JUITHOK BYJIHMYHO-IOpOXKHBOI Mepexi (B/IM).
AnanTtuBHiI cucteMu KepyBaHHsA TII eQeKTHBHO MpaIlOOTh y 0araThboX 3aKOPAOHHHX MICTax Jie¢ iCHYE
HanexHe (iHAHCYBaHHS, CydacHa TPAHCIOPTHA iH(PaAcTPYKTypa, BHCOKOMIBUIKICHI KaHAIH 3B’S3Ky Ta
JOCTaTHS TEXHIYHA MiATPUMKA.

Ha BigmiHy BiJ 1bOro, B YKpaiHCHKHMX MicTax aJanTuBHI cucTeMu KepyBaHHsS TII 3acTOCOBYIOTBHCS
MOO/IMHOKO, IO 3yMOBJIEHO OOMEXKEHUMH OOPKETaMH, TEXHOJIOTIYHOI HEIOCKOHAIICTIO TPAaHCIIOPTHHX
MepexX, CIa0KOI KOMYHIKALIHHOIO 1H(QPAaCTPYKTypor, OCOONMBO B mepudepiiHUX paiioHax MiCbKHX
TEPUTOPIiA. Y pe3ysbTaTi I[bOr0 OCHOBHUM iHCTpyMeHTOM edektuBHOro KJIP Ha enemenTax michkoi BJAM
3aJIMIIAITHCS KOOPJMHOBAHI CUCTEMHU KepyBaHHs CBITIIOQOPHHMH 00’ €KTaMH, SIKi, 3/1e0iJIbIIOr0, CTBOPEHI
0e3 HaJIeHOT0 OOIPYHTYBaHHSI OCHOBHHUX IApaMETPiB — Yacy LUKy, 3CYBiB, TPUBAJIOCTI (a3, 0 BiAKpUBa€E
3HAYHI pe3epBH U YJOCKOHAICHHS MeTOoJiB moOyaoBu rmianiB koopauHaiii (1K) aGo iHmmmu crnoBamu,
seneHoi xpuii (3X), Ta, BIAMOBIAHO, migBuUIIeHHs epexkTuBHOCTI K/IP B MicTax.

AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMU

BuBuenHio npobieMaTiku moOyJ0BH HOBHX 1 YAOCKOHAJIEHHs icHyrouux MmetoaiB noOynosu 1K Ha
MICBKHX MaricTpalisix MPUCBSYEHO BEJIHMKY KUIbKICTh HAYKOBHX 1 MPakTUYHUX poOiT [1-3], y mepeBaxHil
OUTBIIIOCTI 3 SIKUX, JUIS BA3HAYEHHS MTapaMeTPiB CBITIIO(OPHOTO PETYIIOBAHHS Y CHCTEMax 3 KOOPAUHOBAHUM
KEepyBaHHSM BUKOPHUCTOBYEThCS Gopmyna Bebctepa, sika Mae meBHI 0OMeXEHHsS NpH i 3aCTOCYBaHHI Ha
00’eKkTax 13 BHUCOKMM pIBHEM TPAHCIIOPTHOTO HaBaHTaxeHHs. Jlo TOro » y cCydacHId NpakKTHIli
BUKOPHCTAHHSA KOOPAUHOBAHHUX CHCTEM KEPYBaHHS CBITIIOPOPHUMH 00’ €KTaMH Ha MICBKHUX MariCTpaisx Ipu
BU3HAYEHHI MapaMeTpiB iXx poOOTH He BpPaxOBYIOTHCS AOAATKOBI TpaHcmopTHi 3aco0u (T3), sKi MOXYTbH
3’SBJIATUCS 3 OPYTOPSAHUX HANPSMKIB MO BiAHOWIEHHIO 10 pyXy OcHOBHOTO motoky T3 y 3X Ta/abo x €
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po3BopoTHUMHU T3 1 HAKONMUYYIOTHCSA IEpPEl CTOM-TIHIEI0 KOOPIAMHOBAHOIO CRBITIIOPOPHOro 00’€KTY, HE
MMOBHOIO Mipor0 QopmaitizoBaHa B3aemojis fomatkoBux T3 3 madykor T3 3X, a TakoX HEBHPIIICHOMO
3aJMIIAEThC TpoOeMaTHka rapMoHizamii mBHAKOCTI pyxy madkd T3 3X KOOpPIMHOBAHOIO [iISHKOO
Micekoi BJIM [3-5].

[Ipobnemy minTpuMaHHS piBHOMIpHOTO PyXy T3 y3M0BX MIJSTHKH MaricTpail 3 KOOPAMHOBAaHUM
KepyBaHHAM IIOYaIH JIOCTIPKYBaTH MOCHTH HaBHO [6] i3 MOCHIaHHSIM Ha II€ paHilme OmyOJiKoBaHi
Matepianu [7]. OcHOBHI IOCHIAHUIBKI 3ycWuls LIOAO 3abe3neueHHs piBHOMipHOro pyxy TII Oymnm
30cepe/pkeHl Ha MoAudikaiii MeTOiB, 3aCHOBAaHMX HA MakcHUMi3amil mupwHH CcTpiuku dbacy 3X i
po3po0iieHNX A BpaxyBaHHS BIUIMBY 4epr Iiepel mepexpecrsiMu Ha mnpocyBanHa madoxk 13 3X. Ilpu
po3pobui MULTIBAND, aBropamu [8] i [9], OkpiM MOKJIMBOCTI 3MIHIOBaTH IIUPHHY CTPidykd 4dacy 3X B
3aJIeKHOCTI BiJl iHTeHCHBHOCTI pyXy TII Ha okpemux HifsIHKAx, mepeadaueHO TaKOXK BpaxyBaHHS MapameTpy
YJacy po3CifoBaHHS depru. BogHouac aBTOpHM HE HABOAATH KUIBKICHOI OWIHKH IIHOTO MapaMeTpa, OYEBUIHO
4yepe3 CKJIaJHICTh MPEACTaBICHHS BUIAJKOBOIO MPOIECY PO3CiloBaHHA uepru 13 OTHMUM KOHKPETHUM
3Ha4YeHHAM mapamMeTpa. [Ipote MoxiuBicTs 3amanns nporo napamerpa B MULTIBAND miakpeciioe #oro
BaYKJIMBICTD JJII KOOPAWHAIIIT Ta aKTyallbHICTh OTPUMaHHS OOTPYHTOBAHMX KiJTBKICHUX OIIHOK JJISl HBOTO.

AKTyallbHICTh [HOTO THUTAaHHS TaKOX MIATBEPKYyeThCs nociimkeHHsMm [10], me mpenacTaBieHO
MocxauBocti nporpamu PASSER 11-84, sika o04uciioe MMOBIPHICTh PO3CiIFOBaHHS YEeprd Ha MiIxojax 0
nepexpects. [lonioni ¢ynkmii mae mporpama TRANSYT [11], sika 103BOsiE€ OLIHIOBATH JOBKUHY Yepry Ha
ocHoBi Mogemni pyxy TIL. Takum dnHOM, CHITEHOIO PHUCOIO 0a30BUX MPOTPAMHUX MPOAYKTIB I KOOPAUHAIIT
CBITIIOQOPHOTO peryioBaHHs 3 PIKCOBaHNM LIUKJIOM HA MariCTpalisfX € MOXKJIMBICTh BpaxXyBaHHS 4epT Nepes
nepexpecTsMu miJ 4dac po3poOku [IK Ta BiACYTHICTHP KOHKPETHHX 3HAY€Hb KEPIBHOTO MapaMeTpa IS
YIOpPaBJIiHHS LUMH YePTraMu.

ABropu [12] mocraBuiu nepen coO0r0 3aBAaHHS PO3MIUPUTH MOXKIIMBICTB I pyXy T3 Marictpaiuio 3
OaxkaHoIO IBUAKICTIO 0e3 3ynmuHOK. Bonu po3pobunu mporpamy BANDTOP, mo peanisye ixHiil BracHui
QNTOPUTM, SKAW MaKCHMi3y€ IIUPUHY CTpidkd dYacy 3X 3a JOMOMOTOK 3MIMIAHOTO ILIOYHCIOBOTO
mporpamyBaHHa. Ha K0>KHOMY TepexpecTi BOHHM MOAUTMIM Yac MK IMOYAaTKOM CHTHAIy cBiTiiodopa, mo
JIO3BOJISIE PYX, Ta IOYATKOM CTpiuykd 4vacy 3X Ha [BI YaCTHHM: OJHA YacTHHA MpU3HAdYanacs s
po3citoBanHs uepr T3, mo 31iHCHIOIOTH MOBOPOT, a iHIIa — AJs IporycKy T3, mo pyXxatoThes IpsAMO, SIKi He
BCTHUIJIM NIEPETHYTH MEPEXPECT MiJ] KiHEellb MONEePEeJHHOT0 CUTHATY CBITIIO(POPA, 110 T03BOJISE PyX. ABTOPH
3a3Ha4YaloTh, 110 TXHS MporpamMa aBTOMAaTHYHO PO3PAaXOBYE Ii 4aCOBI IHTEpBaIH, ajie¢ HE HAAAIOTh 3HAYEHb
napameTpy uacy po3scitoBaHHS depru. Pesympratm po6ot BANDTOP mnopiBHIOBamuCsS 3 pe3ysibTaTraMu
pob6otn MAXBAND ta PASSER-II i3 Bukopuctanusim TRANSYT i NETSIM. Busisunocs, mo BANDTOP
3a0e3leuyBaB CKOPOYEHHS dYacy IOi3JKM Ta 3MEHLICHHS KIUIBKOCTI 3YNMUHOK, OAHAK, IOJAJIBIIOTO
3aCTOCYBaHHS I nporpaMa He HaOyna. J{ns onrtumizamii mupuHU cTpiuky dacy 3X mpu Oe3nepepBHOMY
pyci y3I0BX MaricTpalli 3 KOOPAWHOBAaHUM KepyBaHHAM aBTOpH [13] po3poOuim HOBY MOJENb 3MilIaHOTO
HEJIIHIHOTO ILJIOYMCIIOBOTO MPOrpaMyBaHHA 3 METOI0 3a0e3nedeHHs npoxokeHHs T3 makcuManbHOI
KUJIBKOCTI HACTYITHUX MEePEeXPecTh 03 3yNMUHOK. Y 1[Il MOJIeJIi BOHH 3alPOINIOHYBAJIM METO/I PO3PAXYHKY Yacy
PO3CiIOBaHHS Yepr NIISXOM BBEICHHS MMapaMeTpiB iHTCHCUBHOCTI puOyTTs T3 Ha mij’i3qax roJoBHOTO Ta
JOpyropsiiHoro HampsiMKiB. OfHaK y peajbHHX yMOBaxX I 1HTEHCHBHOCTI B@)KKO OLIHMTH OJHO3HAYHO.
Binpme toro, mMeron, onucanuit y [13], TpyHTy€eThCSI Ha MPUIYIIEHHI, IO iHTEHCUBHOCTI NpuOyTTs T3 €
Bitomumu.ABTopu [14] cCcTBEpIKYIOTH, IO HA MMOYATKY 3€JCHOr0 CHTHANTY CBITIIODOPY MIBUAKICTH
PO3CiIOBaHHS 4Yepru Moke OyTH HaOMIKEHOI A0 IUBUAKOCTI MOTOKY HacuueHHA. Ilo cyti, BoHH
PO3TIIAJAIOTh Yac PO3CiIOBaHHs 4epru sk go0yTok kinbkocti T3 y 4ep3i Ha iHTepBan HacuueHoro pyxy. Lle
MOX€e HAOJIM3UTH TPOoCcyBaHHs madku 3X 10 pyxy 0e3 3yIMHOK, alleé He TapaHTye MPOi3Iy depe3 IepexpecTst
0e3 yIoBiUIbHEHb.

Hocnimkenns [15] posrisiaae npodiaeMy MakcuMizalii IIMPUHU CTpiduku yacy 3X A 000X HaNnpsIMKiB
Y370BXK Marictpaji 3 ypaxyBaHHSIM pi3HUX OOCSTiB JIiBOIMOBOPOTHOTO PYXY, IO POOHWTH HOr'O aKTyalbHUM
Ui TeMu 3a0e3neueHHs piBHOMipHOTO pyxy TII 3a yMOB KOOpDAMHOBAHOTO KEpyBaHHSA. ABTOpPHU
nociimpkeHas pozpoounu 1K sk mis o6ox HanpsmkiB pyxy T3 mo marictpaii, Tak i 1uist JIiBOIIOBOPOTHOTO
PYXy 3 JApYropsaHMX BYJIHIb, IIO BMXOJASTh HA MaricTpajib. IXHifi OCHOBHMII METON MPOEKTYBAHHS
JIBOCTOPOHHBOT 3X 31 3MIHHOIO IMIUPUHOIO CTpiukk dacy 3X mependavae mepeHazHaueHHs JiHIA 3X s
BpaxyBaHHs uacy poscitoBaHHS ueprd. Pospobnenuii IIK € kopucHuM y BHIaakax iHTEHCUBHOTO
JBOIIOBOPOTHOTO PYXY, L0 BUXOAWUTh Ha MaricTpajllb 3 KOOPIMHOBAaHMM KEPYBaHHSM, 1 JIO3BOJISIE
PO3BAHTAXXUTH NPUHAWMHI YacTUHY 4Yepru, NpoTe HE rapaHTye NpoCyBaHHSA Nadyku 3X 3 MOCTiHHOIO
IIBUIKICTIO.

Hns mpoexryBanns [IK Ha MaricTpansix 3 iHTEHCHBHHUM IIOBOPOTHHM PYXOM i OOMEXEHHSIMHU LIOA0
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BIJICTaHI MK ITEPEXPECTAMHU aBTOpH [ 16] 3amponoHyBaan MOIE, SKi 3aCHOBYIOThCS Ha Jioririi MAXBAND.
Ili Momem crpsMOBaHI Ha 3MCHIICHHS 3arajbHUX 3aTPUMOK IUISIXOM BU3HAYEHHS BIIMOBITHUX YaCTOK
TPHUBAJOCTI JO3BIIBHOTO CUTHAIIy CBITJIOQOpY, 30epekeHHs MIMPHHU CTpiukd 4yacy 3X Ta 3amoOiraHHs
BiaTOKY T3 3 NiBOMOBOPOTHUX CMYT, IO MOXE OJIOKYBaTH MPSIMUN pyX. 3ampoNOHOBAaHMUN MiIXiJl CYTTEBO
MOKpAIIlye€ pPe3yNbTaTH IIaHyBaHHS KoopauHarii 3 BukopuctanHsM MAXBAND. Yepra Ha mepexpecrti
PO3TTISAAETRCS HE CTIMBKM SK MPHUYMHA 3HIKEHHS MIBHAKOCTI mpocyBaHHS madku 13 3X, CKUTBKH SIK
JKEpesio TOJATKOBUX 3aTPUMOK, 11O € aKTyaJbHUM y pPaMKax JaHOTO JOCIiIKEHHS.

VY 2021 pori aBropu [1] Hamaramucs po3podutu ITK Takum dnHOM, 11106 mauka T3 3X He 3HMKyBaIa
MBUAKICTh Tpu TpoxokeHHi HactynHux y IIK mepexpects. Jlns Toro, mo6 posirHatu T3 3 wepru mo
mBHAKOCTI pyxy mauku T3 3X okpiM BpaxyBaHHS yacy poscitoBaHHsS 4deprd (2 cexyHau Ha T3) Oymo
MOJIOBKEHO Ha 4 CEKyHIIM TPUBAJICTH JO3BUILHOTO CUTHATY CBITIIO(POPY IUIsi OCHOBHHUX HAmpsAMKiB pyxy T3.
Lporo dacy BUSBHIIOCS HeIOCTaTHBO, mo0 mauka T3 3X mana 3MOTy mpocyBaTHCS depe3 mepexpecTs 0e3
MOMITHOTO 3HIDKEHHS IIBUAKOCTI. ByJi0 BCTaHOBIEHO, IO JUII YHUKHEHHSI 3HAYHOTO 3HMKEHHS IIBUAKOCTI
3a po3pobnenum [1K T3 y maumi 3X moBHHHI pyxaTucs 3i WBUAKICTIO O61u3pK0 40 KM/TOX 3aMicTh 00paHoi
mBuaKocTi pyxy 3X 50 km/rox [1], mo 3MeHnIye epekTUBHICTh KoopauHarii. Lle Bka3zye Ha HEOOXimHICTH
OIIIHKYM Yacy BHIEPEKEHHS HEOOXiTHOTO Ui po3roHy 13, siKi CTOATH Iepel YeproBUM B KOOpPIWHAILIL
nepexpecTsiM, 10 MBUAKOCTI pyxy 3X.

Ille ommH migxim moAo0 3a0e3medeHHs PIBHOMIPHOTO MpocyBaHHA madok 13 3X momsrae y
BIIPOBAKEHHI aNropuTMiB (hopMyBaHHS madok. Lli anroputmu crpsiMoBaHi Ha oprasizamiro T3 y mayku Ta
ajanTanilo 1XHBOI IIBUIKOCTI Al NPUOYTTS Ha HACTYNMHE CKOOPJMHOBAHE IEPEXpecTs Ha BHCOKIH
HIBUJKOCTI 1 TPOXOKEHHS HOro SKOMOTa IIBWALIC 32 KOHKPETHHX TpaHcnopTtHux ymoB [17]. Taki
ITOPUTMH € TEPCIIEKTUBHUMH, IPOTE OOMEKEHHS MOJISra€ B TOMY, 1[0 BOHM HPALFOIOTH 13 aBTOHOMHUMH
T3, 1 HemMae YITKMX PEKOMEHIAII MO0 1X 3acTocyBaHHs s ynpaeiinas TII, mo ckmamaerbes 3i
3pruaiinux T3. Kpim Toro, HeoOXiaHI JOAATKOBI JOCIIDKCHHS JUIsl iHTErpaiii [UxX ajJroOpuTMIB Y METOIU
KOOpauHaIlii cBiTI0(OPIB.

IHmmit minxin no 3abesmeuenns Oinmbin piBHOMIpHOTO pyxy T3 3X mpeacraBneHo B poboti [18], me
3allpONIOHOBAHO BUKOPHUCTAHHS MOJeNi Koe(illieHTiB KOpUTYBaHHS Ul BpaxyBaHHs BIUmBY Ha TII Ha
Hactynaux B IIK mepexpectsx. Llei BIumMB 3anekuth BiJ HoBXuHUM HacTymHol B I[IK minsHKM Mix
cBiTIIOQOpamMu, JOBXKHHU YePry, MapaMeTpiB poOoTH cBiTIOGOpPiB Ta iHTeHCUBHOCTI pyxy T3. PesynbraTtn
EKCIIEPUMEHTAIIBHUX JIOCHTI/PKEHb JIO3BOJIMJIM aBTOpaMH JIHTH BHCHOBKY, IO 32 PaxyHOK KOPUTYBaHHS
3CyBIB MOXHa €(EeKTHBHO BIOpaTHCS 3 BIUIMBOM HACTYMHUX AiNSHOK y IIK mmsixom cBO€YacHOTo
po3BaHTakeHHs depr. BomHowyac aBTopamMu 3a3HAYa€ThCs, 11O HEOOXiTHO MOJalblle BJIOCKOHAJICHHS
Mojienel Koe(illieHTiB KOPUTYBaHHS IUIIXOM JOJATKOBOTO JETATBHOTO AaHali3y pealbHUX [aHuX i
BpaxyBaHHsI MOBEIHKU BOJIIB ITi/I YaC pO3BAHTAKECHHS Yepr.

AmHamiz MeTofiB, CHPSAMOBAHMX Ha 3a0e3MedYeHHs] PiBHOMIpHOro pyxy T3 Ha CKOOPIMHOBAaHUX
MaricTpaisix, CBiIYMTh, 110 NMUTaHHS 3a0e3neueHHs mnpocyBaHHS madok 13 3X i3 moctiiiHOIO 00paHoIo
MIBUJIKICTIO JIOCI 3aJIMIIAETLCS HE O KiHI BUpimeHuM. OHI€0 3 TIPUYHMH [LOTO € HEJAOCTATHE YSBICHHS
PO Yac BHUIEPEKEHHS, HeOOXiqHUI [T po3rony T3, siki cTOATh y 4ep3i Ha ueproBux mepexpectsx y I1K,
1o mwBuAKocTi pyxy T3 3X, 1m0 poOHUTh akTyallbHUM HPOBEICHHS JAHOTO JTOCTIIKESHHSI.

VY cBoro uepry, B poOOTi [5] 4aCTHHOI aBTOPCHKOIO KOJIEKTHUBY JaHOI CTaTTi (hOpMai30BaHO MPOIIEC
B3aeMoii mauku 3X 3 qogaTKOBUMH T3, a TaKOX PO3POOJIEHO METOJMKY OI[IHIOBAHHS 4acy, HEOOXITHOTO
i 3abe3neveHHsT piBHOMiIpHOro pyxy mnaduku T3 Ha AUISHII MICBKOI MaricTpasli 3 KOOPJMHOBaHHUM
KEepYBaHHAM. 3a pe3yJbTaTaMH MPOBEIEHOTO JOCIIKEHHS! OTPUMAHO HIKHIO OLIHKY 4Yacy BHIIEPEIKEHHS
32 YMOB HasiBHOCTI OJ{HOTO aojaTtkoBoro T3 mepen crorm-iHiero yeprosoro nepexpects B [1K. Orpumani B
[5] anamiThynai Mojaeni Oy eKCIEpUMEHTAILHO TepeBipeHi y crarrsax [4, 19]. HaiiGinemy npugaTHicTh
MoKasajia MOJIeJib, 3aCHOBaHA Ha BPaxyBaHHI JIHIHHO CIaJarouoro XapakTepy NpuckopeHHs T3, mpo 1o
CBiIYaTh pe3yJbTaTH KiJIBKICHOTO 1 SIKICHOTO OIIHIOBaHHS TOYHOCTI PO3PaxyHKY 4Yacy BHIIEPEIDKEHHS 3
BHKOPUCTAHHSM IMITaIliHOT TPaHCTIOPTHOT Moieni mooynoBaHoi y VISSIM.

HIJIb TA 3AJAYI JOCJIIKEHHS

MeTo10 1aHOi CTaTTi € MPOBEAEHHS €KCIEPUMEHTAIHHOTO OIIHIOBAHHS BIUIMBY Yacy BHUIIEPEIKEHHS
BKITIOYEHHS JIO3BIIBHOTO cUTHANY cBiTiodopy Ha edexTrBHICTh [IK. OCHOBHUM 1HCTPYMEHTOM JIOCSTHEHHS
METH AOCHI/PKEHHsS € IMiTaliiiHa TpaHCIOPTHAa MOJENb IUISHKKA MICBhKOI MaricTpalii 3 KOOpAMHOBAHUM
KEPYBaHHSM, 3 BUKOPUCTAHHSIM SKOi MOXKHA OLIHUTH €()eKTHUBHICTH K 0a30BOro, Tak i MPOIOHOBaHOTO
BapiaHTiB KOOPAWHAIII1, BIAIOBIIHO, 0€3 ypaxyBaHHS Yacy BHIICPEIKCHHS Ta 3 HOTO BpaXyBaHHSM.

PE3YJIBTATH JOCJILIKEHb
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OCHOBHMM 3aBJaHHSM EKCIIEPUMEHTY € JIEMOHCTpallisl BIUIMBY BEJIMYMHHM 4acy BUIIEPEIDKEHHS, 3a
PaxyHOK SIKOTO KOPHUI'YIOTHCS 3CYBH BKJIFOUEHHs JO3BUIBHOIO CUIHalIy cBiTJIogopa Ha HacTynHomy B IIK
MepexpecTi i JO3BUTFHOTO CUTHATY CBITIO(OPY AJSl OCHOBHOTO 1 IPYTOPSAHOTO HAMPAMKIB pyxy T3, Ha dac
noiznku T3 AiNSHKOIO MICBKOI MaricTpaii 3 KOOPJMHOBAaHUM KepyBaHHsIM. J[jIsi OLiHIOBaHHSA IIbOTO BIUIMBY
JOLIJTFHO BUKOPHCTOBYBATH Yac MOI3AKH sIK s T3, 110 pyxaroThCsl AUISTHKOIO MaricTpaii 3 KOOPANHOBAHUM
KepyBaHHAM B 000x HampsMmkax 3X, Tak i T3, mo mepeTHHarOTh MaricTpaiib 3 APYTOPSAHUX HAMPSIMKIB,
OCKIUJIBKH Yac MOT3AKH IS BiJIOMOT'O MapIPyTy € IHTETpajJbHUM MapaMeTpoM, sIKHii 00’ €KTUBHO BifoOpakae
SIKICTh TPAHCIIOPTHOTO OOCITYTOBYBAaHHS, IO BiJYyBalOTh BOJil, a TaKOX BIUIMB Yacy BHIIEPEIDKCHHS Ha
koHKypytoui TIL

PesynpTati iMiTalifHOTO €KCIIEPUMEHTY, 3HAUYHOIO MIpOI0, BU3HAYAIOTHCS 00 €KTOM MOJIEIIOBAHHS
Ta, ocobmuBo, peanmizoBanuM IIK. Otxke, s 3a0e3nedeHHs 00 €KTUBHOCTI PE3yJbTaTiB MOJICITIOBAHHS
JOLITBFHO BHOpaTH 00’€KT, BUIBHWHM BiJl BIUIMBY IHAMBIAyaJbHOI TOYKHA 30py MOJENIOBAFHUKA. 3 IIEIO
METOIO MIPUKHSATO PIlLICHHS 3MOJAETIOBATH PyX Ha MaricTpaji 3 KOOPAMHOBAaHUM KEPYBaHHSIM BiJNOBIIHO 10
BUMAJIKy, TPEICTaBICHOr0 Ha cropiHkax 36—49 pozminy 29 HCM 2016 «Urban Street Facilities
Supplemental» [20]. Lle Bimomuii mpukaaa AUISHKA MaricTpaii 3 KOOPIWHOBAHUM KEPyBaHHAM 3 I IThMa
NepexpecTsMU, BUKOPUCTAHHS SKOTO O3BOJISIE OLIHUTU BIUIMB 4Yacy BHUIEPEIUKCHHS. Y I[bOMY HpPUKIaii
ocHoBHI HanpsiMkH pyxy TII — Cxin i 3axin, a apyropsinHi — [TiBniy i [liBgeHs.

Pyx TII y3moBxx marictpalli 3 KOOPAHMHOBAaHMM KEPyBaHHAM OYyJO 3MOAEITHOBAHO 32 JOIOMOTOIO
mporpamuoro 3abesnedeHHss VISSIM  Corridor 2025. TpancmoptHa Mojens BKIIOYAaE TapaMeTpH
CBITIIOQOPHOTO peryJIroBaHHs Ta IHTEHCUBHICTh pyXy T3 Ha Bcix mepexpectsx. [IpoektHa mBuakicts y T1K,
npencrasieHoMy B posfini 29 HCM 2016, cranosuna 40 munb/rog (64,36 KM/Tom1), TOMY HIKHS 1 BEpXHS
Mexi mBuakocti T3 y Mmoxeni Oynu BcTaHOBiIeHi Ha piBHI 60 km/ros Ta 70 KM/TOT, BIATIOBIIHO.

3MIiHHMM MapaMeTpoM B IMiTalidHIA MOIENI € Yac BHUIEPEPKEHHS. 3a MPOEKTHOI MIBUAKOCTI,
Bu3HaueHoi y Bumanky HCM 2016 [20], yac BumepemkeHHs, HeoOXimHud mius pyxy maukun T3 3X 3
MOCTIHHOIO IIBHKICTIO, 32 YMOBH, IO Tiepe] cTon-niHiero HactynmHoro B 11K mepexpects croite ogun T3,
MMOBMHEH CTaHOBUTH Bif 9 mo 10 cexyHn, 3anexxHo Bix OesmeuHoro iHTepBamy [5, 19]. 3HaueHHs wacy
BUTIEpEKEHHS 301IbIITYE TPUBATICTH J03BUIBHOTO CUTHAY CBITIO(OpY ANl OCHOBHUX HanpsMKiB pyxy TII
Ha BCIX TepexpecTs X 1 3MEHIIye TPHBAJICTh MJO3BIIBHOTO CHUTHANY CBITIOGOPY MMl JAPYTOPSIHHX
HanpsAMKiB. Takok 3a paxXyHOK ypaxyBaHHS 4YaCy BHIIEPEI)KEHHS KOPHUTYIOTHCS 3CYBU BKIIHOUEHHS
JIO3BUTRHOTO CHTHANY cBiTIO(opy Ha Beix mepexpectax y [IK, kpim mepmioro y BilOBITHOMY HampsSMKy

pyxy 3X

t;a' =t —lyp -, (1)

ne t,., — CKopuroBaHuii 3cyB Ha i-My nepexpecti B I1K, ¢; t,,, — icHyrounii 3cyB Ha i-My [EpEXpPECTi B
IIK, c; t,, —uac BUNEpeIKECHHS, Ha SIKUIM KOPUT'YEThCS 3CYB, C; | — HoMep nepexpects y I1K.
PosrnsiHeMo mpukiaa KOpUTIyBaHHS 3CYBIiB Al HanpsaAMKy pyxy 3X 3axiz — Cxix 3a 3Ha4eHHs 4dacy

BUIIEPEIKEHHS 2 CEKYH/IH, iICHYI0Ui Ta CKOPUTOBaHI 3HAYEHHsI 3CYBIB IIpeJICTaBiIeHI B Tabmui 1.

Tabmus 1 — [HdopMartis Ipo BETHYNHY iICHYIOUHX 1 CKOPUTOBAaHHX 3CYBIB BKJIFOUCHHS JI03BIIBHOTO
curHaiy cBiTiodopa Ha yeprosomy B 1K nepexpecTi

Howmep nepexpects B [IK 1 2 3 4 5
Howmep nepexpecTsi [uist KOpUTYBaHHS 3CYBY 0 1 2 3 4
IcHyrOUMit 3¢yB, € - 30 76 30 0
CkopuroBaHuii 3cyB, C - 28 72 24 72

3MiHHM Yy 3CyBax, CIPUYMHEH] BpaxyBaHHIM Yacy BHUIIEPE/PKEHHS, 3MIHIOIOTh CXeMy NPUOYTTS MauoK
T3 3X 1 3yMOBIIIOIOTE HEOOX1THICTH TiepenpoekTyBanHs [IK. OnHak moBHE MepenpoeKTyBaHHS MPU3BEIE JI0
BTpPaTH 00 €KTHUBHOCTI PE3YJIbTATiB MOJENIOBAHHS HE TINbKM Yepe3 3HAuHWA BIUIMB BHOOPY METOIY
po3paxyHky napametpis [1K, ane ¥ yepe3 3MiHy CIIOYaTKy 3allJJaHOBAHOTO Yacy MPOXOpKeHHs mayku T3 3X
MiX TepexpecTaMu. 3a TaKHX YMOB JIOLIJIBHO BIJITBOPUTH MOYATKOBUH uac mpuOyTTs madku T3 3X Ha
KO)kKHe nepexpecTs. Lle MOXIIMBO 3aBASKH BUOOPY Takoi TPUBAJIOCTI Yacy LMKy, sika 30epirae mo4yaTkoBO
OLIIHEHUH 3CYB JUISI OCTaHHBOI'O MEPEXPecTs] B KOOPAMHALII Ta JO3BOJIAE MOKA3aTH NMPSIMUN BIUIMB Yacy
BHIIEpEDKCHHS Ha cepeaHiil uac moizaku T3 DUITHKOI0 MaricTpalli 3 KOOPIWHOBAHUM KEPYBaHHSM.

[Ipu mpoBexeHHI MOIEMIOBAaHHS 4Yac BUIEPEKCHHS BapiroBaBcst y Mexax Big 0 mo 10 cexyHxm 3
KpOKOM y 2 cexyHAu. IS KOXHOTO 3HA4YeHHs 4Yacy BHUIEpEMKEeHHS mposedeHo mo 10 imitamiid i3
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BHITAIKOBUMH TIOYaTKOBUMHU duciamu Bix 1 1o 10 3 kpokom 3minu B 1. Pe3ympraTi iMiTarlii po3pooiieHol
tpancnoptHoi mozem y VISSIM Corridor 2025 cTamy 0CHOBOIO IIJIsl pO3paxyHKY CepeaHbOr0 Yacy MOi3aKH
JOUISHKOIO MaricTpaldi 3 KOOpPAWHOBAaHUM KepyBaHHSM. Y BCIX IMITalisiX KOHTPOJIbHI TOYKH IJIs
BUMIpIOBaHHS 4acy Noi3aku T3 Oynu po3MilieHi Ha KiHISX MOZENbOBAHOI MUISHKMA MaricTpaii: BiCTaHb
MDK 3aXiIHOIO 1 CXiJHOIO KOHTPOJIBHHUMH TodYKamH cTaHoBmia 2500 M; BigCTaHh MDK IBHIYHOIO i
MiBJCHHOIO KOHTPOJIbHUMU TouKkaMu — 334 M. Yac moiznku T3 3 qpyropsaiHuX HANpsIMKIB, O MEPETHHAIOTH
MaricTpainb 3 KOOPAMHOBAHWUM KepyBaHHsIM, Oylo ycepeJHEHO MO BCIX MepexpecTsx. PesymbTaTtu
MOJIETIFOBAaHHS HaBeIEHO B TaOIHII 2.
Tabmurs 2 — Yac noizaku T3 o ronoBHOMY HanpsaMKy Ta T3 3 IpyropsIHUX HAPSIMKIB

CepenHili yac moi3iku, ¢
Yac T3, oo mepeTHHAIOTH TOJIOBHUI

——— T3, 110 pyXarThCst TOJOBHUM HAMPSIMKOM HATIDAMOK 3 YTOPAIHUX
ACHIT, € Cxin-3axin Zaxin-Cxin Cepenne Hllfi);f[?? 111111;3;1;; Cepenne

0 1714 172,3 1719 40,2 40,7 40,5

2 163,1 165,5 164,3 40,9 41,1 41,0

4 156,5 159,9 158,2 42,1 42,8 42,5

6 152,3 156,3 154,3 43,5 44,6 44,1

8 151,7 158,0 1549 66,6 79,6 73,1

10 157,1 154,8 156,0 119,8 130,6 125,2

PesynpraTi ekcriepuMeHTy TiATBEPIKYIOTh CKOpOUeHHS Yacy moi3aku madku 13 3X 31 30inbeHAsIM
Yacy BUIIEPEIKCHHS, X04a NO3UTUBHHUN BILTMB Ha TOJOBHUM Hampsim pyxy TII crocrepiraBcst 10 3Ha4eHHS
qacy BUIEpEKEHHSA y 6 CEeKyH[, 0 MEHIIe, HiK paHille oTpuMani oro ominku [5, 19]. [Ipuunna nporo
nojisrae B mapamerpax obpanoro mpukiamy ITK [20], sxi Oymu pospaxoBani 6e3 ypaxyBaHHS dHacy
BUIIEPEIKCHHS. TakuM 4MHOM, cepeiHiil yac moi3aku T3 y3M0BX MIISHKH MaricTpalli 3 KOOPAWHOBAHHM
KepyBaHHSM 0Oe3 3aTpuMoOK, 151,1 cekyHmu, He OyB JOCSATHYTHH Yy XOJHIM 3 imitamiii. OTxe, MOCTiliHa
mBHAKICTh TpocyBaHHs T3 y 3X moxe OyTu 3a0e3mnedeHa JMiie B TOMY BUIAJIKY, SKILO Yac BUIEPEKEHHS
BPaxOBYETHCS IIPH PO3PAaXyHKy NapameTpiB cBiTiodopHoro peryioBanns y 11K.

OBI'OBOPEHHS PE3YJIBTATIB JOCJIIKEHHSA

BxutiodueHHs yacy BUNEpeKEHHS B Hac LUKITY, SIK 1 O4iKyBanocs, 30inblrye gac noizaku T3 mpu pyci 3
IOpyropsiiHUX HampsMKiB. Lle crnpuyrHEHO 30UIbIIEHHSM pIiBHS HABaHTAXEHHS, SKUH, SK BHABUIOCS,
MOJIBOIBCS 32 MaKCHUMAaJBHOTO PO3MVIIHYTOTO 3HAYEHHs dYacy BWIEpe/KeHHS. Jlo MIeCTHCEeKyHTHOTO
3HAYEHHS 4acy BHUIEpe/HKEHHs 301IbIIeHHS Yacy moi3aku T3, M0 NepeTHHAIOTh MaricTpallb 3 APYTOpSIIHHX
HampsMKiB, OyJI0 MPUHHATHUM, OCKIJIBKH PiBEHb HABAHTAXCHHSI HE HAOMIMKABCS 10 KpUTHIHOTO piBHS 0,9.
ToMy mparseHHs 10 MiATPUMAaHHS MOCTIHHOT MBUAKOCTI pyXy maduku T3 3X MOBHHHO CYNPOBOKYBaTHUCS
MOCTIfHMM MOHITOPWHTOM TOIUTY Ha MiJ 372X 10 MaricTpaii 3 00Ky APYropsIHUX HAIPSMKIB.

BUCHOBKHU

IcHyroui Metonu koopanHauii cBITIO(QOPHUX 00’ €KTIB HE TapaHTYIOTh PIBHOMIPHOTO pyXy mavok T3
3X, ocobnmuBo 3a HasBHOCTI nonatkoBux 13. HemocraTHe BpaxyBaHHS 4acy BUIIEPEKEHHS MPU3BOANTD /10
yrnoBinbHeHHs T3, 3HIKEHHS 3arajibHOi €eKTUBHOCTI KOOpAMHALIT Ta 301IbLIeHHS yacy moi3aku. IcHyroui
MoOJIeJIi Ta mporpamHi npoaykTd nooyaosu [1K wacTkoBo BpaxoByroTh uepru T3, mpoTe HE MIiCTATh TOUYHHX
3HaYeHb IMapaMeTpy Jacy iX po3citoBaHHS.

PesynpTati iMITAIifHOTO E€KCHEPUMEHTY CBifuYaTh, IO BPaxyBaHHS 4Yacy BHUIIEPEKCHHS IIPU
pO3paxyHKy mHapameTpiB cBiTiogopHoro perymoBanHHs B IIK, cyTTeBo BIuMBae Ha 3pocTaHHS KUIBKOCTI
3aTpUMOK 1 3ynuHOK T3 i, BiIMOBiIHO, Yacy Noi3aku T3, Mo MepeTHHAIOTh MaricTpaib 3 KOOPJUHOBAHUM
KEepPYBaHHSM 3 JIDYTOPSIHUX HANpsiMKiB. JJIs MoImyky onTMaibHAX 3HAYSHb TPUBAIOCTI Yacy UKy, (a3 i
yacy mouarKy 3cyBiB Ha ueproBux y IIK mepexpectsix HeoOximHe 0O0OB’S3KOBE BpaxyBaHHA dacy
BUIIEPE/IKEHHS, BEJIMYMHY SIKOTO CJIiJl BU3HAYATH 3 ypaxyBaHHIM iICHYIOUMX YMOB 1 ocobnuBoctei pyxy TII
y Mexax AuisHkH BJIM 3 KOOpIMHOBaHMM KEpyBaHHSM, a TaKOX 3 YPaxyBaHHSM IOCTIHHOTO KOHTPOITIO
HaBaHTaXXEHHS Ha TIEPEXPecTsi 3 00Ky JPYropsIHUX HAMPSIMKIB.

Hnst ckopoueHHs 4Yacy moOi3aku T3 MaricTpaisiMH 3 KOOPIMHOBAaHMM KEPyBaHHSIM HEOOXiIHO
BpaxOBYBAaTH B3a€EMOJIIO MavoK 3X 3 JOJATKOBUMHU 13, BIPOBAKYBATH aITOpUTMH (OPMYBaHHS TAYOK i
KOPHUTYBaHHSI IIIBUAKOCTI PyXy I 3a0€3MeUCHHS MPOXOHKCHHSI HACTYITHUX Y KOOPAWHAITT IIepexpecTh 6e3
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YIOBITFHEHHS Ta 3yIMUHOK. X04a TakKi aJTOPUTMH W MEPCIEKTHUBHI, IXHS 1HTETparis B METOIH KOOpIAMHAITIT
pobotH cBITIOhOpPIB MOTPEOyE TOJATKOBUX AOCIIKEHb.
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Ye. Liubyi, P. Horbachov, S. Kapinus, O. Hubariev Experimental estimation of the impact of
advance time on the efficiency of a coordination plan

The article examines the pressing issue of enhancing the efficiency of coordinated urban traffic control
systems through the consideration of advance time required for the acceleration of additional vehicles
accumulating in front of the stop line at successive intersections in a coordination plan. In contrast to foreign
practices of implementing adaptive traffic control systems, under Ukrainian conditions, financial and
infrastructural constraints dictate that coordinated signal control (green wave) remains the primary
instrument for effective traffic control in cities. Existing methods for designing coordination plans do not
account for the influence of additional vehicles emerging from secondary approaches to coordinated
intersections, nor the time required for queues to accelerate to the speed of the main traffic flow. This
reduces the overall efficiency of coordination and makes it impossible to ensure the smooth flow of vehicles
along coordinated arterials. The challenge of defining and integrating advance time into coordination models
remains unresolved despite numerous efforts aimed at optimizing the bandwidth of the green wave and
harmonizing traffic flows speed. To provide an experimental estimate of the impact of advance time on
coordination plan efficiency, a simulation model of a coordinated arterial segment was developed in the
VISSIM, based on the case study presented in HCM 2016. The variable parameter of the model was advance
time. Simulation results revealed that the average travel time along the arterial decreases as advance time
increases up to six seconds, whereas further increases beyond this threshold lead to a sharp deterioration of
traffic conditions on secondary approaches. These findings highlight that incorporating advance time into
coordination plan can significantly improve the performance of primary traffic flows within the green wave.
At the same time, the results emphasize the necessity of continuous monitoring of traffic demand on
secondary approaches to avoid excessive delays and ensure balanced efficiency of the overall traffic control
system.

Key words: traffic control, coordination plan, signalized intersections, traffic simulation, advance
time, VISSIM.
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Maxkcumona O.C., Makcumor C.B., [Toranenko B.B.
Kpueopisvkuti nayionanvnuti yHigepcumem

EKOHOMIYHA E®EKTUBHICTb I'AJIY3EBOI HEHTPAJII3AILIL PEMOHTIB
I OBCJIIYTOBYBAHHSA TEXHOJIOI'TYHOI'O ABTOTPAHCIIOPTY
HA 3AJII3OPYJHUX KAP’EPAX

Y poboti oO0rpyHTOBaHO Ta (hOpMai3oBaHO KpUTEpili BH3HAYEHHS ONTHUMAJIBHOIO PIBHS LEHTpaji3amii
MPOBEICHHSA IHOTOYHHX PEMOHTIB 1 TEXHIYHOro OOCIYyrOBYBaHHS TEXHOJOTIYHOTO AaBTOTPAHCIOPTY 3ai30pyIHHUX
kap’epiB. BcraHoBieHo ¢opMmu (GYHKIIOHAIBHOTO 3B’A3Ky Ta OTPHMAHO AHAIITHYHI 3aJIKHOCTI MDK BEIHIMHOIO
BUTPAT Ha TEXHIYHEe OOCIYroBYBaHHS i PEMOHT Kap’€pHHX aBTOCAMOCKH[IB. Bu3HaueHO 3ayieXHICTh MiX HaIiifHICTIO
MalIxH 1 9acoM X poOOoTH 11t 3a0e3MeueHHs IUIaHy TEXHOJIOTIYHUX IepeBe3eHb TIpHUUO0i MacH y BUIAaKaX, KOJIH TaKi
PEMOHTH BHKOHYIOTECS BIIACHUMH CHJIaMH a00 IUITXOM BUKOPHCTAHHS (DipMOBOTO UM CEpBICHOTO OOCIYrOBYBaHHS Ha
CHCLiaNi30BaHUX MIANPUEMCTBAX 3 I1HAYCTpialbHUMH MeTogamu. lle 1ae 3Mory BHU3HAYUTH PIBEHb Taly3eBOl
HeHTpatizanii poOiT i3 TeXHIYHOro oOCIyroByBaHHS W PEMOHTY Kap €pHOTO aBTOTPAHCHOPTY, IO JIO3BOJISIE
MiHIMI3yBaTH IUTOMI €KCILTyaTaliiiHi BUTpaTy Ha OJMHUIIIO TPAHCIIOPTHOT pOOOTH.

Jis  BUpIMICHHS TIOCTaBIEHHX 3aBJaHb BHKOPHCTAHO METONM TEXHIKO-€KOHOMIYHOTO, KOPEJSMiiHO-
perpeciitHoro, (akTOpPHOTO Ta CHTYaIlifHOTO aHami3y (A7l MOCHIHKECHHS MPOIIECIB OpraHi3allii pEeMOHTIB Kap’ €pHHUX
ABTOCAMOCKHUIB Ha TipHUY0M00YBHUX ITiANPHEMCTBAX ab0 B MEpEexki CEpBICHUX LIEHTPIB); METOJOJIOTII0 ONTHMAIBLHOTO
YIpaBIiHHS, MO 3a0e3neyye eKOHOMIKO-MaTeMaTH4Hy (opMai3aliio CKJIaJOBUX MOJIET BU3HAUCHHS PiBHS Tally3eBOT
HEeHTpaji3anil PEMOHTIB TEXHOJOTIYHOIO aBTOTPAHCHOPTY BIANIOBIAHO 1O YMOB HOrO eKCIDIyaramii; MeToJ
MOPIBHSJIBHOTO €KOHOMIYHOTO aHami3y (M1 OIIHKH EKOHOMIYHOi e(eKTHBHOCTI 3alpONOHOBAHOI MOJENi
Mepepo3NOAUTY KOIITIB, IO BUAUIAIOTHCS HA BiTHOBICHHS MPAIe31aTHOCTI Kap’ €PHUX CAMOCKHIIIB).

Po3paxoBaHo onTHManbHUI piBeHb NEHTpali3alii TEXHIYHOTO OOCIYroBYBaHHS 1 PEMOHTIB Kap €pHHX
ABTOCAMOCKH[IB BaHTaxomimidomHicTio 130 T 11 mepeBe3eHHA TipchKoi MacH B 3ai30pYAHUX Kap’epax, a TaKoXK
0OIPYHTOBAHO MOXKJIMBICTB 3a0€3MeUeHHsI INITAHOBOTO Yacy X poOOTH Ha TEXHOJIOTTYHUX ITEPEBE3CHHSX.

KunrouoBi cioBa: TpaHCHOPTHHIT KOMIUIEKC 3ai30pyIZHOTO Kap’€py, BUTPATH Ha PEMOHT, PEMOHTH BIIACHUMH
CHJIaMH, PEMOHTH CHJIAMH CIIeNiaJli30BaHUX OpraHi3amiil, CTATHCTUYHI METOJM KOHTPOJIIO Ta YIIPABIIiHHS.

BCTYII

BinpricTs AitoYMx 3ami30pyAHUX KOMOiHATiB Ykpainu Oymu 30yaoBaHi noHaa 60 pokiB Tomy. Ilpu
MPOTSTOM YChOTO MEPioNy eKCIUTyaTalil, 3 He3HAUHUMH KOJIMBAHHIMH 3aJI€KHO Bij MOMUTY HAa CUPOBHHY.
OCHOBHMM BHJIOM TEXHOJIOTIYHOTO aBTOTPAHCIIOPTY, WIO BHUKOPUCTOBYEThCS JJIsI TEpEeBE3eHb Y
3ai30pyAHUX Kap’epax Ykpainu, € aBTocamockuiu «bemA3», mapk sSKMX B OCTaHHI POKH ITOTIOBHIOETHCS
HaUTOMYJISIPHIIIMMHI MOJCIISIMU TipHUYOI TeXHiKH — aBTocamockunamu «Caterpillar.

JIJis TeXHIYHOrO OOCIYrOBYBaHHS Ta PEMOHTY Ili€l TEXHIKM Ha KOXHOMY TipHHY030aradyBajibHOMY
KoMOiHaTi Oyna cTBOpeHa BHPOOHHMYO-TEXHiYHa 0a3a, po3paxoBaHa Ha OOCIYrOBYBaHHS aBTOCAMOCKH/IIB
BaHTaXomiaiHoMHicTIO 35-50 T y kinmbkocti 150-200 mamuH (y cepenaboMy 5—7 oauHUWIB Ha | MIH. T
nepeBe3eHoi ripHu4oi Macu mpu obcarax nepeseseHb Big 30 mo 60 muH. T). Y Takux Lexax BUKOHYBaJIU
MOBHUH KOMIUIEKC poOIT (OKpiM KaIliTalbHOrO PEMOHTY) s MIATPUMAaHHS pPYXOMOTO CKIamy y
TMpare3/1IaTHOMY CTaHi, a iXHsl 3arajbHa Iioma csrana 8—12 tuc. M2

3 4yacoM BaHTaXOMiJHOMHICTH Kap €pHUX aBTOCaMOCKUAIB 3pocia 1o 130-220 1, Toxi sk 3arajibHa
YHCENBHICTh TEXHOJOTIYHMX MAIIUH cKopoTtwiacs a0 25-40 OoJuHWIb, MPH MPAKTUYHO HE3MIHHHX
napaMerpax TipHUYOTPAHCIOPTHUX IexiB. Ha chOrojaHi, BOHM BHKOPUCTOBYIOThCS Juiine Ha 10-20% Bix
MPOEKTHOI MOTYKHOCTI. IIpakTHYHO Ha KOXXHOMY Kap’epi crHocTepiraerbcsi HeeeKTHBHE BHKOPHUCTAHHS
TexHoJoriuHoro oonagnands Takux ['TLl, ockinbKky BUpOOHHUYI IiNBHULI 3 pEMOHTY BY3JiB 1 arperaris, Xod i
OCHAIICHI BIAMOBIAHO [0 TEXHOJOTrIYHUX IMOTPeO, 3aIUIIAIOTHCS Maibke HE 3aBaHTaXCHHMH POOOTOIO.
[lepconan BUKOHY€E TEpPEBa)KHO HEPETyJSIpHI BiIHOBIIOBAJIBHI PEMOHTH, L0 HETATHBHO MO3HAYAETHCS Ha
iXHiH SKOCTI.

[Noka3nuku poOOTH TEXHOJOTIYHOTO aBTOTPAHCIOPTY Ha HaloOumemomy y KpuBomy Posi
[HrynenpkomMy TripHHUYO-30aradyBadbHOMY KOMOiHATi HaBejeHo B Tabn. 1. 3a OCHOBY aHaiily B3STO
HaiO1b1I cTabiIbHUH Mepios nepes NoYaTkoM mupokoMacitadbnoi Biiau — 2020-2021 pp.
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Tabmmst 1 ITokasanku po6oTr TexHonorigaoro aBrotpancnopTy IIpAT «larynenpkuit ['3K»

N Pix
U Tokasuuk 2020 2021
¢dakt % ¢dakt %
1 Cepennboo0I1ikoBa KUTBKICTh - 52,0 574
BEJIMKOBAHTAKHUX ABTOCAMOCKHJIB, O11.
2 | IlepeBe3eHo ripHUYOI MacH, TUC.T 50667,3 - 60577,3 -
3 | Yac B rocnogapcTBi,aBTO-TOI. 456768 - 491923 -
4 | Yac B Haps/i,aBTO-TOI. 290003 - 324538 -
5 | Ipoctoi Bcboro, aBTO-TOA. 166765 100 177285 100,0
6 | IlmanoBi mpocTOi, aBTO-TO/,. 160557 96,3 154302 87,0
- B PEMOHTI 63677 38,2 81104 457
- B OYiKYBaHHI PEMOHTY 1464 0,9 4368 2,5
- periamMeHTOBaHi mepepBH 43722 26,2 43 650 24,6
- IHOI TIaHOBI MTPOCTOI 51694 31,0 25180 14,2
7 | HemmaroBi mpocToi, aBTO-TOI. 6 208 3,7 22983 13,0
8 | KoedirmieHT TEXHIYHOT TOTOBHOCTI 0,711 - 0,772 -
9 | KoedirieHT BUKOpUCTaHHS 008 THAHHS 0,635 - 0,640 -

[IpoexTHEe 3HAYEHHS KOEillieHTa TEXHIYHOT TOTOBHOCTI PyXOMOTO CKJIQy BU3HAYAETHCS HOPMaMHU
MPOCTOIO [T KOKHOTO BUAy TexHiuHuX BIumBiB (TO, I1P ta KP) Ta mepiognynicTio X mpoBecHHS,
nepeadadeHoro «[1ogokeHHsIM PO TexXHiYHEe 00CITyrOBYBaHHS, JiarHOCTYBaHHs I pEMOHT Kap’ €pHUX
camockuniB BEJIA3» [4]:

1

T (1)
1+ (’””j
tHi

ne 1, —uac mpocToIO Kap’€pHOrO CaMOCKHU/IA Ha i-My BUJIi TEXHIYHOTO 00CIyroByBaHHsA ab0 PEMOHTAX,

Oy =

rof.; t,, — Hopma npoOiry /10 i-ro Bupy TEXHIYHOTO 00CTyroByBaHHsS a00 PEMOHTY, MOTO-TO/I.

Hnst aBTocaMocKuaiB BaHTaxomigiomHicTio 130-136 1, mo € ocHoBoro pyxomoro ckmany [HI3K,
npoektHe 3HaueHHs KTI Oyzae ckmamartu:

o, =a, = ! = 1 =0,836

’ tm 5 14 19 100 170 95
1+ 2 1+ + + + + +
t, 250 500 1000 5000 10000 100

Sk cBimyaTh AaHi aHamizy, TPUBAJICTh POOIT 3 TEXHIYHOrO OOCIYrOBYBaHHS Ta PEMOHTIB Kap’ €pHHUX
aBTOCAMOCKH/IiB IIEpEeBHIIyBaa Ieper0adeHi periiaMeHTOM OKa3HUKU Ha 76,2% y 2020 poui Ta Ha 39,0% y
2021 pori.

Kpim Toro, 3Ha4uHa yacTHHA PyXOMOTO CKJIaAy repedyBaia y MpocTol: Yepe3 persiaMeHTOBaHi IiepepBr
- 26,2% Ta 24,6%, a Takox uepe3 HeperiaMmeHTtoBaHi mpoctoi — 3,7% Ta 13,0% BigmoBigHO 32
aHAJI30BaHUMHM pOKaMHU. Y pe3ylbTaTi 3arajbHUA 4Yac KOPUCHOTO BHMKOPHUCTaHHS TEXHOJIOTIYHOTO
aBTOTPAHCIIOPTY cTaHOBWUB Jmie 63,5% Ta 64,0% Bin xameHmapHoro ¢GoOHAY dYacy poOOTH TpHU
Oe3repepBHOMY pexXUMi poOOTH Kap’epy.

TakuMm YMHOM, ICHYIOTH 3HA4HI PE3E€pPBH MiABUIIEHHS €(QEKTHUBHOCTI POOOTH TEXHOJIOTTYHOTIO
ABTOTPAHCIIOPTY 3ANI30PYIHOIO Kap’epy SK UDBIXOM YJOCKOHAJICHHS CHCTEMH MOTro TEXHIYHOTO
0OCITyTOBYBaHHSI 1 PEMOHTIB, TaK 1 3aBJSKH TIOKPAICHHIO 3aralHUX yMOB OpraHizamii BUpPOOHUYOTO
HpoLecy.

AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA IMTPOBJIEMU

HezamoBinbHa opranizailiss pPeMOHTHOT'O 00CITyTOBYBaHHS, BUKOHAHHS PEMOHTHUX POOIT Y HETTOBHOMY
00Cs131 Ta 3 HU3BKOIO SIKICTIO € OHIE€I0 3 OCHOBHHMX NPUYMH aBapiiHWX BHXOMIB YCTaTKyBaHHS 3 jnany [7].
[TignmpuemcTBa 3ami30pyJHOT IPOMHCIOBOCTI IIOPOKY HETOOTPUMYIOTH IOHAA | MITH. T 3aJi3HOi pyau uepes
aBapiiiHi MPOCTOi Kap €pHOTO YCTAaTKyBaHHS. 3a HANTUMH PO3paxyHKaMH, CKOPOUCHHS TIPOCTOIB IIij dac
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PEMOHTIB 110 HOPMAaTHBHOTO PIBHS Ha OJHOMY TipHHYOPYTHOMY ITANPHUEMCTBI MOXe 3a0e3meunTa
JIOMATKOBHH 00CST TMPOAYKIIil 61Uk K Ha 4,8 MIH.TpH Ha pik [4]. Li BTpaTn € BiI4yTHUMH, 1 3aBJAHHS iX
3HIDKSHHS 3HAYHOKO MipOFO 3aJICXKUTh BiJl pallioHasi3aIlii pPeMOHTHOTO BUPOOHUIITRA.

Mix moKa3HHUKaMH BTpaT B OCHOBHOMY BHPOOHHMIITBI Ta BUTpaTaMd Ha PEMOHTHE OOCIYrOBYBaHHS
iCHye TICHMHA B3a€EMO3B’S30K, SIKHil OyB IpeaMeToM AOCHTIKeHb 0ararboxX ydeHuX. BcraHoBieHo, mo 3i
301TBIIEHHSIM BUTpPAT HA PEMOHTH CKOPOYYETHCS OOCST BTPAT, BUKIWKAHWN EKCILTyaTaIli€l0 HECIPaBHOTO
yCTaTKyBaHHsI, MPOCTOSIMH BHACHIJOK aBapiii YW OYIKyBaHHSIM pPEMOHTHHX poOiT [2]. I'padiuno Taxe
CHIBBITHOIICHHS BUPAXAEThCSI MOHOTOHHO CHMaAHO! (DYHKII 3 aCHMITOTHYHUM HaOMIKEHHAM 3aJICKHOI
3MIHHOI JI0 AESIKOTO PiBHS, MPUTIM TUTBKH MPHU HECKIHYEHHO BEJIMKHUX 3HAYEHHSX apryMeHTy. Lle o3Hadae,
IO TOBHICTIO JIIKBiAyBaTH BTpPaTH MOKJIMBO JIMIIE 332 yYMOB HaAMIpPHO BHCOKHX BHUTpaT Ha PEMOHTH,
OCKIUIbKM KOXXHHMH HACTYMHHH MPUPICT TaKMX BUTPAT MPU3BOAWUTHUME 10 Aealli MEHIIOTO CKOPOYEHHS
BHPOOHHYNX BTpAT.

[Ipornec 3pocTanHs BUTpAT HA PEMOHTH OOJaTHAHHS Ma€ KPUTHYHY TOUKY, MiCIs MEPEBUIICHHS SKOT
noajble 301UTBIICHHS BUTPAT HE 3a0e3Ieuye MPOMoOpLiiHOr0 CKOPOUYeHHs BTpaT. L{10 3anexkHicTh AOIIIBHO
po3TIAAaTH K OanaHc, y SKOMY BPiBHOBaXKYIOTHCS BUTPATH Ha PEMOHTH Ta BiATOBIAHI iM BTpaTH OCHOBHOTO
BUPOOHUIITBA, CHPUINHEHI TOPYIIEHHSIM HOPMaIbHOTO (PYHKIIIOHYBaHHS yCTaTKyBaHHS.

Takum ynHOM, OanaHCc BUTPAT HA PEMOHTH BBaXKA€ThCSI EKOHOMIYHO e(peKTUBHUM JIMIIE TOAL, KOJIU iX
mpupicT (A3) He epeBUIy€e TOCITHYTOTO MPHU IEOMY CKOPOYEHHS BTPAT Y OCHOBHOMY BHPOOHHUIITBI (AB),
TOOTO 32 YMOBH BUKOHAHHS HEPIBHOCTI:

|A3/AB|<1. @)

MosxHa BUAUTUTH Tpu eTanmu (HOpMYBaHHsS pPIiBHS pPIYHUX BUTPAT HA PEMOHT YCTaTKyBaHHS Ta
BU3HAYUTH HATIPSIMKH ITiIBUIICHHS €()eKTUBHOCTI PEMOHTHOTO BUPOOHHUIITBA.

o nepmoro BigHOCUTHCS chepa BUPOOHUITBA 3HAPSAAD Mpali (X MpOEKTyBaHHs Ta BUTOTOBIICHHS).
Ha mpoMy erami, aHami3yroun KOHCTPYKTHBHI MOXIJIMBOCTI MAIIMHM, MarepiamiB 1 TEXHONOTiH ii
BUPOOHUIITBA, MOYKHA OIIHUTH MOTEHIIIIHY BEIMYNHY MallOyTHIX 3aTpaT Ha peMOHTH. Ha miif cramii MoxxHa
yhnpaBisTH (YHKIIE0 3aTpaT HAa PEMOHTH - 3MIHIOIOYM TMapaMeTpd MAallWHH, TMOJNIMIIYIoUd 11
PEMOHTOTIPUIATHICTD, 3IMCHIOIOYH ONTUMI3aIlif0 MIKPEMOHTHUX MEPioJIiB IUIIXOM PETYJIIOBAHHS TEPMiHIB
CITy>kOH eleMEHTIB MaITMHH Ta 301JIIIYI0YH 200 3MEHIIYIOUH IXHIO HA/TIHHICTb.

Hdo npyroro eramy, mo BH3HAaYa€ BEJIUYMHY PIYHMX DPEMOHTHHX BHTpAaT, BIAHOCHTBCS cdepa
eKCIUTyaTalii yCTaTKyBaHHsS, 3alHITOrO B OCHOBHOMY TEXHOJIOTIYHOMY Tporeci. Bemnunna BuTpar, B
JAaHOMY BHIIQJIKY, 3aJ€KHUThb BiJl TaKMX TEXHIKO-€KOHOMIYHHMX YMOB, SIK: CTYIiHb 3HOIIEHOCTI MAalMH i
YCTaTKyBaHHS; BIKOBOTO CKJIay 3aC00iB Mpalli; TipHUYO-TEOJOTYHHAX 1 TEXHOJOTIYHUX YMOB iXHBOI pOOOTH;
JOoCBiAy ¥ kBamidikamii mepcoHaiy, 0 eKCIUTyaTye YCTaTKyBaHHS; HayKOBOI opraHizaii npami i KyJIbTypH
BUPOOHHUIITBA TOWIO.

3HMKEHHS BUTpaT HAa PEMOHTH Yy IIMX YMOBax 3aJie)KUThb, B OCHOBHOMY, BiJ NPHUAHATHX
TEXHOJIOTIYHUX CXEM OpraHi3aiii OCHOBHOTO BUPOOHHMIITBA, MOKJIMBOCTEH 3aMiHM YCTaTKyBaHHS Ta CTYIEHS
MITOTOBJICHOCTI 00CIYTrOBYIOUOTO MEPCOHAITY.

Tpetim, ocHOBHUM eTarnoM (OpPMyBaHHS BEJTUUYMHHU BUTPAT Ha PEMOHT 1 YTPUMAaHHS YCTaTKyBaHHS, €
cama cdepa PEeMOHTHOTO BHPOOHHWITBA. B pe3ymbraTi MiABUINEHHS €()EKTHMBHOCTI PEMOHTIB MaIlWH i
oOyajiHaHHs, MOXKe OyTH OTpUMaHa 3HAYHA CGKOHOMisi MaTepialbHUX, TPYJOBHUX 1 TPOLIOBUX PECYpPCiB.
OpnHak, iCHYIOYi 3aX0AW LIOAO MiABHIIEHHS TEXHIYHOrO PiBHS W 3017BIICHHIO BUPOOHMYHMX MOTY>KHOCTEH
PEMOHTHUX MiAPO3ILIB i CHEialli30BaHMX 3aBO/IB HOCITh OOMEXEHHIA, MICIIEBHI XapaKTep.

Ha BenmuunHy BUTpaT y peMOHTHOMY BHPOOHHUIITBI, MpH c(HOPMOBAHOMY TEXHIYHOMY DiBHI BIUIMBAE
¢opma opranizaiii peMOHTHOro oOciayroByBaHHs. Oprasizaiisi PEeMOHTHOTO BHPOOHHMIITBA JO3BOJISE
edeKTUBHO 00’ €HATH TMpaIiBHHUKIB, 3acO0W Tpalli i MpeJMeTH Mpalli B €IMHE IIiJIe, MiABUIIUTH SKICTh iX
BUKOPHUCTAHHS, TIEPETBOPIOIOYH 3 PO3PiI3HEHUX (HaKTOPIB BUPOOHUITBA B €TUHY NMPOIYKTUBHY CHITY.

[lomo HeoOXigHOCTI MiZABHMINEHHS €(PEKTUBHOCTI PEMOHTHOIO BHPOOHMIITBA 3a3Ha4yae 0araro
HAYKOBI[IB, IO IMPHUCBATHIM CBOI Mpali nuTaHHsM pemoHTy [l, 3, 5, 9]. €1uHOI0 METOOMKOI IHX
JOCHIDKEHb € BHU3HAYCHHA [JIs KOXKHOI KOHKPETHOI Mojeni MamuH (YHKLUIOHANBHOI 3aJIe’KHOCTI

eKCIUTyaTallifHuX BHUTpPAT BijJl 4acy o f(t), SKa BHKOPUCTAETHCS ISl BCIX MOMIJIMBUX Mojeien
BJIOCKOHAJICHHSI DIBHS OpraHizalii pPEeMOHTHOTO BHPOOHMIITBA. XapaKTep 3MiHM TaKoi 3alie)KHOCTI
MOLIMPIOETECS HAa BeCh IUIAHOBAHMK IEpiof eKcIulyaramii MmamuH pgaHoi moxem. [lpu mpomy He
BPaxoOBY€ETHCS, IO 3MiHA OpraHi3aliiHMX YMOB eKcIUTyaTalii i peMOHTY OOJlafHAHHS BIUIMBA€E HA TEMII
MIPUPOCTY PEMOHTHO-CKCIUIyaTAIMHMX BUTpPAaT Ta Ha Te, SKOMY pIBHIO OpraHisamii peMOHTHOTO
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BHpOOHMIITBA (IIeHTpaTi3amii, criemiaizamii abo KOHIIeHTparlil) BiamoBinae kpuBa. [IpoBeaeHi qM0OCTiHKEHHS
MTOKa3aJIM MOMJIMBICTE PI3KOTO (CX19aCTOr0) 3HMKCHHS PIBHS TAKUX BUTpPAT, 110 BUHUKAE MIPHU TIEPEXOI1 Bif
1HAMBITyaJIbHUX METOJIIB PEMOHTY 10 PEMOHTY MaIlliH B yMOBAX CIELialli30BaHUX MiAMPHUEMCTB.

Ha cporoani piBeHp oprasizaimii peMOHTHOTO BHPOOHHITBA 3HAYHO BiACTae BiJ PiBHS opraHizamii
BHPOOHUIITBA MAaIIHH 1 00JamHaHHs. SKII0 B MammnHOOY TyBaHHI ITMPOKO BUKOPHUCTOBYETHCS BEIMKOCEPiiHE
BAPOOHUIITBO, TIOTOKOBI IIiHIi, TO B PEMOHTHHX CIyX0ax depe3 Maiuii oO0CiIr pEeMOHTIB TpH
JeneHTpanizoBaniii Gopmi iXxHbOI opranizamii JoTenep NepeBaKalOTh KyCTapHi, 1HIUBiAyalbHI METOIH
PEMOHTHHX POOIT.

Haii6impm mporpecuBHUM opMam opraHizallii pPeMOHTHHX poOiT, 30KpeMa 3aCTOCYBaHHIO CEPBICHOTO
PEMOHTY, BiIIOBINAIOTh iJicajbHi YMOBH PEMOHTHOTO BHPOOHMITBA, IO XapaKTEPHU3YIOThCA HAHMEHIINMHU
BUTpaTaMy Ha PEMOHT 1 eKCIUTyaTalilo o0NagHaHHS Ta HaliMEHIIMMH TeMIIaMH iXHBOTO 30iiblIeHHs [4, 6,
8]. Ilomanpmre 3HWKEHHS pIBHA BUTPAT OOMEXYETHCS TUTBKA HAIAHICTIO €NEMEHTIB 1 JOCKOHAIICTIO
KOHCTPYKIUii MalllMHU.

OIJIb TA 3AJAYI JOCJIKEHHSA

Jlo movatrKy ciMIecsTHX POKIB IBAAISTOTO CTONITTS Ha TIPHUYOPYAHHUX MiANPUEMCTBAX YKpaiHU
JeTleHTpaltizoBaHa ¢opMa opraHizamii peMOHTIB TEXHOJOTIYHOTO 00NaJHaHHS Oylia 3arallbHOTPUHHSATOLO.
PeMoHTHI po0OOTHM BUMaraiay 3adydeHHs BEJIMKOI KUIBKOCTI pPOOITHMKIB BHCOKOI KkBamidikamii. Yce e,
MIPUPOJTHO, TIPU3BOAMIIO IO MTOCTIHOTO 3pOCTAHHS MaTepiadbHUX 1 TPYIOBUX BUTPAT, IO BiBONIKAIUCS Ha
PEMOHTHi poOOTH.

3 MeTOI0 TiABUIIEHHS e()eKTUBHOCTI PEMOHTHHX POOIT 1 CTBOPEHHS YMOB JJIsl PO3BUTKY LIEHTpasTizalii
W cmemianizamii peMOHTIB Ha mo4arky 70-x pOKIB IOdYajad CTBOPIOBATHUCS CIICI[iaJli30BaHI PEMOHTHI
MianpreMcTBa. BOHU Billirpanyu MO3UTHBHY POIb, 3BUTHPHHUBINN YACTHHY POOITHHUKIB, 3aHHSATHX PEMOHTOM
oOJalHAHHS, MiIBUIIMBIIN SKICTh PEMOHTIB, 3a0€3MCUUBIIM CIEI[iaNi3allil0 Y BUPOOHUIITBI 3alacHUX
YaCTUH 1 BUKOHAHHI KalliTaJIbHUX PEMOHTIB.

HalOyTTs He3anexxHOCTI YKpaiHOIO HA MOYATKY JAEB’STHOCTHX POKIB Ta IMOB’S3aHAa 3 UM €KOHOMidHA
Kpu3a TPHU3BENH JI0 BTPATH OUIBINICTIO MiAMPHEMCTB CBOiX OOOPOTHHX KOINTIB, a BIAMOBIAHO — i
MOJKJIMBOCTI OIUIAYyBaTH TOCIYTH 3 PEMOHTY TEXHOJOTIYHOro oOJaJHaHHS CTOPOHHIM opraHizamism. Lle
MOPYIIWJIO CTaly CHCTEMY IHAYCTPIiaJbHOIO PEMOHTY TEXHOJIOTIYHOrO OOJaJHAHHS TiPHUYOPYIHHX
MiNPUEMCTB. BIkunm Jmine Ti HEYHCIIEHHI PEMOHTHI MMiIMPUEMCTBA, 0€3 MPOMYKIi SKUX iCHYBaHHS
TipHUYOPYIHOT rary3i 0yJI0 HEMOKITUBUM.

CremnianizoBanuii a60 (ipMOBUH pPEMOHT TEXHOJOTIYHOTO aBTOTPAHCIOPTY Ha TipHUYOPYTHHX

nianpueMcTBax YKpaiHu novas BigpomxyBaTtucs y 2010 poui, xonu BupoOHuk TexHiku BEJIA3 — BAT
«binopycekuil aBTOMOOINBHMN 3aBOI» CTBOpHB Mepexy cepBicHuXx 1eHTpiB TOB «BEJIA3 CEPBIC
VYkpainay ams 3a0e3neueHH0 TeXHIYHOTo cepBicy npoaykiii BEJIA3, 1m0 ekcruryaTyeTbes y ClIOKHBaiB.
B KpuBopizekoMy 3amizopyqHoMy OaceliHi BOHO OyJIO TIPEICTaBICHO TOBAPUCTBOM 3 OOMEKEHOIO
BinnoBimanpHicTIO «KPUBBAC-BEJIA3-CEPBIC CII», mo cremniami3yeTbcsl Ha MOCTaBKaX OPUTIHATBHUX
3allaCHUX 4YacTHH ToproBenbHoi Mapku «BEJIA3» i HagaHHIO CepBICHHX MOCIYT 3 PEMOHTY W TEXHIYHOMY
00CITyTOBYBaHHIO Kap'epHOI TEXHIKM Ha MiJIBIOMYil TEPHTOPIi.

Bci peMoHTHI poOOTH BUKOHYIOTHCS 3 BAKOPUCTAHHSM OPHUTIHAIBHUX 3aMlaCHUX YaCTHH I10 TEXHIYHIH
JIOKYMEHTAIlil 3aBOJ[IB-BUTOTOBJIIOBAYIB HAa aTECTOBAHMX pPOOOYMX MICIHSX, BIIMOBIIHO [0 BHUMOT
HOPMATHUBHO-TEXHIYHOT JJOKYMEHTAIIii i IF0YMX CTaHIAPTIiB, 3 HAJAHHAM I'apaHTIHHUX 3000B'I3aHb.

€sponeiicekuii Coro3 [locranoBoro Pangu €C 2021/997 Big 21 uepsusa 2021 poky mpo oOMexyBajbHi
Mipu mojao binopyci, Bkiarouus «bEJIA3» y cnucok migcaHkuiiiaux ocib, micnsg yoro podora «KPUBBAC-
BEJIA3-CEPBIC CIl» nouaia 3ropratucs. ¥ 2021 pori mianprueMcTBOM 0YJI0 OTPUMAHO YHUCTOTO MPUOYTKY
y po3mipi  89483,0 Tuc rpH. npu uMcenbHOCTI mpauiBHUKIB y 131 ocoOy, a 'y 2024 poui «KPHUBBAC-
BEJIA3-CEPBIC CII» Bxe orpumano 30uToK y po3mipi 1378,5 THC.IpH 3 YMCENBHICTIO Mepconany y 12
oci0.

ChOroJTHi OCHOBHUMH TMapTHEPAMH 10 PEMOHTY i TEXHIYHOMY OOCIYrOBYBaHHIO BY3JIIB 1 arperariB
kap’epHux aBTrocamockuaiB «BEJIA3» € Taki mignpuemctpa, sk IIAT «ApcenopMirran Kpusmii Piry,
Huzenvauii 3aBoa, [IpAT «KpuBopisbkuit 3aBoj ripaudoro obnagHanusy (IIpAT «K3I'O»), TOB «HBII
«'TPMAILI», TOB «BEJTA3YKPPEMCEPBICy, [pAT «EJIEKTPO3ABO/», [pAT
«EJIEKTPOMAILITPOMCEPBIC» Ta iH.

Inest nentpanizauii Ta cneniamizanii poOiT y Oyab-ikoMy i1 IposiBi ChOTOJHI BioOpaxkae 3arajibHUN
IyX OpraHi3allifHUX Ta TEXHIYHHMX IEPETBOPEHb Yy PEMOHTHOMY BHpPOOHHUITBI. BHHHKae HEOOXIIHICTH
HayKOBOTO OOTIPYHTYBaHHS ONTUMAJILHOTO CIIBBIIHONICHHS MK pOOOTaMH, BHKOHAHUMH TOCTIOJAPCHKUM 1
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MIIPSAHAM CIIOCOO0M, piBHEM IEHTpaTi3allii pecypciB Ta TeMIIaMH PO3BUTKY CIICIIaIi30BaHUX PEMOHTHHX
ITiTPO3ALITIB.

[locTanoBka MUTaHHS MPO JOCSATHEHHS CaMe ONTUMABHOTO (palioHAILHOTO) PiBHS LIEHTpaizalii He
€ BHUMaAKOBOIO. [IparHeHHS MakcHMMallbHO BUKOPMCTATH IepeBard clemiaiizamii — mepeaoBi TeXHOJOTril
PEMOHTHUX POOIT, cyyacHe oOJamHaHHS, BUCOKOKBaMi(pikoBaHI Kaapu — 3yCTpidae Omip sIK 00’ €KTUBHOTO,
TaK i Cy0’€KTHBHOTO XapakTepy.

J10 00’ €KTUBHUX YNHHUKIB HAJIC)KATh:

- HasBHICTh HEIUTAaHOBUX (aBapiiHWX) PEMOHTIB, [UIsI BUKOHAHHS SKHUX IiIIMPHEMCTBO Ma€ yTPUMYBaTH
BJIACHUH IITAT PEMOHTHHUX POOITHUKIB,;

- poOOTH 3 TEXHIYHOTO OOCIYTOBYBAaHHS Ta HAJIATOMKEHHS, JUIS SIKUX CBiJOMO HEJOLIIBHO 3alydaTH
MPaliBHUKIB CIIEialli30BaHUX PEMOHTHHX IiJIPUEMCTB.

AHami3 piBHA IeHTpai3amii peMOHTHHX poOIT Ha TipHHYO-30aradyBaibHHX KoMOiHaTax KpmBoro
Pory, mo BU3HAuUa€ThCS CHiBBIIHOLIEHHSM OOCATIB PEMOHTIB, BHKOHAHHMX pPI3HUMH OpraHizaliiiHIMU
crocobamu (Tabi1. 2), CBiIYUTH PO 3HAYHI KOJWUBAHHS Moka3Huka — Bix 23,5 % Ha [IpAT «llentpansuuit
I'3K» 1o 39,0 % na [IpAT «IliBriununit ['3K».

AHami3 BHUKOHAaHHA pPOOIT 3 TEXHIYHOrO0 OOCIYrOoByBaHHS Ta PEMOHTIB TEXHOJOTIYHOTO
aBToTpancnopty Ha [IpAT «larynenskuit ['3K» (IHI'3K) nHaBeneHo y Tadu. 2.

Tabmums 2 AHani3 pe3yabTaTiB PEMOHTIB 1 00CIyTOBYBaHHS TEXHOJIOTIYHOTO aBTOoTpancnopty [IpAT
«IHT"3K»

Ne IToka3uuk Pix
3/ 2020 2021
(hakr % (hakr %
1 | Cepennpo00iKOBa YNCENBHICTh MITATHUX POOITHUKIB 815 100,0 812 100,0
3 HUX:
237 29,1 272 33,5
- Boxii BEJIA3
- MaIIMHICTH OYIBI03epiB B Kap’epi 99 12,1 110 13,5
-  peMOHTHa Ipyma 368 45,2 328 40,4
- KepiBHUKH, CTEialiCTH Ta CITY>KOOBIII 108 13,3 102 12,6
2 | ®oux 3apo0iTHOI MJIATH PEMOHTHHUKIB, TUC.TPH 52433,4 41,8 56842,2 35,4

BapricTh 3amyacTiH i MatepiaiiB JUisi pEMOHTIB 1
TEXHIYHOTO 0OCITYTOBYBaHHSI, THC.TPH

4 | Bcporo BapTicTh HOTOYHUX PEMOHTIB 1 TEXHIYHOTO
00CITyTOBYBaHHS, TUC.TPH

VY Tomy uucii:

434246 34,6 55801,6 | 34,7

125482,1 | 100,0 | 160597,9 | 100,0

5 95858,0 76,4 | 1126448 | 70,1
- BJIACHUMU CHIIAMH
- MTOCITYTH CTOPOHHIX OpraHi3amii 29624,1 23,6 47953,1 29,9
6 | KoedirieHT rienTpaiizaiii peMOHTHHX po0oT, % 23,6 - 29,9 -

Sk 6aunMo, 3pocTae BapTicTh poOOT 3 MiATPUMAHHS PyXOMOTO CKIIaAy B Mpale3laTHOMY cTaHi. Temn
3pOCTaHHS BapTOCTI POOOT BUKOHAHUX LIEHTPANi30BAaHMM CIIOCOOOM IIOCTYIIOBO TEPEBUIIYIO TEMII
3pOCTaHHSI PEMOHTHHX POOOT BUKOHAHUX BJIACHUMH CHJIAMH.

OCHOBHHM JDKEpPEJIOM 3HW)KEHHS BHTpPAaT B PEMOHTHOMY BHPOOHHITBI € OOIPYHTYBaHHS
pauioHaJIbHOTO PiBHS LIEHTpaslizalii peMOHTHUX POOOT IpH yMOBI 3a0e3neueHHs 3aJaH01 HaJiifHOCTi poOOTH
PYXOMOTO CKJIaJly — INTAHOBOT'O 4acy HOro poOOTH Ha TEXHOJIOTIYHUX MEPEBE3EHb.

PE3YJbTATHU JOCIIIKEHDb

[Ipu po3B'a3aHHi 3a1a4i BU3HAYEHHS ONTUMAJIBHOTO PiBHS LEHTpasi3alii peMOHTIB, BEJIMKE 3HAYCHHS
Mae BHOIp ¢popMH QYHKIIOHATIBHOTO 3B'SI3KY MiX pe3yJbTaTaMH PEMOHTHUX POOIT 1 BUTpaTaMu Ha PEMOHTH,
IO BUKJIMKAIW 1X. HaliOiab MOBHO I 3aJI€XKHICTh OMHCYETHCS, HA HAIY JYMKY, BHPOOHHYOIO (PYHKITIEFO
Buny CES:

1/
Yzao-(al-xl_ﬁ+a2-xz_ﬁy ﬂ, (3)

ne Y - pe3yNbTaTH PEMOHTHHX POOIT, IO OPIBHIOIOTH IIAHOBIM KiJIBKOCTI TEXHOJIOTIYHOTO
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obnagHaHHA, MAKCUMAIHHO MOKIIUBUH 9ac poOOTH SIKOTO 3a0e3IeUeHO B Pe3yIbTaTi BUKOHAHHS PEMOHTIB,
THC.aBTO-TOA.; X; — BapTIiCTh PEMOHTIB, IO BHUKOHYIOTHCS TOCIIOJAPCHKHM CIIOCOOOM, THC.ITPH.; Xo —
BapTiCTh PEMOHTIB, 1110 BUKOHYIOTHCS MiAPSITHUM CIIOCOOOM, TUC.TPH.; a1, da, dgp - MapaMeTpu QPYHKIII.

[lepeBara 6aratodakroproi ¢ynkmii Tuiry CES mist aHamizy pe3yibTaTiB pEMOHTHOTO BHPOOHUIITBA
MOJIATaE B TOMY, IO BOHA MOOpe Y3ro/KYyeThcs 3 (DAaKTHYHMMH 3MiHAMH Pe3yJbTaTiB PEMOHTHUX POOIT
3aJIeKHO Bijl cOCco0iB iX BUKOHaHHS. Tak, mpu piBHOCTI OAHOTO 3 BUIB BUTPAT — LIEHTPaTi30BaHOro abo
JETIeHTPaIi30BaHOTO0 PEMOHTY — HYIIO, (pyHKIIis HaOyBae JTiHIHOTO BUTISAAY IIOAO iHIIOTO BHIy BHUTpAT.
[pu cminpHINA [ii BUTpaT GYyHKIIS Mae HEeNHIHHUN Xapaktep. 31 3pOCTaHHSIM OJHOTO 3 BHJIB BHTPAT BOHA
MOHOTOHHO 301JBINIY€ETHCS, MPHUYOMY TEMI 3pPOCTAaHHS CIOBUIBHIOETHCS, 1 HAMIYaeThCS TEHACHILIS
HaOMIDKEHHs A0 TEBHOTO PiBHA, KOJMM (DYHKIisI 3HOBY CTa€ JiHiIfHOIO. AHAIOTiYHO, Ha MPAaKTULI NpH
BUKOPHCTaHHI OJTHOTO 3 BHIIB OOCITyTOBYBaHHS BUTPATH 3POCTAIOTh MPSAMO HPOTIOPIIIHHO 3pOCTAaHHIO MapKy
00CITyrOByBaHOTO yCTAaTKyBaHHs. 3aCTOCYBaHHS 3MIIIAHOTO BHJY PEMOHTIB MiABUINYE e(EKTUBHICTh
PEMOHTHHUX POOIT, 3HIKYIOUH BEIMUMHY BUTPAT Npalli Ha OJUHUII0 OTPUMAHOTO PE3yIIbTaTy.

Ob6pana ¢yHKIiS HENHIHA M0/I0 CBOIX MapaMeTpiB, MO YCKIAIHIOE X PO3paXyHOK i HE JTO3BOIIAE,
30KpeMa, 3aCTOCYBaTH 3BHUAWHUI METO HaMEHINX KBaparTiB. HaMu 3ampomnoHoBaHo crocid onTumizarii
napametpiB QyHkmii Tuny CES y Mexxax nepeadadyBaHOro iHTepBaly iX 3MiHH, 0 3a0e3Medye JOCTATHIO
TOYHICTh 00uHcIeHb. CyTh METOY TOJSTAE B TOMY, IIIO TIEPE MOYaTKOM PO3PAXYHKIB 33/1al0ThCS IHTEPBAIN
3MIHH KOXXHOTO TapaMerpa (YHKIii Ha OCHOBI NPAaKTUYHOTO JOCBiLy a00 pe3ynbTaTiB IMOMEepeaHix
JOCIiPKEHB:

0 =~ “omin ~ “omax’
1~ “Umin ™ “1max’
42 = 9min ~ “2max’

B = Prnin = Pmax: @

[Iporpama oOuuCIeHh ONTUMATIHLHUX 3HAYEHBb IMapaMeTpiB MOOyA0oBaHa Ha mepebopi X KoMOiHaLil y
MeXax 3aJaHuX iHTepBaiiB 3MiH. Kputepiem BuOOpY CIIy’)KUTh MIHIMyM CYMH KBaJpaTiB BiIXWIECHb
(aKTHYHHUX 3HAYCHb Pe3yNbTyrouoro nokasnuka (Y ¢axt) Big pozpaxyHkoBoro (Y po3p), TOOTO BUKOHAHHS
YMOBH:

2
> [Y =Y j = min. )
po3p  ¢haxkm

B pesynpraTi po3paxyHKIB Ha JpyKOBaHUI MpPUCTPI BUBOAATHCS HaWMEHINE BiAXHICHHS
PO3PaxyHKOBOTO 3HAUYEHHS (PYHKIIIT Bl BUXIIHUX CTATUCTUYHMX JIAHUX Ta BIJTIOBITHE 3HAUCHHS TapaMeTpiB
ao, a1, ap, 3. BoHM OyQyTh THM TOYHINIMMH, YUM MEHIIMM MPUPOCTOM IIYKAHHX HapaMeTpiB MU 3a1aMOCs.
OnHak 3ampoONOHOBAaHMN METOJ OTPHMaHHS NapaMeTpiB MaKCHMaIbHO HAONMKEHHX JIO0 ONTHMAIBHUX
00MEXYETHCSI 3pOCTAIOUUM 00CSITOM JIOCITIIKEHb.

OtpumaHa (yHKIIOHANbHA 3AJIEKHICTh JIO3BOJSIE PO3paxyBaTH ONTHMANbHI 3HAYeHHS OOCSTIB
PEMOHTHUX pOOOT, IO BUKOHYIOTHCS LIEHTPAIi30BaHMM 1 JELEHTPaIi30BaHUM CIIOCOOOM NpHU 33aJaHOMY
MapKy Kap’€pHAX aBTOCAMOCKUJIIB, & TAKOXK ONTUMAIILHIH KOeIilieHT IeHTpai3alii peMOHTHHUX POOIT.

dopMyBaHHS ONTUMAIILHOT KOMOIHAIIT BUJIIB BUTPAT MPalli PEMOHTHOMY BUPOOHUIITBI 3/IHCHIOETHCS
3 JONOMOTr0I0 MHOXHHMKIB Jlarpamka. 3afgaHuil piBeHb pe3ysibTaTy PEMOHTHUX POOIT HEOOXiAHO OTPUMATH
skoMmora gemeBine. Lle o3navae, mo norpiOHO MiHIMIZyBaTh pecypcu C 3alydeHHS KOKHOI'O BHAY BHTPAT
patii.

C=X1+X5. (6)

Hnst orpuManHs BUpasy Jlarpamka y 3ajaui MakcuMi3allii MepenumemMo 0OMEeKeHHs Y 3BUYaiiHOMY
BUTJISIAL:

[ToMHOXMBIIM HOTO HA IITYYHUI MHOXKHHUK A, 10J1aMO J10 BUXiAHOI (DyHKLIi Ta OTpUMaeMO (QYHKIIiIO
Jlarpanxa:
g vagxg Tl )
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JloBeAeHO, IO 3HAYCHHS 3MIHHHMX, IO MAaKCUMI3YyIoTh (yHKIi0 Jlarpamka, € OZHOYACHO i
BUPIIICHHAM BUXIIHOT 3a1a4i MakcuMizalii. OCKIJIbKH B HAIIOMY 3aBIaHHi GyHKIis Jlarparka BKIOYa€e TpU
3MiHHI, TO YMOBOIO 1l MAKCHMIi3aIlii € PiBHICTb HYJIO TPhOX NOXiTHUX. OTPHUMYEMO CHCTEMY PiBHSHB!
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3 Bupasy (15) 3HaxoauMo onTHManbHE 3HAUCHHS BUTPAT Ipami X, 10 .

1
_1£%§ B
Y ag | +F
anm =—-la +a, (_ZJ . (16)
20 !
3 Bupazy (16) Takox 3HAXOAMMO ONTUMAIILHE 3HAUEHHsI BUTpAT mpami X g .
1
_11%5 B
a +
Xgnm :L. az +al.[_1J . (17)
0 )
Bennunna onTuManbHOro KoedimieHTa HeHTpati3aii pPeMOHTHHUX pOOIT BU3HAYAETHCS 3 BUPA3y:
onm
gonm _ X1
Y Xlonm N Xé)nm

(18)
OOuncreHi piBHSAHHS 3aJIe)KHOCTI PE3YJIbTaTiB PEMOHTHHX PpOOIT 3 PEMOHTY TEXHOJIOTIYHOTO

aBTOTpaHCTIOPTY Bix BuTpar npaui Ha [HI 3K mae Takuii BUrmsan:

0,7326 13652

: +0,3174- X

1 2
XapakTep 3MiHHM peE3yJbTaTiB PEMOHTHHX poOOIT BiA 3MiHM BHUTpaT TMpali, Ha OPUKIaIi

TiPHAYOTPAHCIIOPTHOTO TEXY, IPEACTaBIeHUH Ha puc. 1 Ta puc. 2.

Y = 3,838088-(0,6826- X 07326)
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pe3yiabTaTH PEMOHTHHUX POOIT, THC.MAIIL.TOI.

0,0
0 10000 20000 30000 40000 50000 60000

BUTpATH Ha PEMOHTH MiJPSTHUM CIIOCOOOM, THC.TPH.

—+— X1=130000 tuc.rpg —+— X1=120000 tuc.rpr - X1=90000 Tuc.rpn

Pucynok 1. 3anexxHicTh pe3yabTaTiB PEMOHTHOI'O BUPOOHMLITBA BiJl 3MiHM BUTPAT Npalli HA PEMOHTH
LIEHTPAII30BaHUM CIIOCOOOM
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Pucynok 2. 3aiexHiCTh pe3ynbTaTiB PEMOHTHOTO BUPOOHMIITBA BiJ 3MiHM BUTpAT IIpaii HA PEMOHTH
TOCIIOIAPCHKUM CITOCOOOM

Ha migcraBi po3paxoBaHuX piBHSHB PO3PaxOBaHO ONTHMANBHI CIIBBIJHOIICHHS BUTpaT Mpami Ha
PEMOHT IEHTPATi30BaHUM Ta JICIECHTPANi30BAaHUM CIOCOOOM B TipHHYOTPAHCIIOPTHOMY II€Xy TipHUYO-
30arauyBajibHOTO KOMOiHaTy. Pe3ynbraTtu po3paxyHKiB 3BeJieHO y Ta0JI. 3.

Tabmums 3 Po3paxyHOK ONTUMAIBHOTO PiBHS IIEHTpalTi3alii peMOHTHHX pOOIT B yMOBax
riparyoTparcnoptHoro 1exy [HI'3K

PesynbTar BuTpaTty Ha BUKOHAHHS PEMOHTHHX POOIT, THC.IPH
BUKOPHUCTAHHS
IToxka3Huk . )
o0JIaIHAHHA, Bcboro  |neHTpanizoBaHojieieHTpatizoBaHo K, %0
THC.MAIIL.TOJ.
dDakTUUHE CITIBBIIHOIIIEHHS 3245 160597,9 47953,1 112644,8 29,9
OnTruMalibHE CITIBBIIHONIECHHS 3245 157461,4 62610,5 95850,9 39,1

OnrtumainbHi 3HAYEHHST BUTPAT € €JJMTHO MOXKJIMBHMHU, IO 3a0€3MeYyI0Th MAKCUMYM pe3ybTary. byb-
SKi BiIXWJICHHS Y TOMY CITiBBIJHOIICHHI y TOW YW I1HIIMIA OIK NMPHU3BOJUTH JI0 3HWKEHHS pe3yJIbTaTiB
PEMOHTHOTO BUPOOHHIITBA (pHcC. 3).

330

3245

qac pO60THaBTOCaMOCKH,HiB, THC.MaII-TOJT

290 /

280 T T T T \
10000/147461 30000/127461 50000/107461 61610/95851  70000/87461  90000/67461

A gy

CITiBBiJIHOILIICHHSI BUTPAT - LICHTPAJIi30BaHi/IeLICHTPali30BaHi, THC.I'PH

Pucynoxk 3. 3ajiexHICTh pe3y/IbTaTiB PEMOHTHOI'O BUPOOHMIITBA BiJ KOMOIHAIIIT BUTpAT Mparii Ha
PEMOHTH IICHTPAII30BaHUM Ta JCIICHTPATI30BAHUM CITIOCOOOM
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Po3paxyHKu TOKa3yiOTh, IO BIPOBAIKCHHS ONTHMAIBHOTO PIBHS IEHTpaii3allii peMOHTHHX POOIT
JIO3BOJINTH 3a0IIATUTH B yMoBax KomOiHaTy 105 THC. JIFOA.-TOM. CYKYITHHX BUTpAT Tpalli PEeMOHTHOTO
nepconany (7,26% Bcix BUTpAT), IO €KBiBaJICHTHO YMOBHOMY BHBUILHEHHIO OJH3bKO0 55 0ciO.

OBI'OBOPEHHS PE3YJBbTATIB JOCJJIIAKEHHSA

TakuM YWHOM, BHUPIIICHO peabHy HAYKOBO-TNIPAKTHYHY 3a7[a4y BCTAHOBJICHHS ONTHMAJIBHOTO PiBHS
LEeHTpati3amii peMOHTHHX poOIT, Mo 3abe3rnedye iX e(deKTHBHE BHKOHAHHS. 3aIllpOIIOHOBaHI B POOOTI
METOJIMKHA  JIO3BOJISAIOTh  (hOpMaji3yBaTh MPOLECH PO3MOALTY OMJDKETy TipHUY030aradyBajibHOTO
MiAIPUEMCTBA, BHUAIJICHOTO HA BiIHOBIIEHHS MPAaNe3NaTHOCTI TEXHOJIOTIYHOTO aBTOTPAHCIOPTY, 3 METOIO
3a0e3reYeHHs MaKCUMaJIbHOTO PIBHS HaIIHHOCTI Horo poOOTH. 3amporioHOBaHA METOAMKA, HA BIAMIHY Bil
ICHYI0UHX, CpsSIMOBaHa Ha MiABUIICHHS e(EeKTUBHOCTI eKCILTyaTalii aBTOCaMOCKHU/IIB, BpaxoBye crenrivdni
YMOBH iX eKcIulyaTamii Ta IMOTOYHI BHPOOHMYO-€KOHOMIUHI MOMJIMBOCTI MiINPUEMCTBA, 3a0e3Mleuye
JOCTATHIM KOMITPOMIC Mi’K MiHIMI3aIli€l0 BUTPAT HA PEMOHT 1 BUCOKUM PIBHEM HAIIHHOCTI TEXHOJIOTIYHOTO
aBTOTPAHCIIOPTY, 10 TapaHTY€E IUTAHOBUI Yac pOOOTH aBTOCAMOCKHUAIB HA TEXHOJOTTYHUX TIEPEBE3CHHSIX.

BUCHOBKHU

BuxoHaH1 po3paxyHKH MOKa3aly, M0 Ui 3a0e3MeueHHs TUIAHOBOTO Yacy poOOTH aBTOCaMOCKH/IIB Ha
TEXHOJIOTIYHUX TIepPeBE3EHHIX, IO BIANOBiZa€ yMOBaM 0a30BOTO Tepioxy, MPH ONTHMAILHOMY piBHI
LEHTpaIi3aIii peMOHTHUX pOOIT EKOHOMIsI HA PEMOHTHHUX BUTpaTax ckiaaae 3136,5 tuc. rpH, ado 9,5% Beix
PEMOHTHHUX BUTpAT.

[omanpmi gocmimkeHHs Oy IyTh 30cepePKeHi Ha BU3HAUEHH] CTpaTerii MOPiBHAHHS OI[iHOK ITAHOBUX
pecypciB 3ami30pyIHUX HiAMPUEMCTB, IO BUKOPUCTOBYIOTHCS IJISi PEMOHTY Kap’ €pHHX aBTOCAMOCKHUIIB Ta
MIATPUMKH iIXHBOT'O TEXHIYHOTO cTaHy. Lle HeoOXiqHO /I MPUHHATTS PillleHb 1040 OOKETYBaHHS POOOTH
WX MIIPHEMCTB 200 MOXKIIMBOCTI BHKOPUCTAaHHS BUBITPHEHHX (PiHAHCOBUX PECYPCIB, a TAaKOX iXHBOTO
CHpsIMyBaHHS Ha IHIN I[UTI BIAMOBIAHO JO BHU3HAYCHOI CTpaTerii MOAAIBIIOTO PO3BUTKY TEXHIYHOTO
MOTEHITiay.
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Maksymova, O., Maksymov, S., Potapenko, V. Economic Efficiency of Centralized Maintenance
and Servicing of Technological Vehicles in Iron Ore Quarries

The study substantiates and formalizes the criterion for determining the optimal level of centralization
in performing routine maintenance and technical servicing of technological vehicles at iron ore quarries. The
forms of functional relationships were established, and analytical dependencies were obtained between the
costs of maintenance and repair of quarry dump trucks. The relationship between machine reliability and
operating time necessary to meet the technological transport plan for ore was determined for cases where
such repairs are performed in-house or through company-based or service maintenance at specialized
enterprises using industrial methods. This approach allows determining the level of industry-wide
centralization of maintenance and repair work for quarry vehicles, which enables minimizing specific
operational costs per unit of transport work.

To solve the tasks set, methods of techno-economic, correlation-regression, factor, and situational
analysis were used (for studying the organization of dump truck repairs at mining enterprises or in the
network of service centers); the methodology of optimal management, which ensures the economic-
mathematical formalization of the components of the model for determining the level of industry
centralization of technological vehicle repairs according to operating conditions; and the method of
comparative economic analysis (for assessing the economic efficiency of the proposed model for reallocating
funds allocated to restore the operability of quarry dump trucks).

The optimal level of centralization of maintenance and repairs of 130-ton quarry dump trucks for ore
transportation at iron ore quarries was calculated, and the feasibility of ensuring their planned operating time
in technological transportation was substantiated.

Keywords: transport system of an iron ore quarry, repair costs, in-house repairs, repairs by specialized
organizations, statistical methods of control and management.
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Mapwmyt LLA., Be3pinnuii B.B.
Xapkiscbkutl HAYiOHALHUL ABMOMODILIbHO-00PONCHIU YHIgepcUmem

MATEMATHUYHI MOJAEJI JJIAA PO3PAXYHKY BUKUAIB TOKCUYHUX PEHOBUH
ABTOBYCA 3 JIM3EJIBHUM JIBUT'YHOM

Hegix'emHOIO yacTHHOIO 3aranbHOi MPOOIEMH, MOB'A3aHOI 3 YIOCKOHAJIEHHIM KOHCTPYKIii aBTOMOOLTIB, 110
BUITYCKAIOThCS, MIATPUMKOIO X y Mpaue3qaTHOMY CTaHi, AKICTIO MajiuBa, MACTWIBHUX MaTepialiB Ta X €KOHOMIEIO,
HOJINIIEHHSIM JIOPOXKHBOT MEpexi Ta OpraHi3ami€io pyxy TPaHCIOPTHUX MAIIHH, € IX TOKCHIHICTb.

Po3poOkoro mmTaHb EKOHOMIl NaJMBHO-CHEPIeTHYHUX PpEeCypciB Ta 3HIDKCHHS TOKCHYHOCTI JBUTYHIB
3aiiManocsi 0araTo JOCHIMHUKIB 1 B JaHWI Yac € 3HAYHA KUTBKICTh BIIIOBITHUX pekoMmeHaariil. OmHak mpocTi Ta
JOCHUTH €(EeKTHBHI IPOIIO3UILIT IIIe MiUTATAI0Th PO3POOII.

3aBmaHHs onTHMI3alii poOOTH MACAKUPCHKOTO ABTOTPAHCIOPTY 3 ypaxyBaHHAM €KOJIOTiYHOI Oe3NeKu €
OIIHIEI0 31 CKJIQJOBHX PETYIIOIYOi IisTIBHOCTI JIIOAWHH, CIPSMOBAaHOI Ha O3IOPOBJIECHHS MICHKOTO CEPEIOBHIIA.
TakuM YHMHOM, 3MEHIICHHS IIKIIMBUX BHKHIIB ABATYHAMH aBTOMOOUTIB € HafBaXUIMBIIIOI CYCIUIBHOIO Ta
COLIIAIEHOIO MPOOJIEMOIO.

IIpn BupimenHi i€l npo6IeMH NMEpeBAKHUMH € HANPsSMH, peaniallis SKHX CYIPOBOPKYETHCS CKOHOMIEIO
NajyBa Ta IHIIMX MaTepiallbHO-TEXHIYHUX pecypciB. BimoMi TeXHIUHI pillleHHS JUIs 3HVDKSHHS IKIiUTMBUX PEYOBHH y
BiJIIpaNbOBaHUX ra3ax JBUTYHIB 3a3BHYail TOB'13aHi 31 3MiHOK X KOHCTPYKIiH (Il¢ mMOTpeOdye 3HAUHUX BHUTpAT) 200
3aCTOCYBaHHSAM JOPOTHX JONOMDKHUX IpPUCTPOIB Il HeHTpanmizamii mKiumBHX pedoBuH (iX ycTaHOBKa Ha
AaBTOMOO1JIb 4AaCTO CYMPOBOKYETHCS MOTIPIICHHAM €KOHOMIYHOCTI ABUTYHA). Y 3B'A3KY 3 IIM JOLIFHO HacaMIepe.
BIUIMBATH HA Ti YWHHHKH, SKi TO3BOJIIOTH 3HU3UTH IIKIAJIMBI BUKUAN aBTOMOOUISMY (1, BIATIOBIIHO, BUTPATy HAJNBa)
M1 9ac BUKOHAHHS TPAHCIIOPTHOI poOOTH.

VY crarti po3pobiaeHo MaTeMaTW4Hi MOJAET A pO3paxyHKYy BHKHAIB TOKCHYHHUX DPEYOBHH aBTOOYCIB i3
JM3ENbHUMH IBUTYHaMH. Tako)X BHKOHAHO aHali3 Pe3yJbTaTiB MAIIMHHOTO EKCIICPHMEHTY ILIOJ0 pPO3paxyHKiB
IIKIZJIMBAX BUKUJIB Ha pukiaai aprooyca Mercedes-Benz O530/Citaro C2.

OnHUM 13 HampsMiB TIiJBUIICHHS TMAJIABHOI CKOHOMIYHOCTI Ta €KOJIOTiYHOi Oe3meku aBTOOYCIiB €
BUKOPUCTaHHS Ha IPAKTHI[ paliOHAIBHUX pexXHMIB pyxy. Lle 0o3Bois€e po3rismaTH CTATTIO, CIPSIMOBaHY Ha
HiBUIICHHS e(QEeKTHBHOCTI TEXHIYHOI eKCITyaramii aBTOMOOUIIB 3a paxyHOK EKOHOMIl MajiiBa Ta 3HIDKCHHS
TOKCHYHOCTI, aKTyaJIbHOIO.

KnaiwouoBi ciaoBa: aBroOyc, yMOBH eKcIUTyaTallii, IIKiAJIMBI BUKHIH, CSKOJOTidHA Oe3leka, MaTeMaTH4Hi
MOJIeNT, IIBUIKICTh PYXY.

BCTYII

Pyxomuii ckiaj; aBTOMOOUILHOTO TPAHCIIOPTY € HaWBKJIMBIIINM (DaKTOPOM BIUIMBY Ha aTMmocdepy,
mitochepy Ta rigpocdepy i TOMYy BiH TOBHHEH pO3TIISIATHCS SIK CKJIAg0Ba TIOOATBHOI E€KOJOTigHOL
npoGyiemn Kpainu. HeraTuBHMI BIUIMB aBTOMOOLTIB Ha JOBKULIA NMPOSBISETHCS HAacamIiepel y BHKHAAX
IIKIJUIMBUX PEYOBMH 3 BiJIPallbOBAHUMH ra3aMy — OKCHJIIB a30Ty, BYIJICIIO, BYTJIEBOJIHIB, ajlbJCTiIiB, Caxi
Tta iH. KiJbKiCTh TOKCHYHMX KOMIIOHEHTIB, IO BHKHIAIOTHCS PYXOMHM CKJIaJOM aBTOTPAHCIIOPTY,
npubnu3HOo B 5-6 pasiB Oiiblia, HiX yciMa IHIIMMH BUIAAMU TPAHCIOPTY, pa3oM y3sTuMu. OcoOJnMBO Lie €
aKTYaJIbHUM JJISl MiCT, Jie (YHKIIOHY€E MiCbKHI TpaHcnopT. Joci akTMBHO Ha MapHIpyTax €KCILIyaTyrThCs
aBTOOYCH 13 JM3CIBHUMHU JIBUTYHAMH. SIK MMOKA3yHOTh YMCICHHI JOCHIKCHHS, TU3E/IbHI JBUTYHU € OLIBII
TOKCUYHMMH MOPIBHAHO 3 IHIIMMM TUHaMu cuiioBux arperaTiB [1, 2]. ToMy nmuTaHHS W00 3HMKECHHS
LIKiITTMBOTO BIIMBY MiCBKOT'O TPAHCIIOPTY € aKTyaJIbHUMH.

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA IMNPOBJIEMHU

Bupimennsam npoOiiemMu ekonoriuHoi Oesreku 3aiimanocs Oararo BueHux Ykpainu (['oBopyiieHKO
M.A., I'yrapesuu 10.®., Kanuno IL.M. Ta iH.). AHami3 ix poOiT mokasaB, 0 OCHOBHUMM YWHHHKaMHU
HETaTHBHOTO BIUIMBY TPAHCIIOPTHUX MAIMH Ha JIOBKULIS € XiMiYHI PEYOBWHH, UM, BiOpailis, TEIUIoBi
BUKHIM TOIO. P0oOOTa aBTOMOOLIBHOIO ABUTYHAa XapaKTEPH3YEThCS YACTOK 3MIHOK IIBHUIKICHUX Ta
HaBaHTAXXyBAJILHUX PEXUMIB, Ha SIKUX BUKHIAETHCS IIEBHA KUIBKICTh IIKIAIMBUX pedoBuH. Kpim Toro, ckiazg
BIJIITPAIIbOBAHUX Ta3iB 3HAYHOI MIPOIO 3AJICKHUTh Bl TEXHIYHOIO CTaHy JBUTYHA Ta YMOB €KCIUTyaTallii .
Jnst ekcrutyataliifHAX Iiiiell HeoOXiJHO 3HATH XapaKTEepUCTUKW BUKHUIY MIKIJJIMBHX PEUOBHH y T/KM
3aJIe’KHO BiJl MIBUIKOCTI PyXY, Bard aBTOMOO1IA Ta CyMapHOTO AOPOKHBOTO onopy [1, 2].

[TutanHs exosoriuHoi Oe3neKu CTOATH Ha MepiIoMy Micui B ycix kpainax. [Ipobimemam mKiamuBux
BUKHUJIB JIBUTYHIB BHYTpPIIHBOTO 3TOPSHHS aBTOMOOUIIB TNPHUCBSYEHO OaraTo ImmyOiikamii 3apyOiXHHX
JIOCJILTHUKIB.

IcHye 6e3niu MeTOAIB OLIHKK TOKCHYHOCTI BiampansoBaHux rasis (BI'). OcHOBHI 3 HUX Taki:

a) Meropd OIliHKH TOKcW4YHOCTI BI' mim dWac ekcruryararii aBTOMOOUTIB — BH3HAYAIOTHCS OKpeEMi
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KOMITOHEHTH IIKIUTMBMX PEYOBHUH Ha HAHOIUIBII XapaKTEPHHUX PEXUMax poOOTH aBToMOO1s [3];

0) Merom Oe3mocepenHLOT0 BUMipIoBaHHS — mpoda BIT QimbTpyeTbes, OXONOMKYeThCSA, 3 Hel
BUJAISAEThCS BoJiora i aHamizyerbcs Ha BMicT CO, CO, NOy ta CH, [4]. Hemonmiku — MOXIHBICTB
azcopOlii ByrieBoAHIB MaTepiajlaMi BUMipIOBaJIbHOI CHCTEMH 1 PO3UMHEHHS! OKCHIIB a30Ty Y BOJIOT, IO
CKOH/ICHCYyBaJacs;

B) METOJI aHAJTi3y 3araJbHOr0 00CSTY CyMilln ra3iB 3a i310Buit UK [5-7];

I') METOJ YacCTKOBOTO BifOOpy Mpo0 3a IMKI 3 PO3BEACHHSM iX IHEPTHHM ra3oM — BCTaHOBIIOETHCS
CHIBBITHOIIEHHS MK KUIBKICTIO TIOBITpS, IO BCMOKTYETHCS B JBUTYH, 1 KimbkicTio BIT (MoxxHa
BHKOPHCTOBYBATH Ha aBTOMOOLTI, IO pyXaeThes) [8, 9];

n) cnocid anamizy posegeHux mnpod moBiTpsm (CVS) — denepanbuuii cranmapt CILIA,
3acTOCOBY€EThCS y Amownii. JlocmimKkeHHS TPOBOASTHCS Ha BCiX pexkuMax pyxy aBTomo0ins [10];

€) METOJ aHalli3y iHAWBIAyaTbHUX MPOO razy — METOJA AWCKPETHOTO aHami3y Ta Bimbopy mpol i3 ix
aHanizoMm Ha xpomarorpadi [11-14];

) MOTOPHI BUIIPOOYBaHHS In3emiB Ha TokcuyHicTs BI' [15, 16].

KinpkicHIMH TIOKa3HUKaMH TOKCHYHOCTI aBTOMOOUTPHUX ABUTYHIB € 3HAYEHHS MAaCOBHX BHUKHIB
TOKCHYHHX pevyoBHH [1, 2].

OCHOBHHMH METOJaMH BU3HAUEHHSI MACOBOTO BUKUIY TOKCHYHHUX PEUOBHH €:

a) METOJ BHW3HAUYCHHS MPOAYKTIB 3TOPSHHS BUXOISYM 3 KUTBKOCTI MajiwBa, IO BHTPAYAETHCA
aBTOMOOUISIMH — TIPOCTHH, ajieé HETOYHUH METOJ, TOMY IO IPH LBOMY HE BpPaxOBYIOTHCS YMOBH PYXY,
eKCIUTyaTalliifHi TOKa3HUKH POOOTH aBTOMOOLIIB TOIIO;

0) MeToJl BU3HAYCHHS BArOBOTO BUKHUY TOKCHYHUX PEUOBHH, BUXOJISUN 3 TPAHCIIOPTHOT pOOOTH — Mae
Maiike Ti caMi HEJOMIKH;

B) METOJ BH3HAYCHHS MacOBOTO BUKMIY TOKCHYHUX PEUOBHH MPOMNOpILiliHE MpoOiry aBTOMOOLTIB —
HaNOLIBII TOYHMIA METO/I, O/THAK 1 BIH HE BPAXOBY€E HEPIBHOMIPHICTh T4 YMOBHU PyXY aBTOMOO1JIiB MiCTOM.

Haii6inmbim ToBHO BiOOpaXKarOTh pealbHI yMOBH eKCIUTyaTarii i3M0BI LWKIH, SKi IITHPOKO
3aCTOCOBYIOTHCSI TIPA BHIIPOOYBAHHSAX aBTOMOOINIB Ha MaJMBHY €KOHOMIYHICTH i Tokcu4uHICTh BI'. Bimomi
HacTynHl 1ukian [5]: €Bponelicbkuii BumiproBanbHui 1ukia1 NEDC (New European Driving Cycle),
SInonchkuii BuMiproBanbuuid ki JCO8, AMepukanchkuii BuMiproBanbuuii 1ukia EPA FTP-75 (Federal Test
Procedure 75), cpiroBuii BumiproBaibuuii ki — WLTP (World harmonized Light-duty vehicles Test
Procedure.

OpnHak, IUPOKE 3aCTOCYBAHHS 13/J0BUX IIUKJIIB B YMOBaX IMiJIPUEMCTB aBTOTPAHCIIOPTY HEMOKIINBO 3
MPUYUH BIiZCYTHOCTI JOCTaTHBOI KUTHKOCTI HEOOXiTHOTO OONaJHaHHS, HOTO CKJIAQIHICTIO Ta BHCOKOIO
BapTICTIO, BEJIMKOIO TPYAOMICTKICTIO Ta TPUBAIICTIO MEPEBIpKU. Y 3B'I3KYy 3 MM MOXKHA BIJLIAaTH IEepeBary
MaTeMaTHYHOMY MO/ISITFOBAHHIO JUISI OI[IHKH €KOHOMIYHHX Ta €KOJIOTIYHUX MMOKa3HHUKIB NP BUITPOOYBAHHSX
10 13/10BHX LUKJIAX 13 3aCTOCYBAHHIM EKCIIEPUMEHTAJIBHIX XapaKTEPUCTUK JIBUTYHIB.

HIJIb TA 3AJAYI JOCJIJKEHHSA

Metoto poOOTH € BHSBICHHS OCHOBHHMX 3aXOJiB, IO CHPHUSIOTH 3MEHIICHHIO BAaroBOTO BUKHUILY
IIKIJUIMBUX PEYOBUH Ta IMiIBUIICHHIO €KOJIOT1uHOI Oe3neku aBTo0yCiB. [t boro HeOOXiTHO BJOCKOHAIUTH
MaTeMaTHYHy MOJEJb JUIS PO3PAXYHKY BUKHJIIB OKPEMHUX TOKCHYHHUX KOMIIOHEHTIB BiJIIpalboBaHHUX Ta3iB i
BCTAHOBHMTH iX KUIBKICHI 3aJICKHOCTI BiJi OCHOBHUX EKCIUTyaTalliiHuX (akTopiB (IIBHIKOCTI pyXy) 3a
JIOTIOMOTOI0 MAaIlTMHHOTO eKCIlepuMeHTy (Ha mpukiali aBroOyca Mercedes-Benz 0530 Citaro C2 3
JU3ebHUM JABUTYHOM (puc. 1)) [17];.

LT

Pucynox 1 — ABTobyc MercedésQBénZ OvSJ3VO./CVi't'a‘r(-) C2, nﬁﬁ AKOTO OTpHUMaHi PO3PAXyHKOBI 3aJICKHOCTI
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ITKIIJTUBAX BUKHIIB BiJI MIBUIKOCTI PyXY
PE3YJbTATHU JOCIIIKEHDb
1. Po3pobka mamemamuunux mooeneti Ojisl PO3PAXYHKY 6UKUOIE MOKCUYHUX DEedOBUH a8modYCcoM
Mercedes-Benz O530/Citaro C2.
JInst po3paxyHKy KUIBKOCTI WIKIJUIMBHX pe4oBHH @', T/KM, mpu pyci aBrodyca 3 pi3HUMH
CKCIUTyaTalliiHUMU ~ pPeKUMaMH  (HaBaHTAKCHHS, IIBHJKICTE) BHUKOPHCTOBYeEMO (opmyiny mpod.
I'oBopymenko M 4. [2]:

Qr = U;US‘I’E‘JH"IEE " PE{A: + E: 'J.hlrl + E: 'J.hlr]_::] =
x[A- iy +B-i2- W +C(G, -+ 0077 - kF - V2] -(ay + by - N, ) my;, 1)

ne Mz — MOJISKYJISIpHA Maca TOKCUYHUX PEYOBHUH, T;
3.
pr — TYCTHHA MaJIuBa, I/CM ~;
A,, By, C; — mocTitiHi KoedimieHTH TS Pi3HUX TOKCUIHUX PEUOBHH;
N, — Bi/ICOTOK BUKOPUCTAHHS MOTY>KHOCTI;
A, B, € — mocTiitHi [u1st JTaHOTO aBTOMOOLIS KOe(ilieHTH;
iy — CepellHE 3HAUCHHS MePeIaBaIbHOIO YHCa KOPOOKH mepeaay;
V. — cepenHs TexHiUHA IBHUIKICTH aBTOMOOILIS, KM/TOII;
&, — Bara aBTomo011s, H;
¥ — koedillieHT CyMapHOTO AOPOKHBOTO OTIOpPY;
kF — axrop oOTiunocTi aBTOMOGINs, H-c*-M%;
@y, by — IOCTIHHI A1 TaHOTO JBUTYHA KOe(illieHTH;
n; — igaukaropanii KK/I.

3aminumo Bupas (a; + by - N;J uepes a (koeillieHT HaIIUIIKY TOBITPS):

Q'=0,0548M,, - p (A, + By N, + C,-NB)-[A- i, +B-i2- W, +
+C(G, - + 0,077KkF - V)] - ;. 2

3Ha4YeHHS! MOJIEKYJISIPHUX Mac TOKCHYHUX PEYOBMH HaBeneHo y Tabum. 1 [2].

Tabmuns 1 — MonekynsipHi Mac TOKCHYHHUX peYOBUH My,

XimiuHa MonekynspHa
TokcuyHa pedoBUHA
thopmyna Maca, T
Okcuo eyzneyio CcO 28
Hiokcuo azomy NO, 46
Byzneeooni den3zunie*, naseoeni CeHia 86
Byzneeooni ouzenvnux nanue*, nageoeni CgHy 128

*YcepeaHeHo: 3MIHIOIOThCS 32 MapKaMHU MAJIMB Ta 3aJIe)KHO BiJl IIOXOPKEHHS CHPOBHHHU.

3HaueHHs MOCTIHUX KoeiieHTiB Az, By, C; s 6enzunoBux (b) i qu3enpaux (/1) ABUTYHIB HaBeneH1
B Tabum. 2 [2].

Ta6nmuus 2 — 3Hauenns koedimientis A,, By, O

Koeimient %o Ao Ao,
b i b il b il
A, 4,02 0,05 0,077 0,017 0,181 0,02
E; 0,122 -1,5-10° -1,83-10° 0,31-10° 7,02-10° 2,3-10°
(" 0,935-10°° 14.10° 0,137-10* 2,47-10° -0,68-10™ -4-10°

Biacorok BUKOpHCTaHHS MOTY>XKHOCTI ABUTYHA N3, %, IS PO3TISHYTOTO aBTOOYCa B CHOPSIKEHOMY
ctani (C) i3 moBHuM 3aBaHTaxeHHsAM (IT) Bu3HauaeThes 3a Gopmysaoro (3) [2] npu BiANOBIAHUX 3HAYCHHSIX
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Npna Ta 17, (12611, 3) [18]:

0,027 7(Gq-UrV,+0,07 ThF-VE
Nl _ (Ga Vg a:]’ 3)

NmaxTrp

ne G; — Bara aBTomo017s, H;

kF — (paktop o6TiuHoCTi aBTOoMOGis, H-¢%/M?;
Npay — MAKCHIMaJIbHA TTOTYKHICTD ABUTYHA, KBT;
N — KK/ Tpancwmicii.

Ta6mus 3 — Buxinni qaxi mo aBrodycy Mercedes-Benz 0530/Citaro C2

IToxazuuk 3HauCHHS [TOKA3HUKA
Ingukaropumiit KK/ n;:
— JUTSL CHOPSIIKEHOTo aBTo0yca 0,48
— Juis aBTOOYCA 3 MOBHUM 3aBaHTAXKCHHSIM 0,51
Po6ouwnii 00'em muminapis ¥, i 14,618
MaxkcuManbHa MOTYKHICTh NBUTYHA Npg, KBT 206
Iepenaroyne YrciI0 rOJOBHOT Tiepeaadi iy, 3,920
Hwxya ternora 3ropsiHas nanusa Hy, kJK/Kr 43000
I'ycTuna nanuea py, r/cM 3 0,84
Paziyc kodeHHs Koneca %, M 0,508
Xia mopmHs Sy, M 0,142
KKJI tpancmicii 1,y
— JITS CHIOPSTKEHOT0 aBTOOyCa 0,79
— JUTst aBTOOYCA 3 MOBHUM 3aBaHTAKEHHIM 0,88
Bara aBTo0Oyca G, H:
— CHIOPSIKEHOTO 119584
— 3 IIOBHUM 3aBaHTa)KECHHIM 171675
daxTop 00TiuHOCTI kF, H-c2m? 2,95

Ny =17-107%(6, - -V + 0,077kF - V2,
Nyp =153 -107*(G, - ¥~V + 0,077KF - ) (4)

3HaueHHs KoedilieHTiB 4, B, C 1s aBTo0yca Mercedes [18]:

A=119;B=0,038; C,=35107% ¢, =3.15-107%
3HadeHHs Py, kF Ta v; HaBeneHi B Ta0II. 3.
3HaueHHs iy Ta I BU3HAYAIOTHCSA 3a hopMyiamu [18].

iy = 61,1/W; (5)
W = 0.8/, (6)

[licna migcTaHOBKM 3HAuYeHb PIBHSHHS (2) MO TPbOM BUAAM MIKiAJIMBHX PEUOBHMH AJsl aBToOyca
Mercedes HaOyBa€ HACTYITHOTO BUIJISTY.

st ciopsiakeHoro aBrodyca:

Qlrp = 0.0548 -28-0,84(0,05 — 1.5- 103N,  + 14 - 1075NE) =

% [1,19i, + 0,038i2 -V, + 3.5 -1072(6,_ - W + 0,077kF - V2 )] e/ ;
Qecy = 0.0548 - 128 - 0,84(0,017 + 0,31 - 107N, + 2,47 - 107°NL ) =

% [1,19i, + 0,038i2 -V, + 3.5 -1072(6,_ - W + 0,077kF - V2 )] e/ ;
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Qeno, = 00548 - 46 - 0,84(0,02 + 2,3- 107N, — 4- 107°N ) %
x [1,19i, + 0.038i2 - ¥, +3.5-107%(G,_- + 0.077kF - V)] ac/n,.. (7

I[J'Iﬂ aBT06yca 3 IIOBHUM 3aBaHTAXKCHHAM:

Qroo = 1.289(0,05 —1,5- 107N, + 14 - 107N ) %
x [1,191, + 003812 -V, + 3,15 1072(6,_ - & + 0.077kF - V2 )] ap/my;
Qreg =5.89200,017 + 0,31 - 103N, + 247 - 10752 =
x [1.19i, + 0,038i2 -, + 3,15-107%(G,_ - W + 0.077kF - V2 )] ap/m; ;
Qeno, = 2117(0,02 + 2,3 1073 Nyy — 4 - 107°N )
% [1.19i, + 0,038i2 -V, + 3,15 - 1072(G,_- y + 0.077kF - V2 )] ap/m; . (8)

2. Ananiz pesynomamié MAWUHHO20 €KCHNEPUMEHMY NO PO3PAXYHKAM WKIONUGUX GUKUOIE O/
aemobyca Mercedes-Benz O530/Citaro C2.

JI1s OIiHKY BIDTUBY Pi3HUX €KCIUTyaTaliiHUX (PaKTOPiB HA BEMMYUHH BUKUAIB MIKiITUBUX PEYOBUH y
BiNpallbOBaHUX Tra3ax aBToOyca, IO PO3TIISAAETHCSA, BH3HAYCHHS XapakTepy LUX 3aleXHOCTEeH 1
BCTAHOBJICHHSI Jiala3oHy 3MiHM 3Hau€Hb IUX IMOKAa3HUWKIB OyB BUKOHAHWH MAIIMHHUI EKCIEPUMEHT Ha
KOMITTOTEPI.

Pesynprati po3paxyHKiB 3Ha4€Hb BiJICOTKA BUKOPHCTAaHHS IOTYXHOCTI IVy, Koe(illieHTa HaTUIIKY
noBiTps o Ta inaukaropHoro KKJI n; ans aBrobyca Mercedes-Benz O530/Citaro C2 y cnopsiipKeHOMY CTaHi
(C) Ta moBHotO Macoto (I1) G, aAns pi3HUX WBUAKOCTEH pyXy HaBeqeHi y Tab. 4.

Tabmuus 4 — Pesynbraru pospaxyHkiB Ny Ta 1]; mias @aBrobyca Mercedes-Benz

0530/Citaro C2
1L, km/Tox 20 30 40 50 60 70 80 90 100
Ny, 16,6 17,3 18,8 21,1 24,6 29,6 36,1 445 55,0
Nip 21,3 21,9 23,2 25,3 28,5 32,9 38,8 46,3 55,7
a=5-63-10"2N, + 2,8-107*N]
o, 4,03 3,99 3,92 3,79 3,62 3,38 3,09 2,75 2,38
oy 3,79 3,76 3,69 3,58 3,44 3,23 2,98 2,68 2,36
;=043 +3-107%N, — 3,2-1073N¢
M, 0,471 | 0,472 | 0,475 | 0,479 | 0,485 | 0,491 | 0,496 | 0,500 | 0,498
M, 0,480 | 0,481 | 0,483 | 0,486 | 0,489 | 0,495 | 0,498 | 0,500 | 0,498

PesynpTatn po3paxyHKiB KiJIbKOCTI IIKiIJIMBHX PEYOBHMH Yy BiANpalbOBaHWX ra3ax aBToOyca
Mercedes-Benz O530/Citaro C2 nipu criopsi/pKeHii Ta MoBHii Maci 3aJIeKHO BiJl IIBUIKOCTI PyXy HaBEICHO y
Tabm. 5.

Tabnuus 5 — PesynmbTat po3paxyHKIB BHUKHJIB NIKIIJIMBUX PEYOBHMH Y BIJNpalbOBAHHUX Ta3ax
aBroOyca Mercedes-Benz O530/Citaro C2

KistbKicTh MIKIIJIMBUX PEYOBUH, I/KM
12, km/Ton Wy iy G..~119584 H G.n=171675 H

CO CH NO, CO CH NO,
20 0,040 3,055 7,67 31,95 28,73 6,30 37,46 36,64
30 0,027 2,037 5,10 21,97 20,19 4,06 25,71 25,35
40 0,020 1,527 3,51 17,50 16,13 2,73 19,88 19,86
50 0,016 1,222 2,52 14,93 14,54 1,82 16,87 17,40
60 0,013 1,018 1,60 13,57 13,93 0,97 15,16 16,13
70 0,011 0,873 0,74 13,15 14,26 0,26 14,35 15,80
80 0,010 0,764 - 13,61 15,43 - 14,57 16,53
90 0,009 0,679 - 14,71 16,80 - 15,03 17,45
100 0,008 0,611 - 15,15 18,24 - 15,85 18,53
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Ha puc. 2-4 npuBeneHi rpadiku 3a1eKHOCTSH BUKHIIB IKIUIMBUX PEYOBUH Bifl IIBUAKOCTI.
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Pucynok 2 — I'padix 3minu Bukuaie CO aBrodycom Mercedes npu criopspkeniii (1) Ta moBHii (2) maci
3aJIe)KHO BiJ IIBUAKOCTI PyXy
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Pucynok 3 — I'padik 3minu Bukuais CH aBTobycom Mercedes npu criopsypkeniii (1) Ta moBHiid (2) maci
3aJIe’KHO Bi MIBUIKOCTI PyXy
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Pucynok 4 — I'padik 3minu Bukuais NO, aBTodycom Mercedes npu criopsimkeHii (1) Ta moBHiid (2) maci
3aJIe)KHO BiJ OIBUAKOCTI PyXy

OBI'OBOPEHHHA PE3YJBTATIB JOCJIAKEHDb

AHami3 po3paxyHKOBHX JJaHUX [OKa3ye, M0 MaKCHMajlbHa KiJIbKICTh HIKIIJIMBHX PEYOBHH Y
BiNpalbOBaHMX ra3ax aBTo0Oyca, 0 PO3IIISAAETHCS, MICTUTBCS IIPH HOTO PYCi 3 HEBEJIMKUMH LIBUIKOCTIMHU
(20 xm/rom). 3i 30impmieHHsM mBUAKOCTI BMicT CO y BinpanbOBaHUX Ta3ax MOCTIMHO 3HIKYEThCS (B
iHTepBani mocmikeHHsd), a ByrieBomHiB CH — 3Hmkyerbcs mo ¥,=70 xM/rom (SK Ui CIIOPSHKEHOTO
aBTOOyCa, Tak 1 3 IOBHUM 3aBaHTa)XKCHHSM), a TIOTIM JEII0 301IbIyeThes. BMicT miokcuai azoty NO, Takoxk
Ma€e eKCTpeMalbHI 3HaueHHs: iX MiHIMyM y aBToOyca 0e3 macakupiB cTaHOBUTH mpHu ;=60 xm/rom, a 3
nacaxxupamu — pu ;=70 km/To1.

3aBaHTa)XeHHS aBTOOyca MacaXWpaMu TMO-Pi3HOMY BIUIMBAE HA KUIBKICTh BHKHJIB IIKIITUBHX
pedoBHH. 3i 30UIBLICHHSM MIBHKOCTI pyXy BinHOmeHHs KinbkocTi CO y aBTOOyCa y CIOPSI)KEHOMY CTaHi
Ta 3 MOBHUM 3aBaHTAKEHHSIM IOCTIHHO 30uIbIIyeThCs: 3 1,217 mo 2,846 r/km (mpu ¥;=20...70 xm/rox).
Amnanoriune crasnenHs 1o CH: 36inmsmryerses 3 0,853 o 0,979 r/xm (mipu ¥;=20...90 xkm/roxn).

3miHa BifgHOIIeHHS KibkocTi NO; y aBTOOYyCa 3 IOBHUM 3aBaHTAKEHHSIM JI0 CIIOPSHKEHOTO CTaHy: 31
301IBIICHHSM IIBUJIKOCTI PyXy BOHO 3MeHIIyeThest 3 1,256 no 1,037 r/km (pu V;=30...90 km/rog).

Takum YMHOM, HE MOXKHA J]aBaTH OJHAKOBI peKOMEHaIil JJisi aBTOOyCa JUIsl 3HUKEHHSI TOKCHYHOCTI 3
yCiX BUIB MIKIMBUX peyoBrH. Hanpuknan, skmo 3umkeHHs CO MOXHA AOCSITaTH 33 PaxyHOK 30UIbIICHHS
3aBaHTAKCHHS MMacaKMpaMH Ta MiIBUIIEHHS MIBUAKOCTI pyXy, To 3HmkeHHs NO, 1 CH 3a0e3neuyeTsbcs npu
3MEHIIICHHI 3aBaHTa)XKeHHs aBToOyca. /i1 OCTAHHBOTO BUITAJKY MBUJIKICHUI pEXUM Ma€ MEeBHI ONTUMAaIbHI
BennunHu: CH — ¥ ;0. = 70 km/ron, NO, — ¥,y = 60 kM/Tox UTst CIIOpsIKEHOTO aBToOyca Ta 70 KM/To Asist
aBTOOYyCa 3 MOBHUM 3aBaHTAXKCHHSIM.

BUCHOBKHU

1. JInga Bu3HAuUEHHA KIUIBKOCTI WIKIIMBUX BHUKHUAIB 3 BiANPaLbOBAHUMH Ta3aMH PO3TIISIHYTOTO
aBTOOyCa PO3poOICHO MaTeMaTHYHI MOJIeNi 32 OKPEMHUMH KOMITOHEHTaMH, 110 BPaXOBYIOTh KOHCTPYKTHBHI
0cO0JIMBOCTI aBTOOYCA Ta TEXHIKO-CKCIUTyaTalliifHi TTOKA3HUKH HOTO POOOTH.

2. Pe3ynpraTH MAaIIMHHOTO €KCIIEPUMEHTY IIOKa3ajH, IO MaTeMaTH4Hi MOJeNi NpaBHIbHO
BiJJOOpakaroTh 3aKOHOMIPHOCTI 3MiHM BHXIJIHUX MapaMeTpiB poOOTH aBTOOYCIB BiJl pi3HHX (aKTOPIB, IO
XapaKkTepU3ylOTh IXHIO KOHCTPYKIIIO, YMOBH BHIIPOOYBaHb, WIATBEPIMIN HEOOXIJIHICTE PO3POOKH
YTOYHEHHX HOPMATHUBIB IIOJI0 €KOJIOTIYHOI OC3MEKH.

3. OcraTtounuii BUOip ONTUMANBHOI MIBUAKOCTI PyXy AJsl 3a0€3MEeUCHHS 3HIKEHHS! TOKCHYHOCTI CITiJ
IIPOBOJUTH 3 YPaxyBaHHAM CTYIEHs HEOE3IEKH OKPEMUX IIKIUIMBUX PEUOBUH Ta TUILY IBUTYHA.
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I. Marmut, V. Bezridnyi. Mathematical models for calculating toxic emissions of a bus with a
diesel engine.

An integral part of the general problem associated with improving the design of manufactured cars,
maintaining them in working condition, the quality of fuel, lubricants and their economy, improving the road
network and organizing the movement of transport vehicles, is their toxicity.

Many researchers have been working on issues of saving fuel and energy resources and reducing
engine toxicity, and currently there are a significant number of relevant recommendations. However, simple
and fairly effective proposals have yet to be developed.

The task of optimizing the operation of passenger vehicles, taking into account environmental safety,
is one of the components of human regulatory activity aimed at improving the urban environment. Thus,
reducing harmful emissions from car engines is the most important public and social problem.

When solving this problem, the preferred directions are those whose implementation is accompanied
by savings in fuel and other material and technical resources. Known technical solutions for reducing
harmful substances in engine exhaust gases are usually associated with changing their designs (this requires
significant costs) or using expensive auxiliary devices to neutralize harmful substances (their installation on
a car is often accompanied by a deterioration in engine efficiency). In this regard, it is advisable to primarily
influence those factors that allow reducing harmful emissions from wvehicles (and, accordingly, fuel
consumption) during transport work.

The article develops mathematical models for calculating toxic emissions from buses with diesel
engines. The results of a machine experiment on calculating harmful emissions using the example of a
Mercedes-Benz O530/Citaro C2 bus are also analyzed.

One of the directions for increasing the fuel efficiency and environmental safety of buses is the
practical use of rational driving modes. This allows us to consider the article aimed at increasing the
efficiency of technical operation of cars by saving fuel and reducing toxicity as relevant.

Keywords: bus, operating conditions, harmful emissions, environmental safety, mathematical models,
speed.
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Hayionanvnuii mexuiunuu ynisepcumem «/[ninposcvka noaimexuikay, m. /[ninpo, Yxpaina

CTPATEI'I YIIPABJIIHHSI ABTOMOBLJIbHUMM NEPEBE3EHHSIMU B YMOBAX
I'TIOBAJIBHUX PUHKOBUX 3MIH: AHAJII3 JIAJBHOCTI JIOTICTUYHUX OIIEPATOPIB

Pobota mpucBsyeHa po3poOmLi CTpaTerii ynpaBliHHS aBTOMOOUIBHHMHU IEPEBE3CHHSIMHU A JOTiCTHYHHX
omepaTopiB B yMOBax INIOOAJBHUX PUHKOBUX 3MiH. JlocmimkeHHs 00yMOBICHE HEOOXITHICTIO PO3POOIATH aJanTHBHI
CTpaTeril yNpaBIiHHA IS JIOTICTUYHHX OIEpaTopiB, IO 3a0e3MedyroTh KOHKYPEHTOCHPOMOJKHICTH Ta OIepariiiHy
e()eKTHBHICTh B YMOBaX MIBHJKO3MIHHOTO 30BHIIIHBEOTO CepeloBHINa. MeTol JOCIIDKEHHS € po3po0Ka TEOpeTHKO-
METOJWYHUX 3acaj Ta IPAaKTHUYHHX peKoMeHAamid momo ¢opMyBaHHS e(QEeKTHBHHX CTpaTerid yIpaBliHHS
aBTOMOOUTPHUMH IIEpEBE3CHHSIMH JIOTICTUYHHMH OIIepaTopaMHd B yMOBaxX IJOOIPHHX PHHKOBHUX 3MIH Ha OCHOBI
KOMIIJICKCHOTO aHaNi3y IX onepauniiHoi AisTIbHOCTI.

MertozonoriuHa OCHOBa [JOCTI[PKEHHS BKJIIOYA€ CHCTEMAaTHYHHH aHANi3 HAyKOBHX JDKEpeN, EKCIEepTHi
ONHTYBAaHHA 32 y4acTiO (aXiBIiB raiy3i, CTATUCTUYHE MOJCIIOBAHHS Ta aHaJi3 JAHUX IMPO PE3YJIbTaTH AISLUTBHOCTI
JOTICTHYHUX KoMmaHiid. Po3poOneHa koHUenTyanbHa MoAedb (OpPMyBaHHSA CTparerii BimoOpaxae UHUKIIYHY
B32€EMO3AICKHICTh MK aHaJi30M CEpeloBHINA, CTPAaTETiYHMM BHOOpPOM, peajli3alli€l0 Ta OLIHKOK pe3yJbTaTiB
IISUTBHOCTI.

OCHOBHI pe3yNbTaTH JOCITIKEHHS BKJIIOYAIOTh BH3HAUCHHS Ta PAHXKyBaHHSI TIIOOATbHUX (akTopiB, Mo
BIUIMBAIOTh Ha JisUTBHICTB JIOTICTHYHUX OINepaTopiB. 3a OLIHKaMU €KCIIepPTiB, HAHOUTBIINI BIUIMB MalOTh KOJIMBAHHS IIiH
Ha nammBo (9,2/10 OGaniB) Ta exonoriyni Bumoru (8,7/10 OGaimiB). Po3poOieHo MaTpuiio Kiacudikaiii crparerii
YHOpaBIiHHSI HAa OCHOBI JIBOX KJIFOYOBHX IapaMeTpiB: piBHS IHHOBAIIIMHOCTI Ta omepauiiiHol epexTuBHOCTI. LI MaTpuis
BU3HAYAE YOTHUPH CTpATETIuHI MO3WIIi: JIIEpH pPUHKY, IHHOBAaIiiHI pPO3pOOKH, €(PEeKTHBHI TPAAMIIOHANICTH Ta
ayTcaiiiepu.

[IpoBeneHO KiNBKICHY OIIIHKY BIUIMBY CTpPATETiYHUX HANpsIMKIB Ha ONEpaLiiiHi MOKa3HUKHA €(PEKTUBHOCTI.
Bcranosneno, mo Al-onTuMizaniss MapmpyTiB 3HIKYe coOiBapTicTh mepeBe3eHb Ha 10-15%, minBuinye HamiiHICTH
NOCTaBKM Ha 5-7%, a BHIpoBapKeHHS IHUGPOBUX ILIATGOPM MiABUINYE HAIIHHICTH JOCTaBKH Ha 3-5% 1 3HMKYE
BUTpatH Ha 5-10%.

ABTOpKa BIOCKOHAIIMIIA METOAOJIOTIYHI IHCTPYMEHTH OIIHKK HU(POBOI 3piIOCTI TPAHCTIOPTHUX KOMITAHIN Ta
3aIlpONIOHYBAJTH MEXaHi3M MMOCTIHHOTO KOPUTYBAaHHS CTPAaTeTiii HA OCHOBI MOHITOPHHTY €()eKTHBHOCTI.

Pesynbrati JOCHI/DKEHHS JO3BOJSIIOTH JIOTICTUYHHMM OIlepaTopaM OO'€KTHBHO OILIIHUTH CBO€ IOTOYHE
CTpareriyHe CTaHOBHILE, BU3HAYUTH MPIOPUTETHICTH IHBECTHILIHN Y TEXHOJIOTIi Ha OCHOBI KiJIbKICHOT OLIIHKH BIJIUBY Ta
PO3pOOUTH amanTUBHI CTpATErii, Ki CTilKi 0 3MiH Ha MDKHApOIHNUX PUHKAX.

KorouoBi ciioBa: ynpaBiiHHS aBTOMOOUTEHUMH HIEPEBE3CHHSIMH, aHaNi3 TisTIBHOCTI JIOTiCTHYHUX OINEepaTopiB,
MDKHapo/iHa TPaHCIOPTHA JIOTICTHKA, CTpaTeriuHe ynpaBiliHHA, udpoBa TpaHchopMaris, onepariiiHa eheKTUBHICTD
TPAHCHOPTHHX MPOIIECIB.

BCTYII

CyuacHu# eram pPO3BUTKY CBITOBOiI €KOHOMIKM XapakTepH3YETbCS IOCHIICHHSM II00aTi3aliiHuX
MPOIIECiB, JMHAMIYHUMY 3MiHAMH PHUHKOBHX YMOB Ta MPHUCKOPEHOI IH(POBOIO0 TpaHChopMarllier OizHec-
cepe/loBHIa. B Takux ymMOBaxX TpaHCIIOPTHA Taly3b, 30KpeMa CEKTOp aBTOMOOIIBHUX TIepEeBE3CHb, Biirpae
KIIFOYOBY pOJIb y 3abe3rnedeHHi (YHKIIOHYBaHHS MIKHApPOAHHMX JIAHIIOTIB IMOCTa4aHbh Ta ITiTPUMIIL
€KOHOMIYHO1 CTab1JIbHOCTI.

AXTyanbHICTh JOCHIJDKEHHSI CTpaTeriil ynpapliHHS aBTOMOOUIBHHUMHU II€PEBE3CHHSIMH 3yMOBIICHA
HU3KOI0 YMHHUKIB. [lo-miepiie, cTpiMKuil po3BUTOK HU(GPOBUX TEXHOJIOTIH (IITY4HUH iHTENeKT, Internet of
Things (IoT), OnokueiH) KapAMHAIGHO 3MIiHIOE TPAAMLIAHI MiAXOAM 1O OpraHizamii TpaHCIIOPTHHUX
nponeciB. [lo-apyre, mocuineHHs €KOJOTTYHMX BUMOI Ta HEOOXiIHICTH NOTPUMaHHSA NPHHLUIIB CTAIOTO
PO3BUTKY BHMAararoTh MEperjsiay ICHYOUHX omepaiiiiaux mojeneid. [lo-Tpete, riiodaabHI KpU3M, Taki sK
nangemiss COVID-19 Tta reomomituuHa HECTaOUIBHICTh, MPOJEMOHCTPYBAJIM BPA3JIMBICTH JIOTICTHYHHX
cHcTeM Ta HeoOXiTHICTh PO3pOOKH alalTUBHUX CTPATEeriid yrpaBiIiHHS.

BaraTo HayKOBIIiB 3aiiMaucs MPOOJIEMOIO CTPATETiYHOIO yIpaBliHHS: B podorax Kpusopyuko O. Ta
Kpusenko JI. [1] mocmipkyBainy JIOTICTHYHI CHCTEMH YIPABIiHHS SKICTIO aBTOTPAHCIOPTHUX mociyr; Zhu
[6] aHami3yBaB 3aCTOCYBaHHS IUTYYHOrO iHTeNEKTy B jorictuui; Liao, Liu ta Yuan [3] BUBUaiu CTiHKicTh
MYyJIbTUMOJIAILHUX TIepeBe3eHb B moctnanaemiunuii nepion; TonmexHikoB P. ta TommexnikoBa T. [5]
JOCTIIDKYBaJIM CTpaTEeriyHe yIPaBIiHHSI MIXKHAPOIHOKO IisTIbHICTIO JIOTICTUYHUX IMiATPUEMCTB.

Hes3Bakatoun Ha 3HayHy KUIBKICTH HAYKOBHX POOIT, 3alMIIAIOTHCS HEIOCTaTHBO JOCIiIKEHUMHU
NUTaHHS (OPMYBaHHA KOMIUIEKCHHX CTpaTeriii yHpaBmiHHS aBTOMOOUIBHUMH IE€PEBE3CHHIMHM, IO
BpPaxOBYIOTh B3a€MO3B'S30K TEXHOJOTIYHHUX, OIEpaIlifHUX Ta aJalTUBHHUX KOMIIOHEHTIB y KOHTEKCTI
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[I00aJIbHUX PUHKOBUX 3MiH. ICHYIOTH CYTTEBI MPOTajMHUA B PO3YMIHHI MEXaHI3MIB afanTallii JOriCTUIHHX
OIepaTopiB 10 MIBUAKO3MIHHMX YMOB 30BHIIIHBOTO CEPEIOBUINA Ta KITBKICHOI OIIHKU €(PEKTUBHOCTI PI3HUX
CTpaTeriuHuX pillleHb.

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA IMNPOBJIEMH

CydacHuil eram pO3BHTKY TJI00ATbHOI EKOHOMIKH XapaKTEePHU3YETHCS ITOCHIEHHSM MIKHAPOIHOI
TOPTIBIII Ta JUHAMIYHIUMH PUHKOBHMH 3MiHAMH, 110 3HAYHOIO MipOO BIUIMBAE HA TPAHCIIOPTHO-JIOTICTHIHHN
CEKTOp. ABTOMOOUIBHI IepeBe3eHHs, OyAy4d OJHI€I0 3 HAWTHYYKIIIMX JIAHOK JIOTICTUYHUX JIAHIIOTIB,
MOTPeOYIOTh PO3POOKH ePEeKTUBHUX CTPATETid YNpaBIiHHA A 3a0e3MedeHHs] KOHKYPEHTOCIPOMOXHOCTI
orepaTtopiB. AHalli3 OCTaHHIX AOCHTIUKEHb CBIJYUTH MPO AKTUBHUI PO3BUTOK HAYKOBOI AYMKH IIIOJIO
OINITUMI3alii yIpaBIiHHA EPEBE3CHHAMH B yMOBax Tio0aizarii.

Hocnimxennss KpuBopyuko O. Tta Kpueenko JI. [1] akIeHTYyIOTh yBary Ha HEOOXIJIHOCTI
BIIPOBAKEHHS JIOIICTUYHUX CHUCTEM YINPABIIHHS SIKICTIO, L0 IPYHTYIOTHCS HA CUCTEMHOMY Ta IPOLIECHOMY
niaxogax. ABTopu OOIPYHTOBYIOTh AOIUIBHICTE IHTErpalii JOTiCTUKH, YIPABIiHHS SKICTIO Ta JIOTICTHYHOTO
CepBiCy Ui MiABHILEHHS e()EeKTUBHOCTI BHKOpHCTaHHS pecypciB. Lled miaxin € dyHaamMeHTambHUM IS
(hopMyBaHHS CTpaTerii MiSUTBHOCTI Cyd4aCHUX OIIEPaTOpiB.

BaxnuBuM acriekToM € BIUIHB iHGpacTpyKTypHUX mpoekTiB. Jocmimkenus Praveen M., Salim K,
Aghilesh, M. mnokazayio, 110 pPO3BUTOK HaIliOHAILHUX aBTOMaricTpaiei (Hampukian, NH-66) cyrreBo
CKOpPOYY€E TPUBAIICTH TPAH3UTY, 3HIXKYE JIOTICTHYHI BUTPATH Ta ITiBUIIYE HATIHHICTh JIAHIIOTIB TOCTAYaHb,
1m0 0e3MmocepeHBO BILTMBAE HA ONEPaIiiHy TisUTbHICTh TIEPEBi3HUKIB [2].

V KoHTEKCTI rIo0albHUX BUKINKIB, Takux gk manaemis COVID-19, mocaimxenns Liao R., Liu W. i
Yuan, Y. BKa3yloThb Ha KPUTHYHY TOTpeOy WiABHIICHHS CTilKocTi (resilience) MyNbTUMOJATBHUX
TPAHCHOPTHUX CHCTEM. ABTOpPH IPONOHYIOTh BHKOPHUCTAHHS CYIEP-MEPEXKEBHX MOJENEH Uil aHami3y
PH3UKIB Ta YIIPaBIiHHA HUMH, IO aKTYaJIbHO 1 JUIS aBTOMOOUILHUX TIepeBe3eHb [3].

Crpateriyae ymOpaBiiHHA MIDKHAPOAHOK [IiSUTBHICTIO JIOTICTUYHUX —MiJANPHEMCTB, 3TiIHO 3
TommexnikoBum P. Tta TommexnikoBoro T., moTpebye TicHOi iHTerpamii MapKeTHHTOBOI Ta JIOTiCTUYHOI
MOJIITHK, & TAaKOXK KOHTPOJIO OINEPAIlifHAX BUTPAT, HAMPUKIAJ, ManuBa 3a AornoMoroo GPS-moHiTOpHHTY
[5].

He menmr Baromum € BHecok nugpoBizaiii, Tak Zhu BUALISE POIb ITYYHOT'O iIHTETEKTY B ONTHMI3allil
MapIIpyTiB, aBTOMAaTH3allii CKJIJCHKOI JIOTICTHKH Ta MPOorHO3yBaHHi rmornuty [6]. bokosens B., lasumrok JI.
ta [lingBo3 T. aHanoOriyHO HAroJoOmIyIOTh Ha KirouoBid pomi Al, IoT Ta OnokueitHy B TiJBHUIICHHI
epexTHBHOCTI MikHaponHoi Jorictuku [7]. Hocmimkenns Onyshchuk V. Ta iH. JeMOHCTPYIOTB, IO
3aCTOCYBaHHS NMHU(POBHUX TEXHOJOTIH, 30KpemMa IUGPOBUX IBIWHHUKIB, TO3BOJIE 3HU3UTH TPAHCIIOPTHI
BHUTpPATHU B cepeanboMy Ha 18% [10].

[pote, six 3a3Hauae Kosnoea ., cran norictuyHoi cucreMu YKpaiHu NMOTpeOye BIOCKOHAICHHS, PO
mo cBimuuTh anamiz iHgekcy LPI [8]. Buxmrox M. Bka3ye Ha cHCTEMHI IpoOJIeMH HU3BKOI iHBECTHIIIIHOT
AKTUBHOCTI Yy TPaHCIIOPTHO-JIOTICTUYHIN cdepi, MO0 € CEeplo3HOK NEPeNIKOI0 s PO3BUTKY [14].
Orpennu 0. 1 [ibpoBa B. nocmigumu mpoGieMH JIOTICTHYHOI AisUIBHOCTI YKPAiHCBKHX MiJNPHEMCTB B
YMOBaX HEBHU3HAYEHOCTI, BUAUIMBINM TaKi YHHHUKH BIUIMBY, SK CTaH TPAaHCIOPTHUX MeEpex, HecTada
eJIEKTpOeHeprii Ta 3200poHa MepecyBaHHSI MOPEM i aBianepeBe3eHs [12].

Hocnimkenns Konomizepa T. mnpucBSYeHE NEPCHEKTHBAM BIPOBAKCHHS OJIOKYCHH-TEXHOJIOTIH.
OPUHOMIIKA [IPO30pOCTi, edeKTuBHOCTI Ta 3HWKEHHS BUTpar [9]. Bobrakov A. Ta iH. po3poOuiu
YHIBepCcaJlbHy MOJIENb OINTHMi3alii TPaHCIOPTHOI iHPPACTPYKTYpH, MiAKPECIIOIYH TOTpedy B CHHEpril
npodeciifHOTO MiIX0Ay Ta CTPATETIYHHUX MPIOpUTETIB [4].

AHani3 opraHizamiiHMUX CTPYKTyp, Ha TpuKiIafgi BituusHsHoro mepesisHuka (Totska, O.,
Prosvirnik M.), mokasye, mo edexkTiHBHE (YHKIIIOHYBaHHS 3aJ€XKHTh BiJl YITKOTO PO3MOALTY (QYHKIH MiX
BijytimaMu  Jorictuku  Ta ekcnexunii [17]. Jurek K. Haromomye Ha Oe3mocepeHbOMY BIUIHBI
EKCTIeTUTOPCHKUX OTepalliii Ha YNpaBIiHHS TPAHCIIOPTHUMH IMPOIECaMH, IO MiITBEPIKYEThCS aHAII30M
TSUTBHOCTI KOHKPETHHUX KommaHii [11].

Kpamcekuii C., Hapymun O. Ta 3axapuenko O. J0CHiIKyBaJud OCOOJIMBOCTI YIPaBIiHHS
JIOTICTHYHUMH TPOEKTAMH, 30KpEMa IHTEPMOJAILHIMH TIEPEBE3CHHSIMH, BUKOPUCTOBYIOUM KOHTEHT-aHaJi3
Ta akKIEHTYIouu yBary Ha npasuinax «lHkorepmc 2020» [15]. Cemenna . Ta Cemenga O. po3risnaroTh
JIOTICTUKY $K KIIOYOBHUA YHHHUK PO3BUTKY KOMEpLIHHOI MAisIbHOCTI, 3a3Hayaroud IpPO BaXKIHMBICTh
iHTerpalii CyJacHUX TEXHOJIOTIN Ta eKOJIOTi9HHX actekTiB [16]. HesepTiit, I'. Ta 3omoTyxiH, O. IpOnoHyIOTH
METOAWKY OIIHKH PiBHS ITU(POBi3allii aBTOTPAaHCTIOPTHHUX ITiITPUEMCTB, III0 € BAKJIMBUM 1HCTPYMEHTOM JIJISt
CTpaTerivHoOro ImiaHyBaHHs iXHbOI TpaHcopmaii [13].
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HesBaxaroun Ha 3HaYHHMN OOCSAT HAyKOBHX POOIT, MPUCBIYCHUX OKPEMHM acleKTaM, 3aJIUIIA€ThCS
HEJIOCTATHBO JOCIHIKEHUM KOMILIEKC CTpAaTeriii, IO TO03BOJHUTH JIOTICTUYHHM oOIllepaTopaM e(QeKTHBHO
aJlanTyBaTHCS O TI00ANbHUX PUHKOBUX 3MiH. HEoO0XiqHO CUCTEMHO JOCHTITUTH, K ONepaTOpy iIHTETPYIOTh
IHHOBAIIIfHI TEXHOJIOTii, METOAN YMpaBIiHHs SIKICTIO, MPUHIMIIM CTIMKOCTI Ta OpraHi3aliifHi pilICHHS B
€IVHY CTPATETio YIpaBIiHHSI aBTOMOOITPHUMH TepeBe3eHHsIMH. lle Bu3Hauae moTpedy B MOTIHMOICHOMY
aHaITi3l X omepariifHoOl MisSUTPHOCTI JJIsl BUSBJIICHHS KJIFOUYOBUX (PAKTOPIB YCITIXy Ta PO3POOKH BiIMOBIIHAX
MPaKTUYHUX PEKOMEHIAIIIH.

HIb TA 3AJJAYI JOCTIAKEHHSA

MeTor0 TOCTiUKEHHS € po3po0Ka TEOPETHKO-METOIMYHHX 3acal Ta MPAKTUIYHUX PEKOMEHAAIIH 1010
¢dopmyBaHHA e(eKTHBHMX CTpaTerii yNpaBliHHA aBTOMOOUIBHUMH IE€PEBE3CHHSIMH JIOTICTUYHUMHU
orepaTopaMd B YMOBax TJ00ajJbHUX PUHKOBHX 3MiH Ha OCHOBI KOMIUIEKCHOTO aHali3y iX omepamiiHoi
JSUTBHOCTI.

JIJis NOCATHEHHS TTOCTaBICHOT METH B JOCIIIKCHHI HEOOX1THO BUPIIIMTY HACTYIIHI 3a/1a4i:

-CHCTEeMaTH3yBaTH CYYacHi MigXOIU OO BH3HAYCHHS CYTHOCTI Ta 3MICTy CTpAaTeriuHOrO YHpaBIiHHS
aBTOMOOUTEHUMH TTEPEBE3CHHSIMH B KOHTEKCTI MiXKHAPOIHOI TPAHCIIOPTHOT JIOTiCTHKH;

- BU3HAYUTH KIFOUOBi (PAKTOpH BIUIMBY TIOOANBHUX PUHKOBHUX 3MiH (IIiIpKHTaNi3alii, HecTabiIbHOCTI
JAHIIOTIB TOCTa4aHb, CKOJOTIYHUX BHMOT) Ha (OPMYBaHHS OMNEPALidHUX CTpaTerid JIOTICTHYHHX
OTIepaTopiB;

- TOCTIANTY MPAaKTUKH afanTallii CTpaTeriid ynpaBIiHAS aBTOMOOUIEHUMH TEPEBE3EHHAME MPOBITHUMHU
JIOTICTUYHUMHU OTIEPATOPaMH MUISIXOM aHaTi3y iX onepariiiiHol AisUIbHOCT;

-knacuiKyBaTH OCHOBHI THIHM CTpaTerii ympaBiiHHS aBTOMOOUIBHUMHU TEPEBE3CHHAMH, IO
BUKOPHUCTOBYIOTHCS JIOTICTHYHIMH OTIEpATOPaMH JUTS IPOTH il BUKITMKaM TIo0ai3arii;

-O0OTpYHTYBaTH HANpPsIMH BJOCKOHAJICHHS MEXaHi3MIB CTpPATEriyHOTO YIIPABIIHHS aBTOMOOUIEHUMU
MEPEeBE3eHHSIMU ISl MiABULICHHS KOHKYPEHTOCHPOMOXKHOCTI BITUM3HSHHUX JIOTICTHYHHX OIEpaTopiB Ha
MDKHApOJIHOMY PUHKY.

OO0'eKTOM  JOCHIUKEHHS BHCTYNA€ TIPOIEC  CTPATETidHOTO  YIPABIiHHA  aBTOMOOITEHUMH
MepEBE3EHHSIMU B CUCTEMI MI>XKHAPOIHOI TPAHCTIOPTHOT JIOTICTUKH.

[IpenMeToM MOCHIKEHHS € OpraHi3aliiHO-€eKOHOMIYHI BiJIHOCHHHW, II0 BHHHMKAIOTh Yy IIPOIECi
dbopMyBaHHS Ta pealizallii CTpareriii ynpaBIiHHS aBTOMOOITPHUMH I€PEBE3CHHSIMH JIOTICTUIHUMHU
orepaTopaMM B yMOBaXx II00aabHUX PUHKOBUX 3MiH.

TeopeTHdHOI0 OCHOBOIO JIOCHI/DKEHHSI CTalHM Mpalli BITYM3HSIHUX 1 3apyODKHMX BUEHHX Y Traiysi
JIOTICTHKH, CTPATETiYHOTO MEHEPKMEHTY Ta YNpPABIiHHS TPAHCHOPTHHMH CHCTEMaMH. MeTo0sIoriuHy
OCHOBY CKJIAJIM 3arajbHOHAYKOBI METOJIM Ti3HAHHSI, CUCTEMHHMU MiJXiJl, METOAN TOPIBHSJIHBHOTO aHAII3Y,
CTaTUCTUYHI Ta EKOHOMETPUYHI METOAU OOPOOKHU JaHUX.

PE3YJIbTATH JOCIIIKEHb

Ha ocHOBi mpoBemeHOro aHamizy poOIT BITYM3HSHHX 1 3apyOiKHHMX BYEHHX OyJIO pPO3pOOIICHO
KOHIICTITYJIbHY MOJIeNlb ()OPMYBAHHSI CTpATEriil ympaBlliHHS aBTOMOOIIBHUMH IEPEBE3CHHSIMHU B YMOBax
rJI00aTbHUX PUHKOBUX 3MiH (puc. 1).

Mopens npeacTaBiisie CIPOIIEHUI UK CTPATETIYHOTO YIPABIiHHS 3 IICTHOMa OCHOBHUMH €TallaMHu:

1. AHani3 cepeoBHUIIIA - BUBYCHHS PUHKOBUX YMOB Ta MOKJIMBOCTEH ITiIIPUEMCTBA.

2. Bubip cTparerii - BU3HaUEHHS OJIHOTO 3 TPHOX OCHOBHUX HAIPSMIB: TEXHOJIOTIYHA - BIPOBAKEHHS
iHHOBaIi}l, onepaliiiHa - oNTUMI3allisl MPOLECiB Ta aAaNTHBHA - THYUYKICTh Ta PeakKilist Ha 3MiHH.

3. Peanizanis - npakTHYHE BOPOBAHKEHHS 0OPaHOr0 MiAXOMY.

4. Orninka e()eKTUBHOCTI - MOHITOPHHT JIOCSTHEHHS IIJIbOBUX IIOKa3HHUKIB.

5. IlepeBipka pe3ynbTatiB - aHaJi3 YCHIIIHOCT] peasizarii.

6. Kopexkuist - moBepHEHHS 10 eTalry aHali3y IpH HEOOXiAHOCTI 3MiH.

3anpornoHoBaHa MoOjeb BiOOpaXkae TOCHIIOBHHUIA IMPOIEC, 0 MOYNHAETHCS 3 aHAIi3y 30BHINIHIX
BUKJIMKIB Ti1o0anizallii Ta BHYTPIIIHLOTO MOTEeHIiamy oreparopa. KirouoBuM etanom € BUOIp iHTErpoBaHOI
cTparerii, sika MO€IHY€e TEXHOJOTiYHY, ONEpaliiiHy Ta aJanTHBHY CKianoBi. Peamizamis crparerii uepes
KOHKPETHI 1HCTPYMEHTH JO3BOJISE JIOCSTTH T'OJOBHOI METH — ITiJIBUIIEHHS KOHKYPEHTOCIPOMOXKHOCTI Ta
e(EeKTHBHOCTI TpaHCIOPTHUX TOoCHyT. [locTiliHMIT MOHITOPHHT 1 KOperyBaHHs 3a0e3MeuyroTh IUKIIYHICTb 1
THYYKIiCTh YIPaBIiHCBKOTO IPOLIECY.
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Pucynok 1 - KonnenryanbpHa Moaensb GopMyBaHHsI CTpaTeriil ynpaBiiiHHSI aBTOMOOUTBHUMHE MepeBE3CHHIMHU
Ilocepeno: po3pobreno asmopkoro Ha ochoéi [1, 5, 6]

Jiisi OIIHKHM BIUIMBY KJIIOYOBUX TJIO0AJbHUX YHHHHKIB Ha ONepamidHy isUTbHICTh JIOTiCTHYHHX
orepatopiB OyJI0 TPOBEJCHO EKCIepTHE ONUTyBaHHA. ONHUTYBaHHS OYJIO TIPOBEJICHO Cepesl EKCIIEPTiB B
TPAHCHOPTHIN Taly3i: TON-MEHEIKEPU JIOTICTUYHUX KOMIIaHiH, MEHEIXEepH CEepelHbOi JIAHKH, BIACHUKH
TPaHCHOPTHUX KOMIIaHii, aHamiTuku raiysi. Kputepii BimOopy ekcmepriB: AJOCBiA poOOTH B raiysi — He
MeHIIe 5 pOKiB; Mocaja — KepiBHUN piBeHb a00 eKCIiepTHA TO3HUIis; y4acTh Y MXKHAPOJIHUX MEePEeBE3CHHSIX.
OmnuTyBaHHS TPOBOMWIOCH y Tiepioa moTuii-Oepeseds 2024 poky 3a TOTOMOTOI0 CTPYKTYpOBAaHOTO
aHkeTyBaHHs. ExcriepTaM mpornoHyBajoCh OLIHUTH BIUIMB 7 KJIFOYOBUX YMHHHKIB 32 10-0aqbpHOIO IIKANOIO,
ne 1 — miniManbHui BIuiuB, 10 — MaKCHMaJIbHUAN BIUIMB. PaHKyBaHHS PO3paxoBYBaJIOCh 3a CEPEIHIM OaaoM:
YMHHUK 13 HAMBHIIMM CEpeHIM 0ajoM OTPUMYBaB PaHT |, YUHHHUK 13 HACTYIIHUM 32 BEJIMYMHOKI OAJIOM -
paHr 2 i Tak jami 10 YMHHUKA 3 HaWHIKYMM cepeaHiM OanoM. PiBeHp Biaryky ckiaB 78% Bin 3araibHOI
KUTBKOCT] 3alpOILLIEHUX eKCIepTiB. TakuM 4MHOM, paHT BioOpa)kae CTYIiHb BayKIMBOCTI KOXKHOTO YMHHUKA,
BU3HAYEHHUI Ha OCHOBI CEepeIHBOI OIIHKK EKCIEpTiB, MO 3a0e3reuye 00'€KTUBHICTD 1 pENpEe3eHTATHBHICTh
OTPUMaHHX PE3yJbTATIB.

Leit miaxin 3a0e3nedrB penpe3eHTaTUBHICTh PE3YNIbTaTiB Ta JO3BOJIMB OTPUMATH O0'€KTHBHY OLIIHKY
BIUTMBY TJI00AJEHUX YHHHUKIB Ha OTICpAIiiHY MiSUTBHICTH JIOTICTHYHUX OIepaTopiB B YkpaiHi. Pe3ymbratn
pamXyBaHHS YMHHHKIB 32 CTYIICHEM BIUIMBY ITPEACTABIICHI B Ta0M. 1.
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Taomuis 1 - Briive riiobaibHUX YMHHUKIB Ha OTEpaliiiHy MisUIbHICTh JOTICTHYHUX OIepaTopiB

S T— CepenHiii 6aJ1 BILTUBY Paur
(3a 10-0aybHOIO IIKAJIOK))

KonuBaHHS 11iH Ha AJIMBO Ta €HEPrOHOCIT 9.2 1
Bumoru 710 eK0JIOriyHOI CTIMKOCTI (3MEHIIIEHHS BYTJICIIEBOTO 8.7 2
ciimy) '

Jimxuranizarisi Ta HEOOXiHICTh iHBeCcTyBaHHS B I T-pimeHHs 8.5 3
HecrabinpHicTh MI00AIBHUX JTAHLIOTB TOCTaYaHb 8.4 4
3MiHE B MUTHOMY Ta TIOJaTKOBOMY PETyJIFOBaHHI 7.9 5
Jediuut kBanidikoBaHUX BOJIiB Ta JOTICTUYHUX (axiBIIiB 7.8 6
[TomiTnyHa HECTAOLTBHICTD Y KIIOYOBUX PETiOHAX 7.5 7

Licepeno: pospobreno agmopror Ha 0CHOGI eKCHePMHO20 ONUTHYBAHHSL

Jani Tabn. 1 1eMOHCTPYIOTh, IO HAHCHIBHIIINN BILTMB HA iSTHHICTh ONEPaTOpiB MAIOTh EKOHOMIYHI
Ta €EKOJOTYHI YMHHHUKKA. Bucoki mo3umil aiokatamizamii Ta HeCcTaOUIBHOCTI JIAHIIOTIB ITOCTavYaHb
MiATBEP/DKYIOTh HEOOXiMHICTh (POPMYBaHHS aJaNTHBHHUX 1 TEXHOJOTIYHO Opi€EHTOBaHWX cTparteriil. Ll
OIliHKA JT03BOJIAE BUSBUTH MPIOPUTETHI HANPSMKH YIIPaBITiHHS.

3a pesynpTaTaMu aHai3y AiISTIBHOCTI MPOBITHHUX JIOTiICTUYHUX OMEpaTopiB Oylo0 3ampoIOHOBAHO iX
knacu(ikalio 3a JBOMa O3HAKaMH: piBEHb IHHOBALIIMHOCTI Ta Opi€HTAllisi Ha ONepaliiHy e(pEeKTHBHICTbH

(puc. 2).

Marpuna kracugikanii crpareriii

I
. v

Bucokuii piBeHb iHHOBarlii Husbkuii pienb iHHOBaii
Bucoka eexTHBHICTS Husbka elekTHBHICTS Bucoka ehekTHBHICTE Husbka edieKTHBHICTh
IHHOBALIIHHI EQOEKTHBHI o
JIJEPH PHHKY PO3POEKH TPAJTHITIOHAJICTH AYTCAHJEPH
« Al-ontumizauis . . . * DYYHE [UTAHYBAHHA
. « ninoTHi Al- « THYHKI MaplIpyTH .
« uuposi - « BazoBi mocayrn
NPOEKTH « JHHAMIGHI TapHpH . .
nnardopmu « thikcopani
G0Kcii r « TecTyBaHHA loT « AYTCOPCHHT
+ D0KYeHH-TPeKiHT MAPIIPYTH

Pucynok 2 - Matpuris knacudikaiiii crparerii yrnpapiiHHs aBTOMOOUTEHIMHU TIePEBE3CHHIMH
IDicepeno: pospobreno asmopkoio Ha ocrosi [1, 5, 6]

[IpencraBiena MaTpullsl Bi3yali3ye YOTHUPU THUIOBUX CTpaTeriyHUX mo3uiii: «Jlizepn puHKYY,
«lHHOBawiiiHI po3poOKM», «EdexkTruBHI TpaauuioHamicTh», «Ayrcaiaepu». HaiiOinbm nepcrneKTHBHOIO Ta
cTiiikoro € mo3uuis «JIinepiB puHKY», IO NOEAHYE BUCOKUN piBeHb iHHOBaLill 3 (oKycoM Ha omepauiiHii
e(eKTHBHOCTI (3aCTOCYBaHHs 1HTETPOBAHUX TEXHOJOTIYHHUX PillleHb). “ANaNTHUBHI JOTICTUYHI Mojemi”
JIO3BOJISIFOTH IIBUJIKO PearyBaTd Ha 3MiHU PUHKY, ajie MOTPeOYIOTh MOJANBIION0 TEXHOJIOTIYHOTO PO3BUTKY.
[ crparerii € HaliMeHII KOHKYPEHTOCHPOMOXXHHUMHM B JOBIOCTPOKOBIH mepcrnekTuBi. Hampsamkamu
MOJIANILIIOTO PO3BUTKY IUX cTparerii €: 3 “AyrcaiinepiB” no “EdexTHBHUX TpajuIliOHANICTIB”, 3
“InnoBaritHux po3podok” no “Jlinepis punky”, 3 “EdexruBHux Tpamumionanicti” go “JlinepiB puHKy”.

Hnst ouwiHKM e(EeKTUBHOCTI 3ampolOHOBAHMX CTPATETIYHMX HampsiMiB OyJio 3MOAEIHOBAHO iX
NMOTEHUIHHUI BIUIMB Ha KiI04oBi omepauiiini nokasnuku (KPI) norictmunoro omeparopa, A0 SKHX
BITHOCUTBCS COOIBApPTICTh MEPEBE3CHD, TPUBATICTE TOCTABKH, HAMIHHICTh MTOCTa4YaHb 1 PIBEHb €KOJIOTIYHOCTI.
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Po3paxyHku Oysin IpOBEACHI 32 JaHUMHM aHaNi3y IIPAKTHK JIOTICTUYHUX ONEPATOPIB, IIPOBEACHO ONMUTYBAaHHS
MEHEIKEPIB 3 TOCBIIOM BIPOBAKCHHS TEXHOJIOTIH, 3AiliCHEHA OIliHKAa €(DeKTUBHOCTI Pi3HUX CTPATETiuHUX
pimieHs Ta aHami3 ycmimHuxX KedciB interpanii Al Ta loT. Pesynpratn MonemtoBaHHS MpeacTaBieHi B
Tabm. 2.

Tabmurs 2 - OniHka BIUIMBY CTpATEeTIYHUX HAPSIMIiB Ha ONepaIliiiHi MOKa3HUKH

Brnus
Bruius o Bruius
B Ha Ha HAUHHICTD Ha eKOJIOTI1YHICTh
CrpaTeriqauii HaIpsM Ha co0iBapTicTh . MTOCTavYaHb
TPHUBAIICTh o (3MeHIIeHHS
MEPEBE3ECHHS (% BHKOHAaHUX .
JIOCTaBKHU Bukuais CO,)
3aMOBJICHb BUYACHO)
Onrtumiszalist MapmpyTiB 3a | 10-15% | 8-12% 15-7% | 5-8%
JonoMororo Al
BrpoBamxenns €KOJIOTIMHOTO 1 15-200%* B B | 25-40%
TPaHCIOPTY (EIEKTPOMOO1LTI)
[nrerpauis 3 mnatdpopmamu ‘ | 5-10% B 1 3-50% | 2-4%
TUPPOBUX (PPaxTOBUX PHHKIB
ABTOMa”EI/ISaI_IIH JIOKyMEHTO000Iry | 3-5% 1 2-3% 1 4-6% B
(610KyYelin)

Hpumimxka: | — 3Hudicenns, T — nioguwerHs, — He3HAYHUL 8NIUG.

*3pocmanna cobisapmocmi  nog'azane 3 KANIMAIbHUMU — SUMPAMAMU, WO OKYHAWOMbCA 8
00620CMPOKOGIl NEPCNEKMUBI.

JDicepeno: po3pobaeno agmoproro Ha OCHOBI AHANIZY OAHUX ONEPamopié ma MOOeNI08aAHHS.

Haii0inpmuii KOMIJIEKCHUH MO3UTHBHUI e(eKT AEeMOHCTPYIOTh CTpaTerii, MoB's3aHi 3 ONTHMi3alliero
MapuIpyTiB 1 aBTOMATH3aLI€0 JOKyMEHTOOO0ITy. BripoBakeHHS eleKTpoMoOiliB, MONpH 3HAYHI KaIliTalbHI
BUTPATH, € KIFOYOBUM IS JIOCSATHEHHS IIeld eKoJoriyHoi crifikocti. [lani Tabm. 2 € edeKTUBHUM
IHCTPYMEHTOM JIJIsl MPUAHSATTS 3BaYKEHUX PIllIeHb I0JI0 iIHBECTYBAHHS B Ti UM 1HIII CTpaTEeTivHi 1HIIIaTUBY.

TakuM YHMHOM, OTpUMaHi pe3yNbTaTH JOCTIHKEHHS NAIOTh 3MOTY CHCTEMHO OIIIHUTH BUKJIHMKH,
KiIacuQikyBaTH iCHYIOYI IMIXOAM Ta KUTBKICHO OIIHUTH €(EeKTHBHICTh PI3HUX CTpAaTeriii yHpaBIiHHS
aBTOMOOUIFHIUMH HIEPEBE3CHHAMHU, 110 € TEOPETUUHOIO 0a3010 1151 pO3pOOKH NPAaKTHYHUX PEKOMEHAALIN IS
JIOTICTUYHUX OTIEPaTOPiB.

OBI'OBOPEHHA PE3YJBbTATIB JOCJJIAXKEHHSA

OtpumaHi pe3ysibTaTd AO3BOJSIOTH MOTIMOMTH PO3YMIHHS Cy4YacHHX IIAXOIIB /0 CTPAaTEridyHOTO
VIOpaBJIiHHS aBTOMOOITPHUMHU TIEPEBE3CHHSIMH B yMOBaxX TJO0albHUX PUHKOBUX 3MiH. [IpoBeaeHe
JIOCITi/PKEHHSI BUSIBUIIO HU3KY KITFOYOBUX 3aKOHOMIPHOCTEH, SIKi TOTPEOYIOTh AETAILHOTO OOTOBOPEHHS.

PesynpTatn excriepTHOro onuTyBaHHA (Tabi. 1) MiATBEPPKYIOTH TilIOTE3y MPO BU3HAYAJIBHUN BIUIUB
€KOHOMIYHHMX Ta EKOJIOTIYHMX YHHHHKIB Ha OIEepamiiHy MisSUIbHICTH JIOTICTUYHUX OIeparopiB. Bucoki
MO3uIlil KOJMBaHb IiH Ha manuBo (9,2 Oaja) Ta eKOJOTiYHMX BUMOr (8,7 OaiB) Y3rOIKYyHOTHCS 3
BucHoBKaMu KpuBopyuko ta KpuBenko [1] mono HeoOXigHOCTI iHTETPOBAaHOIO YHPaBIIHHS PECypcaMu.
Opnak, Ha BiAMIHY BiA MONEpeNHIX AOCHIIKEHb, NPOBEACHE ONUTYBAaHHA BHSBWJIO 3HAYHUH BIUIMB
nmipkutanizamii (8,5 OaniB), 1m0 BiJOOpaXka€ MNPUCKOPEHY TEXHOJOIYHYy TpaHchopMalliio raiy3i B
MOCTIAHACMIUYHUI Mepio/.

Marpuusa knacudikamii crparerid (puc. 2) IEMOHCTpPYE NepeBaru iHTErPOBAHHUX TEXHOJOTIYHHX
pimenb, mo miaTBepKye pesynbrath Zhu J. [6] 10on0 BIJIMBY IUTYYHOTO IHTEJEKTY Ha ONEpaLiiHy
edeKkTHBHICTh. [IpoTe mpoBeeHe TOCIIKEHHS! BUSBUIIO CYTTEBY PI3HHUIIO B €)EKTUBHOCTI MK MUTOTHUMHA
Al-ipoextamy (HM3bKa €(EKTHBHICTH) Ta NMOBHOMACIITA0OHMM BIpOBapKEeHHSIM Al-ontumiszamii (BHUcCOka
edexTuBHICTh). Lle cBiAUUTH MPO HEOOXiTHICTH KPUTHYHOTO MacIiTaOyBaHHS TEXHOJOTIYHHX PIILICHb IS
JIOCSITHEHHSI 3HAYHOT'O EKOHOMIYHOTO e(heKTYy.

Hani tabn. 2 miarBepmkyoTh BUCHOBKM Onyshchuk V. ta in. [10] mpo moreHmian mudpoBHx
TEXHOJIOTIM y 3HIMKEHHI TpaHCHOPTHUX BHUTpaT. OAHAK aHaii3 BUSBUB JEsKi 0cOOJIMBOCTI, a caMe, LIO
OIITUMI3alliss MapIpyTiB 3a noroMoror Al 3abesnedye HaHOIMBIINI KOMIUIEKCHUH e()eKT, BIPOBAKEHHS
EIEKTPOMOOUTIB TTOTpeOy€e MOBIOCTPOKOBOI IMEPCIEKTUBH OKYITHOCTI, @ aBTOMAaTH3allisl JOKYMEHTOO0OIry
JIeMOHCTPY€E 3HAUHUI BIUIMB Ha HAAIHHICTD JOCTAaBKH.
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Konnenryanpaa momens (puc. 1) po3kpuBae MUKIIYHUN XapaKTep CTPATETIYHOTO YIPABIIHHS, IO
Y3roKyeThesl 3 gociipkerasMu TonnexrikoBa P. ta TommexnikoBoi T. [5]. Ilpore 3ampomonoBaHUi
aBTOpaMH IiJXiJ aKICHTye yBary Ha HEOOXIAHOCTI MOCTIMHOTO MOHITOPHHIY 30BHIIIHIX YWHHHKIB,
BaKJTUBOCTI THYYKO1 KOPEKILii CTpaTeriil Ta iHTerpaLii TEXHOJIOTIYHUX Ta ONepaliiHuX KOMIOHEHTIB.

OtpruMmaHi pe3yiabTaTH MAalOTh I[€BHI OOMEXEHHA, TMOB'SI3aHI 3 PETIOHAIBHOI CHenH(}iKoro
JNOCTI/DKYBAaHWX  KOMITaHId, JWHAMIYHAM XapaKTepoOM TEXHOJIOTIYHOTO PO3BHTKY Ta  BIUTHBOM
MaKpONOJITHYHUX YHHHUKIB Ha TPAHCIIOPTHY Taly3b.

BUCHOBKHN

EdextuBHe ympaBimiHHA aBTOMOOITFHUME II€PEBE3CHHSIMH BHMAara€ iHTETPOBAHOTO MIXOAY, IO
MOEAHY€E TEXHOJIOTIUHI iHHOBauUii 3 omepauiiiHOI omnTuMizalieto. Bubip crparerii moBHHEH BpaxoBYBaTH
cneungiky 30BHIIIHHOTO CEPelOBHUINA Ta BHYTPIIIHIN MmoTeHWian omeparopa. KinbkicHa OIiHKAa BIUIUBY
CTpaTEeTIYHUX PIllIeHb T03BOJISIE ONTHMI3yBaTH IHBECTHIII] B PO3BUTOK JOTICTUYIHOI iHPPACTPYKTYpH.

OCHOBHHM pe3yJbTaTaMH MPOBEACHOTO TOCTIIKCHHS €:

1. Po3poOka koHumenTyanbHOi Mozaeni (OpMyBaHHS CTpaTeriii ympaBiiHHA aBTOMOOUTEHHUMU
MIEPEeBE3CHHSIMH, 1[0 BPaXOBYE MUKIIYHICTh Ta B3a€EMO3B'SI30K TEXHOJOTIYHHX, OTEPAIIfHAX Ta aJalTHBHUX
KOMIIOHEHTIB.

2. Bu3HaueHHs pEHTHHTY BILIMBY IJI00aIbHUX YHHHHKIB HAa ONeEpamiiiHy AisIbHICTh, A€ HAHOLIbIINI
BILTMB MafOTh KOJIMBAHH IiH Ha manuBo (9,2/10 6amniB) Ta exoyoriuni Bumord (8,7/10 6amis).

3. 3amporoHoBaHO MaTpHIFO Kiacudikarlii cTpareriii 3a 1BoMa 03HaKaMU: piBeHb IHHOBAI[IHHOCTI Ta
orepariiiHa eeKTHBHICTb.

4. KinbKiCHO OIIIHEHO BIUTMB CTPaTEeriYHMX HAMpsMiB Ha oONepamiiiHi MOKa3HWKH, 30Kpema Al-
OTITUMI3allis MapIIPyTiB 3HIKYE cOOIBapTICTH mepeBe3eHs Ha 10-15%.

Pesynpratn gocimigpKeHHs! J03BOJSIOTH JIOTICTHYHHM OIEpaTopaM OLIHUTH IOTOYHY CTpaTerivyHy
MO3HIII0 T4 BU3HAYUTH HAMpPSIMH PO3BUTKY, BU3HAYWTH MPIOPUTETH 1HBECTYBAHHS B TEXHOJIOTil Ha OCHOBI
KIJIBKICHOT OIIIHKH iX BILTUBY Ta PO3POOHTH aIaliTUBHI CTpATETii, CTIKKi 10 TI00aThbHUX PUHKOBUX 3MiH.

JocnimkeHHss OOBOANTH €(PEeKTHBHICTH IHTETPOBAHOTO TMINXOLy A0 VYIPABIiHHS aBTOMOOUTEHUMH
MEPEBE3CHHSIMM, 110 TOEAHYE TEXHOJIOTIUHI IHHOBAIIi 3 OIEpaIliiHOI ONTHMI3Alli€r. 3amporoHOBaHI
MOJIeNIi Ta METOAMKH MOXYTh OYTH BHUKOPHCTaHI JIOTICTUUHHUMH OIEeparopaMH Jjs IiJABUIICHHS
KOHKYPEHTOCIIPOMOXKHOCTI B yMOBax 1o0alrizartii.
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Yu. Melnikova. Strategies for managing road transportation in the context of global market
changes: analysis of the activities of logistics operators

The article addresses the strategic management of road freight transportation in the context of global
market transformations, digitalization, and increasing environmental requirements. The research is driven by
the need for logistics operators to develop adaptive management strategies that ensure competitiveness and
operational efficiency in a rapidly changing external environment. The study aims to develop theoretical and
methodological foundations and practical recommendations for forming effective road freight management
strategies based on a comprehensive analysis of logistics operators' activities.

The methodological basis of the research includes a systematic analysis of scientific sources, expert
surveys involving industry specialists, statistical modeling, and performance data analysis from logistics
companies. The conceptual model of strategy formation developed by the authors reflects the cyclical
interrelationship between environmental analysis, strategic choice, implementation, and performance
evaluation.

Key research results include the identification and ranking of global factors impacting logistics
operators' activities. According to expert assessments, fuel price fluctuations (9.2/10 points) and
environmental requirements (8.7/10 points) have the most significant impact. The authors have developed a
classification matrix of management strategies based on two key parameters: innovation level and
operational efficiency. This matrix identifies four strategic positions: Market Leaders, Innovative
Developments, Efficient Traditionalists, and Outsiders.

A quantitative assessment of the impact of strategic directions on operational performance indicators
was conducted. The research demonstrates that Al-powered route optimization reduces transportation costs
by 10-15% and improves delivery reliability by 5-7%. The implementation of digital freight platforms
decreases costs by 5-10%, while blockchain-based document automation reduces costs by 3-5% and
improves operational reliability by 4-6%.

The author has improved the methodological tools for assessing the digital maturity of transport
companies and proposed a mechanism for continuous adjustment of strategies based on performance
monitoring.

The practical significance of the results is that they enable logistics operators to objectively assess
their current strategic position, prioritize technology investments based on quantitative impact assessments,
and develop adaptive strategies resilient to global market changes. The implemented measures allow for
reducing operational costs, improving service quality, and strengthening competitiveness in international
markets.
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The conclusions confirm the effectiveness of the integrated approach to road freight management,
which combines technological innovations with operational optimization. The proposed models and
methodologies can be used by logistics operators to enhance competitiveness under globalization and by
government agencies when developing transport infrastructure development programs.

Keywords: road freight management, logistics operators activity analysis, international transport
logistics, strategic management, digital transformation, operational efficiency of transport processes,
adaptive strategies, technological innovations.
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Mockamoxk M. JI., KamkanoB A. A.
Binnuyvbkuii Hayionansnuti mexuiunuil yHigepcumem

YHPABJIIHHA 3AITACAMH 3ATACHUX YACTHH VY JIOTICTHLUI ABTOMOBIJIBHUX
HEPEBE3EHDb B YMOBAX BATATO®AKTOPHOI HEBU3HAYEHOCTI

VY cTarTi IOCHIKEHO MiAXOAM 1O AJAaNTHBHOTO YNPABIiHHS 3allacaMM 3allaCHUX YacTHH y JIOTICTHIN
aBTOMOOUIPHUX BaHTAXXHUX IEPEBE3CHb B yMOBaX OaraTo(akTOpHOi HEBH3HAYEHOCTi. BpaxoBaHO BIUIMB 3MIHHOTO
HaBaHTA)XCHHS HA TPAHCIOPTHI 3aCO0HM, CE30HHHMX KOJHMBAaHb IIONHUTY, TEXHIYHOTO CTaHy aBTONApKy Ta PHU3HUKIB
MOPYIIEHHS JIOTICTHYHUX TporeciB. OOIpyHTOBAaHO IOIIIBHICTE BHKOPHCTaHHA IHM(POBHX TEXHOJOTIH, 30KpeMa
teneMaTnyHUX cucreM, GPS-monitopunry Ta loT-pimens, s 300py Ta aHamizy eKCIDIyaTamiHHMX AaHHX, IO
no3Bosste opMyBaTH AMHAMIYHI Mpo¢ii 3HONIIYBaHHS Ta MPOTHO3YBAaTH HOTPeOy B 3alaCHUX YAaCTHHAX 3 BHCOKOIO
TOYHICTIO.

3anponoHOBAHO KOHIENTYalIbHY MOAENb aIalTUBHOTO YIPABIIHHS, SIKA MOEAHYE CIEHApPHE MOJAEIIOBAHHS,
eMIipryHi Koe(illi€eHTH Ta AJITOPUTMH IIPOTHO3YBaHHA HAa OCHOBI pEaJbHUX [AaHWX BAHTAXHUX II€PEBE3CHb.
Po3pobiena Monens MO3BOJISE OMEPAaTUBHO pearyBaTH HA 3MIiHM B IHTCHCHBHOCTI BHKOPHUCTAHHS TPaHCIIOPTHUX
3ac00iB, ONTHMI3yBaTH PIBEHb 3alaciB, 3HWKYBAaTH BUTPAaTH Ha 30epiraHHs Ta MIHIMI3yBaTH PH3HUKH IPOCTOIB.
[IpoBeneHo MOPIBHAIBHUN aHaNi3 TPAAULIHHUX Ta aJanTHBHHUX CTPATerild yHpaBiHHS 3alacaMy, IIO IiATBEPIKYE
IepeBary THYYKHX ITiIX0/IiB B yMOBaX HECTaOlIBHOTO CepeIOBHILA.

Pesynpraté moCHimKEHHS MOXYTb OYyTH BHMKOPHCTAaHI Ui IIJBHINEHHS €(QEKTHBHOCTI TEXHIYHOTO
00ciTyroByBaHHS aBTONAPKiB, HOKPALICHHS TUIAHYBaHHS JIOTICTUYHHX OTEpalliif Ta BIPOBaKeHH MU(POBUX pillleHb
Yy CHCTEMH YIPaBIiHHS 3allacaMH. 3apoNoOHOBaHI MOJAET MalOTh MPAaKTHYHY LIHHICTh AJIS TPAHCIIOPTHUX KOMIIaHiH,
[0 MparHyTh A0 MiABHIICHHS HAIIMHOCTI MEpeBe3eHb, CKOPOYCHHS BUTpAT Ta afanTalii IO CYyYacHHX BUKJIHKIB
PHHKY.

KiouoBi cinoBa: aganTuBHE YOpaBIiHHA 3alacaMd, 3allacHI YacTHHM, AaBTOMOOUIBHI —TEpPEBE3CHHS,
TeneMaruka, intepHer pedeit (10T), Texuiune 06cmyroByBanHs, 1UppOBa JIOTICTHKa, 6araroakTropHa HEBU3HAYEHICTb.

BCTYII

CyuacHa JIOTICTHKAa aBTOMOOIJBHMX BAHTQXHUX II€PEBE3CHb XapaKTEPU3YEThCS BHCOKOIO
JUHAMIKOIO TIOTIHTY, 3POCTAIOUOI0 CKJIATHICTIO TEXHIYHOTO OOCIYyroBYBaHHS aBTOINAPKIB Ta MiJBUIICHUM
piBHEM HEBHM3HAYEHOCTI 30BHIIIHBOrO ceperoBumma [1]. YMoBM ekcruryaTtamii TpaHCIIOPTHHX 3aco0iB
3MIHFOIOTBCS 3AJIEXKHO BiJl CE30HHHUX (haKTOPiB, TUITY BAHTAXKY, MAPIIPYTY, CTHIIIO BOJIHHS Ta iIHTEHCUBHOCTI
HaBaHTa)XEHHS, 1110 CTBOPIOE JIOJATKOBI BUKJIMKH JIJIsl 3a0€3MeUCHHs Oe3MepPePBHOCTI JIOTICTHYHUX OIepaliii
[2].

OpHUM 13 KJIIOYOBUX E€JIEMEHTIB MIATPUMKH TEXHIYHOI TOTOBHOCTI aBTOTPAHCHOPTY € €(EeKTHBHE
yIpaBJIiHHS 3arnacaMu 3amacHux vactuH [3]. HasBHiCTH HEOOXIIMHMX KOMIIOHEHTIB y MOTpiOHHWIT 4yac i B
ONTUMAJIbHIA KIJIBKOCTI O€3MOCEepEIHbO BILIMBAE HA PIBEHb IPOCTOIB, MPOJYKTHUBHICTH INEPEBE3CHb Ta
€KOHOMIYHY e(peKTHBHICTH JIOTicTHYHHX cucTeM. [IpoTe TpamuiiitHi Momeni ympaBmiHHA 3anacamu [4, 5],
30KpeMa KJIACHYHI €KOHOMIYHI Ta perpeciifHi MiJXOau, 9acTO HE BPAaXOBYIOTh 0araTo(akTOpHY MPUPOIY
eKCIUTyaTallliHUX YMOB, 1110 TIPU3BOUTH 10 HAJJIUIIKOBUX 3aMaciB a00 AC(IUTY KPUTHIHUX JICTaJICH.

VY 3B’S3Ky 3 IIUM aKTyaJbHUM € BIPOBA/UKCHHS aJalTUBHUX MOJeJel ympasimiHHs [6], 3maTHUX
pearyBaTH Ha 3MiHHI IapaMeTpH eKCIUTyaTalii B peaqbHOMY 4aci. Taki Moaeni 6a3yroTbcs Ha BUKOPUCTaHHI
MUPPOBUX TEXHOJIOTIH — TeneMatnyHuX cucteM, GPS-moHiTOpHHTY, MOOIIBHUX JOJATKIB Ta PIllleHb Ha
ocHoBi Iurepuery peueit (IoT). 30ip Ta aHai3 TeIEeMaTUYHUX JAHUX T03BOJISE (HOPMYBaTH 1HAMBIIyaJIbHI
npodisii 3HOIIYBaHHS AJIS1 KOKHOTO TPAHCHOPTHOIO 3ac0o0y, MPOTHO3YBaTH MOTpeOy B 3allaCHUX YacTHUHAX 3
BHCOKOIO TOYHICTIO Ta ONTUMI3yBaTH JIOTICTUYHI BUTPATH.

3anpornoHoBaHU y CTATTI MiAXiJ nepeadadyae Moe€JHAHHS CIIEHAPHOTO MOJCIIOBAHHS, eMITIPUIHHUX
KOe(illi€HTIB Ta aJrOpUTMIB MAIIMHHOTO HABYaHHs, IIO0 OO3BOJIAE aJalTyBaTh CTpaTerii ymnpasiiHHI
3aracaMy JI0 peaJbHUX YMOB BaHTQXHHMX I€peBe3eHb. Takuil MiAxiJ cHpuse MigBUIIEHHIO HAAiMHOCTI
JIOTICTUYHUX TIPOIIECiB, CKOPOYCHHIO BHTPAT Ha 30epiraHHs Ta 3MEHIICHHIO PU3UKY MPOCTOIB, IO €
0c00JIMBO BayKJIMBUM JUIsI TPAHCIIOPTHUX KOMIIAHIH, SIKi MparHyTh A0 mudposizawii Ta cTiiKocTi B yMOBax
HECTa0lTbHOTO PUHKY.

AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA IMPOBJIEMHU

Y HaykoBil JiTeparTypi YyNpaBJIiHHS 3alacaMH 3allacHUX 4YacTUH PO3IIIAAAEThCSA IEPEBAXHO B
KOHTEKCTI BHPOOHMYHMX CHUCTEM, CEPBICHOTO OOCIYroBYBaHHS Ta LEHTPATi30BaHMX CKiaaiB (Tabm. 1).
Kiracnani migxomu, 30kpema momeni EOQ, ABC-anami3, perpeciiiHi METOAM Ta CTOXAaCTHYHI aJITOPUTMH,
Opi€HTOBaHI Ha CTaOUIbHI YMOBH TIOIUTY Ta OOMEXEHO BPaxXxOBYIOTh JHHAMIKY EKCILTyaTamiitHOro
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cepenoBuia. Y chepi TpaHCIOPTHOI JIOTICTUKH II MO YacTO HE 3a0e3MeUyIOTh JOCTAaTHhOI I'HYYKOCTI,
0COOIMBO B YMOBaxX CE30HHHMX IIiKiB, HEPIBHOMIPHOTO HAaBaHTAaXCHHS Ha aBTOMApPK Ta BapiaTUBHOCTI

MapuIpyTiB.

Tabmuus 1 — Ilo

PIBHSTHHS HAYKOBHX HANPSAMKIB YIPaBIiHHS 3aacaMiy

Kiracnaui momeri
YIIpaBIiHHS
3anacamu [7]

perpeciiini Mozeuni,
Opi€HTAIlisS Ha CTaO1TEHHMA
MOTUT

peanizaitii, 100pe
OCITIKEH], €PEKTUBHI TIPH
cTabiTbHOMY ITOTIHTI

HaHp.ﬂM X?paKTepHCTHKa IlepeBaru Henomniku
TOCITIKEHHS MIIXOTy
EOQ, ABC, [Ipocrota Huseska

a/IalI TUBHICTh, HE
BpPaxOBYIOTh 3MiHHI
YMOBU €KCILTyaTamii

AanTyuBHI MOJIeIl
Ha OCHOBI

1HAWMBITyabHI ipodimi
3HOITYBaHHSI, TEIEMAaTHIHI

Bucoka TouHicTh
[TPOTHO31B, TEPCOHAITI3AIIIS

YrpaBiiHHS B . CxmagHicTh
CroxactuyHi BpaxyBanns N S
yMOBax . . . . MaTeMaTHYHOI peaizarii,
. |momemi, fuzzy logic, PU3HKIB, THYUYKICTb Y
HEBU3HAUCHOCTI . moTpeda B eKCIEPTHUX
CIICHApHE MOJICIOBAHHS  [[UTaHyBaHH1 .
[8] OLIiHKaX
L . Bucoxka BapricTb
Lndposizariis ERP, GPS, ABTOMaTH3aIig p
: : o . : BIIPOBA/IXKCHHSI,
JIOTiCTHKH 3araciB (MOOUIBHI JOMATKH, XMapHi [[TPOLECIB, TOCTYH 0 . .
3ayexHIcTh Big IT-
[9] wiatopmu peaTbHUX JTaHUX )
1H(pacTpyKTypH
ML-anropurmu, [Totpeda B

BEJIMKUX MAacHBax JaHUX,
CKJIAJHICTh HABYAHHSA

TemeMaTuky [10] 11 KoskHOTO T3

naui MoeaeHn

Bucoka
CKJIaJIHICTh 1HTETpaii,
norpeda B Mi>KCUCTEMHIH

CucreMHHIT miaxXi,
MacITabOBaHICTh,
CTIHKICTB 10 3001B

[HTerparis B
JTOTiCTHYHI
cuctemu [11]

I'opumHi Moneni,
UUQpPOBI TBIHHUKH,
OaraTopiBHEBE YITpaBIIiHHS

CYMIiCHOCTI
- Peanizamis OoOmexena
[IpakTuuH1 Keicu N JloBenena ) .
MoOJIeTiell y aBTonapkax, VHIBEpCaIbHICTB,

B TPAHCIIOPTHIH
moricthii [12]

e(EeKTHBHICTh, OpiEHTAIIIS

. 3aJIC)KHICTD Bl
Ha peasbHi YMOBU

crienuQiky miIIpueEMCTBA

CKOpPOYCHHS BUTpAT,
MABUIIEHHS HaIIHHOCTI

Sk BumHO 3 Tabnwmi 1, okpemi JOCITIJDKEHHS aKIEHTYIOTh yBary Ha Hu(poBi3alii JOTiCTHYHHX
MPOIIeCciB, 30KpeMa BIPOBAJDKEHHI TenemaruuHux cucreM, GPS-monitopunry ta loT-pimens mist 3060py
eKCIUTyaTaliiHux naHux. [Ipore OiNBIIICTh 13 HUX 30CEpe/PKEHI Ha JUcIeTYepu3allii, KOHTPOII BUTpAT
najpHOro abo omTuMizalii MapHIpyTiB, 3aJUIIAIOYM 11032 YBarol MHUTaHHS NPOTHO3YBaHHS MOTpeOU B
3allaCHUX YaCTHHAX Ha OCHOBI PEAbHHUX MapaMeTpiB 3HOLTYBaHHS.

[Tpobnema nonsirae B ToMy, IO iCHYIOYi MOJIEJIi HE BPaXOBYIOTh 0araro(akTopHy NpUpoay pU3HKIB,
OB’ sI3aHKX 13 TEXHIYHUM CTAaHOM TPAHCIOPTHHX 3aco0iB [13], iHIUBIAyaIbHUMHA YMOBaMHU €KCIUTyaTallii Ta
HMOBIPHICTIO TOPYLICHHS JIOTICTUYHUX JaHLioriB. lLle Npu3BOOUTH OO HEePEKTHBHOIO IUIAHYBAHHS
3aKymiBeNb, HAUIMIIKOBUX 3amaciB abo AediuuTy KPUTHYHMX KOMIIOHEHTIB, II0 HETAaTUBHO BIUIMBAE Ha
Ha/IIHHICTh TIEPEBE3CHb.

HIJIb TA 3AJAYI JOCJII)KEHHSA

Mertoro pobotu € po3poOka, OOTpyHTyBaHHS Ta amnpoOaiis MoOAeNi aJanTHBHOIO YIPaBIiHHS
3aracaMy 3allaCHUX YacTHH Y JIOTICTHIIl aBTOMOOUIPHMX BaHTaXHUX IIEPEBE3CHb, SKa BPaXOBYE
eKCIUTyaTalliiHy HEBH3HAYCHICTh, TEXHIUYHWH CTaH TPAHCHOPTHHX 3aco0iB Ta IMQPOBI JpKepena JaHHuX
(tenemaruka, loT, GPS).

Jiist MocSTHEHHS TIOCTABJIEHOI METH BH3HAYEHO TaKi 3aBJIaHHs JOCIKEHHSI:

1.IlpoananizyBaTl CydyacHi HAyKOBI TIiJXOJIU JIO YNpPaBIiHHS 3alacaMH 3alacHUX YacTUH Y
TPaHCIOPTHIMH JIOTICTHULI1, 30KpeMa B YMOBaX HEBU3HAUEHOCTI Ta PU3UKY.

2.InentudikyBaTi KI04oBi (hakTopH, IO BIUIMBAIOTH HAa NOTpeOy B 3allaCHUX YacTHHAX Yy
BaHTAXXKHOMY aBTOTPAHCIOPTI (IHTEHCHBHICTh €KCIUTyaTallil, TEeXHIYHWH CTaH, CE30HHICTh, MapUIPyTHI
YMOBH).

3.Po3pobuTu KOHIENTYaIbHY MOJENb aJallTUBHOTO YIPaBIIiHHS 3alacaMH, sika iHTEerpye TeleMaTHIH1
naHi, GPS-moHiTopuHT Ta loT-pimeHHs Ay IpOoTrHO3yBaHHS MOTPeOX B 3alTacHUX YaCTHHAX.
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4.ChopmyBati aJrOpUTM CIIEHAPHOTO MOJICIIOBAHHS, IO JO3BOJISIE OIIHIOBATH BapiaTHBHICTH
MOIUTY Ta PU3UKK MOPYILICHHS JIOTICTUYHUX TPOIIECIB.
5.0IpoBecTr eMmipW4He MOCIIPKEHHS Ha OCHOBI PEaTbHHUX JaHWX BAHTAXKHUX MEPEBE3CHb IS
BaJIiIallii 3apOnoOHOBaHOI MOJIETI.
MATEPIAJIU TA METOAU
MeTtonosorist qocmikeHHs (Tadn. 2) 6a3yeTbes Ha IHTErpamii CHCTEMHOTO MiIX0Ty, MaTeMaTHIHIX

MOJICIIEH,

TEIEMaTUYHUX 3ac00iB MOHITOPMHTY Ta CY4YacHHX TPaHCIIOPTHHX TexXHomorid [l14].

Ii

CIIPSIMOBaHICTh aKIIEHTOBaHA HAa BHSABJICHHS 3aJIO)KHOCTEH MK 3MIHOIO TMOTpEeOH B 3alacHUX YacTHHAX 1
30BHIMIHIMA (aKTOpaMH, a TaKOX Ha TOOYAOBI alanTHBHOI MOJENI IIAHYBaHHSA, 34aTHOI BPaxOBYBAaTH IIi

B3a€MO3B’SI3KU.

Tabmurs 2. CTpyKTypa METOI0JIOTIT OCITIKSHHS

Eran

30BHIIIHI YUHHUKHN / 00’ €KTH
aHai3zy

Meronu Ta
IHCTPYMEHTH

OuikyBa#i
pe3yibTaTH

- Kimimatuuni ymoBu (Temneparypa,
BOJIOTICTh, OTIaIH)

- XapaKTepucTuK! JOPOKHBOTO
MOKPHUTTSA (THII, YXUIIH,

- CucreMHUN HigX1ia 10

CxItaieHo Tepertik

. : . aHayizy N
1. BusHayeHHs1 [IHTCHCUBHICTh Tpadiky) - ExcriepTHe OCHOBHHX 30BHIIIIHIX
BILIUBOBUX - Pexxumu excruryarartii (MicbKi S YMHHHKIB, 1110 BINIMBAIOTh
(daxTopis MapIIpPyTH, MKMICbKI IEPEBE3CHHSA, |- A . |Ha moTpeOy B 3amacHUX

. HaJIi3 HOPMAaTHUBHOT

piBeHb 3aBaHTan<eHHg) . asu YaCTHHAX

- CorianbHO-€KOHOMIYHI PU3UKHU

(xpu30Bi sBHIIA, TTEpeOOi B

MoCTavyaHHi)

- BucokouyTnuBi: raneMiBHI
2. KOJIOJIKH, aMOPTHU3aTOPH, IIUHU - OyHKIIOHAIBHO- [ToGynoBaHO MaTPHIIO
Tumnonorizanisi - CepenHpouyTiuBi: GiIbTPH, BapTiCHUI aHai3 «IyTIUBICTH 10 YMOB —
3amacHuX MaCTHJIbHI MaTepiajiu - Knacudikauis 3a MPIOPUTETHICTH
YACTHH - HuzpkouyTiuBi: enekTpoHHi piBHEM 3HOCY TUTAaHYBaHHS

KOMIIOHCHTH, KyBOBHi CIICMCHTH

3. Arperaiisi
maHuX

- Tenemarnuni nokazuuku (GPS,
CAN-mmHa)

- l'eoindopmaniiiai gaHi (qOpOKHS
iHppacTpyKTypa, KIIMaTH4HI KapTH)
- CTaTucThKa BiIMOB 1 pEMOHTHUX
poOiT

- OHJ1aliH-MOHITOPHHT
- I'eonpocroposuit
aHai3

- [aTerpaiist 3 6azamu
JaHUX aBTOTAPKiB

CTtBOpeHo yHidikoBaHy
iHpopMaliitHy 6a3y ams
MOAJIBIIOTO
MOJIETIOBAaHHS Ta
MPOTHO3YBaHHS

4. ITooynoBa
MojeJei i
NMPOrHO3iB

- B3aeM03B’ 130K MiX 30BHIIIHIMHU
YMOBaMU Ta 3HOCOM Ji€Talen

- Perpeciiini meToau

- CuienapHe
MOJICITIOBAaHHS (MIiCBKi,
M1XMiCBKi, T1pCbKi
YMOBH)

- [IpornoctuuHi
anroputmu (ARIMA,
LSTM)

OTpUMaHO MPOTHO3U
MoTpedu B 3aMacHUX
JacTHHAX IS PI3HUX
YMOB €KCIITyaTarlii

5. ®opmyBaHHA

- YrpagiiHHS 3aracamMu Ha CKJajgax

- Inrerpamis 3 ERP-
rtatgopmamu [15]

3a0e3neyeHo THyYKe

ajanTUBHUX |- 3aKymiBesibHA JiSUTbHICTH Ta - AnroputMu KOpUTYBaHHS IUIaHIB
IUIaHIB norictuka onTuMizamii 3aKymiBelb 1 piBHS 3amacis
- OniHka pu3uKiB
- [TinotHi .
[TinTBEpKEHO
. BITPOBAKEHHS .
6. IlepeBipka Ta . . e(heKTUBHICTh: 3HIKCHHS
- ABTONapKy MiAMPUEMCTB - [lopiBHsHHSA 3
BIIPOBAKEHHS o BUTpAT, 3MEHILCHHS
TpaIUuLiHHUMH "
. MPOCTOIB
[iaxogamu
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30BHIIIHI YUHHUKY / 00’ €KTH Metoau Ta OuikyBaHi

Eran . .
aHajizy IHCTPYMEHTH pe3yiabTaTH

[TixBuIEHO HAAIMHICTE
[IEPEBE3CHb, 3HUKECHO

7. OuikyBaHi . - KommiekcHa
- Ycs cucteMa yIpaBIliHHS 3ariacaMu ) . |[BuTpaTu, 3a0e3meuecHo
pe3yJbTaTH e(eKTUBHICTH MOJEi .
MacIITabOBaHICTh
pIeHHS

[IporHo3yBaHHs MOTpeOM B 3alacHUX YaCTHHAX 3JIMCHIOBAJIOCS Ha OCHOBI 3alpOINOHOBaHOL
00YHCITIOBAIEHOT apxiTeKTypu (puc. 1), sika peanizye TiOpUIHUEA MiAXiA, 0 MOEAHYE KIACHYHI CTATUCTUYHI
METOJH, TNINOOKI HEHPOHHI Mepeki Ta MeXaHi3MH aBTOMAaTHYHOro HaBuaHHS. Cucrema moOyZoBaHa SK
OaraTtopiBHEBa MOJIEJIb, IO IHTETPYE Pi3HI THITU aHATITUKU IS TiABUIIEHHS TOYHOCTI MMPOTHO3Y.

2 — - ~
Jliniiina perpecis:
O Iiporsos Dreg(t) = 57~ F(D), KomOiHyBaHHS MPOTHO3IB!
FO =[L F(0); - Fit)._] ] O Baru Wreg, Warima, Wistn HOPMOBAHO:
U  Po3paxyHOK 3aIMIIKOBOT TOMUIIKH Wreg + Warina + Wisgn = 1
&(t) = D) — Dreg(t) J U  O6’eaHaHuii MPOTHO3:
(\ D(t) = Wieg * Dreg(t) + Warima * Darima(t) +
o 3 Wigem * Digim(t)
- qBXm}fl AdH1: = ARIMA-Mmoemb: h —
ACOBHIT 3l O TIporHo3 Dyrima(t) =+ X ¢ -
CIOKUBAHHS - . .
> D'(t—i) + 2[00 &(t) + &(t) 1
3anacHux yactud D(t) e
O 3ossimsi axtopn Q D'(t) =D(t) — « (uentposana OHOBJICHHS Bar:
P L 3MiHHA) ) O  OOGuucnenns RMSE;
Fi(), F2(1), ... Fa(t) JUIST KOXKHOT MOZieIti
@\ U  OnoBneHHs Bar:
- ) @ Ocrtaroynuit wi = (1 RMSE) /
LSTM-monens: 5 S(1/RMSEy)
—»Q Ilpornos Dignm(t) = LSTM([D(t-1), [— TIpOTHO3 MOTpCOH
EEXTY D(t*n)], [F(til)’ [ERE} F(tin)]) B SaHaCHI/EX
L ) yactuHax D(t

Pucynok 1. CxemaTHuHa CTPYKTypa aJalTUBHOI CUCTEMH IIPOTHO3YBaHHS NOTPEOH B 3allaCHUX
YacTHHAX aBTOTPAHCIIOPTY

Ha nouatkoBomy erani (1) Mojels OTPHMY€ BXiIHi NaHi: 4acOBHil psai (AKTHUHOTO CIIOKHBAHHS
3anacHux yactud D(t), a Takox HaGip 30BHImHIX 3MiHHUX Fi(t), Fa(t), ..., Fy(t), sKi moTeHmifiHO BILIMBAIOTH
ua morwrt. Lli naHi HagxomsTh 10 MOAyNs HiHiitHOT perpecii (2), sxuii renepye 6a30BHil MPOrHO3 Dreg(t) 3
ypaxyBaHHSIM BIUTUBY 30BHIIIHIX (akTopiB. OJHOYACHO OOYMCIIOEThCS 3aiHIIKOBa mMoxuOka &(t), mo
BifoOpaXkae HeBpaxoBaHi yacoBi 3akoHomipHocTi. Ha HactymHomy erami (3) 3actocoByethes ARIMA-
MOJIeNb, SIKA aHaJi3y€e CTPYKTYpy 3aJHMIIKOBOI MOXMOKH Ta (opmye yrodHeHHH NPOrHO3 Dyrima(t),
BPAaXOBYIOUH aBTOKOPEJISALIiiTHI 3B’ 13KM Ta ce30HH] KonmmBans [16]. [Tapanensro dyHkiionye 610k LSTM (3)
— rmboKa peKypeHTHa HelWpomepexka, 31aTHa BHSBJIATH CKIAaJHI HEJHIHHI 3aleXHOCTI MK iCTOpUYHUMHU
JaHVMU CIIO)KMBAHHS Ta 30BHIMHIMY 3MiHHUMH [17]. BoHa ¢popmye Tpertiit mporao3 Digm(t), sikuii qonoBHIOE
pe3yJIbTaTH MONepeHiX Mojeseil. Yci TpH HpOrHO3M arperyioThes B okpeMoMy Moxayii (5) 3a JOMOMOroio
3BKEHOI (hOpMYITH

Iﬁ(t) = Wreg : Dreg (t) + Whaima * Darima (t) + Wistm * Dlstm (t) ) (1)

Jie BaroBi KoedimieHTH W; BH3HAYalOTh BHECOK KOXHOI MOJieNi B iHTerpoBaHuil mporHos. Lli
KoeillieHTH € TUHAMIYHIMU — BOHU aBTOMAaTUYHO OHOBITIOIOTHCS BIATIOBIHO IO TOYHOCTI KOXKHOI MOJENI,
siKa OLiHIOEThCs 3a MeTpukoro RMSE (Root Mean Square Error) (6). Uum Hinkua moxuka, THM GilbIna Bara
BIZTOBIAHOI MOENT B 3arabHOMY MPOTHO31. Y pesyibrati GopMmyeThest 00’ ennanuii mporuos D(t), skuit €
30a1aHCOBaHUM TIOEJHAHHSAM JIiHIHHOI, YacOBOi Ta HEHpOMEpEeKeBOI aHAIITHKH @, . Taka cucrema
JIO3BOJISIE BPAaXOBYBAaTH 30BHIIIHI BIUIMBH, YaCOBY CTPYKTYPY JaHHX Ta CKIIQJHI B3a€EMO3B’SI3KH, a TaKOK

aIanTyeThCs 10 3MiH Y BXITHUX TapaMeTpax, 3a0e3nedyrour BUCOKY TOUHICTh 1 HAIIHHICTh IPOTHO3YBAHHS.
PE3VJIBbBTATHU JOCJIIKEHb
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VY oMy po3IiT MPEnCTaBiICHO pe3ybTaTH MOICTIOBAHHS Ta TECTYBaHHS TPHOX INIXOIIB JIO
MPOTHO3YBAaHHS TMOTPEeOM B 3alMacHUX YacTUHAX JIUIsl BAaHTXHOTO aBTOTPAHCIIOPTY HA OCHOBI JIaHHMX
peanbHoro aBTonapky (20 oquauine MAN TGX, nepion ciocTepe:xeHHS — 12 MicsIIB).

st 3060py 1 00poOku Tenemarnunux nanux 3acrocyBanmu SKT Globus [18] — MoOinbHMI KITi€HT Ha
Android, mo gepe3 GPS, CAN-muny Ta loT-cencopu B peanbHOMY 4aci mepeaaBaB: IpoOir 1 MBHIKICTE PyXy
KOKHOI OJJMHMIII; HABAHTAXXCHHS Ha BICh (JATYMKH THCKY); PESKMMH JBUTYHA ¥ 4ac MPOCTOIB Ta iHII JaHi.
Hani SKT Globus 30epiranucst B XmMapi Ta BUKOPUCTOBYBAJIUCS ISl imeHTUGiKalii KI04oBUX (DakTopiB
BIUIMBY Ha moTpeOy B 3amacHuX dacTwHax (Tabn. 3) mpW cleHapHOMY MOZENIOBaHHI 3a JOITOMOTOIO
amantuBHOI Mogeni LSTM.

Tabmuus 3. Cuenapna MaTpulisl GakTopiB BIUIMBY Ha OTPeOy B 3alIaCHUX YaCTHHAX

. [orenmiit .
Bapiar . H IMpumitku /
daxkrop Omnuc BITUBY . HU eheKT Ha
WBHICTh Jlxepeno nanux
norpedy
UM OLIbLIni Ipooir, THM
. LIBLITHH HPOOIT, Tenematuka (CAN,
[TpoGir BUI11a KIMOBIPHICTD Bucoxka 3pocTaHHs GPS)
3HOIITYBaHHS BY3JIiB
I'ipeeki, cinbebki,
MICBKiI MapIIpyTH MarOTh 3miHa GPS-tpexkinar
Tun mapupyty |CBKI MAPLIPYT Cepenns >~ TPCKIAT,
pi3HUI PiBCHb HOMCHKJIATYPH  |JIOTICTHYHI KapTu
HaBaHTAKECHHS
TemnepaTypHi KOTUBaHHS
. BIUTMBAIOTH Ha [likoBe Kanenmap, ictopis
Ce30HHICTh Bucoka
3HOIIIYBaHHS IITUH, HABAaHTKCEHHS  |00CIyroBYBaHHS
AKyMYJISITOPIB TOIIO
ArpecuBHE TalbMyBaHHS,
. MEPEBUIIEHHS IIBUIKOCTI loT-cencopu
CTrib BOJIHHS PeBHI A Cepennsa 3pocTaHHs CCHCOPH,
MIPUCKOPIOIOTH MOOLITBHI TOIaTKA
3HOIIIYBaHHS
Baxxi abo
Tun HecTaOlIbHI BaHTaX1 Husbka JlokanbHe CRM, noKkyMeHTH
BaHTaXy CTBOPIOIOTH JI0JJATKOBE 3pOCTaHHS MepeBe3eHb
HaBaHTA)KCHHS HA MiJBICKY
. Perynsapue TO 3umKye .
UacToTa TEXHIYHOTO YIVIPHE Y ERP, cepaichi
PU3UK aBapliHOIO Cepenns 3MeHIICHHS
00CITyroByBaHHS KypHaIIN
3HOIITYBaHHS
. Crapi MamHu MaroTh .
Bik TpaHCIOPTHOTO CrabinbHe
BUITY IOTpeOy B 3amacHuX |Bucoka Peectp aBTOMApKy
3aco0y 3pOCTaHHS
YaCTHHAX
BosioricTs, mui, nepenaau ET— MeTteozaHi,
KitiMaTu4Hi yMOBH  [TeMIEpaTyp BIUIMBaIOTh Ha |CepeaHs sanacis y perioHabHI
€JIEKTPOHIKY Ta QiIbTpH koedimieHTn
. UacroTa peiiciB, Bara Tenemaruka,
[HTEHCUBHICTD . IIporpecuBHe . .
BaHTaXXy, TPUBAIICTh Bucoka JIOTICTHYHI
HABaHTAXKECHHS N 3pOCTaHHS
MOi3A0K aThopmMu
o TTI a0 MOMIKOKEHHS L
ABapiliHICTb / A o . CepBICHI 3BITH,
. BUKIIMKAIOTh HETalHy Husbka Pi3ke 3pocTaHHs . .
IHIUACHTH . CTpaxoBi JaHi
notpedy B peMOHTI

JlaHi Mpo BUKOPUCTAHHS TPAHCIIOPTHUX 3aC00IB (IMPOOIr, HABAHTAXKEHHS, CE30HHICTh) Ta TeJIEMAaTHYHI
curnam (GPS, CAN-mmHa, [oT-cencopu) Oyno po3ainero Ha HaB4anbHY (80 %) i TectoBy (20 %) BUOipKH.
TounicTe nporHo3iB orfiHOBaM 3a MeTpukaMu MAE (Mean Absolute Error), RMSE (Root Mean Square
Error) ta MAPE (Mean Absolute Percentage Error).
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Y pesynbraTi MOHIETIOBaHHA OyJI0 MPOTECTOBAHO TPH MIAXOMW A0 IPOTHO3YBAHHSA IIOTPEeOH B
3aMacHUX YaCTUHAX JUTS BAHTAXKHOTO aBTOTPAHCIIOPTY:

1. Tpanumiiina momens EOQ (Economic Order Quantity) — Ga3yeTbest Ha cepeHbOMY TOMHTI Ta
(ikcoBaHOMY iHTEpBai 3aMOBJICHHSI.

2.PerpeciitHa MOJIENb 3 JIOKATBHUMU KOoe(illieHTaMH — BPaXOBY€E MPOOIr, HABAHTAXKCHHS, CE30HHICTh
Ta T MapUIpyTy.

3.AjanTHBHA MOJIENIb Ha OCHOBI TEJIEMAaTUYHUX JAaHUX Ta MAIIMHHOTO HABYaHHS — BHUKOPHCTOBYE
GPS, CAN-mmny, loT-ceHcopu Ta anroputMu mporHo3yBanHs (HelpoHHi Mepexi LSTM).

PesynpraTi IOPIBHSIIBHOTO aHATI3y MOJETEl HaBeeHo B Ta0mwili 4.

Tabnuus 4. [lopiBHSHHS MOJeNel ypaBIiHHs 3arlacaMu

Mounens Bxinni mani ) I'n Burp PI{3H
AE | MSE | APE | yukicTh |aTH Ha 3amac| K MPOCTOIB

EOQ Cepenniii ornmr, H Buco Buc
¢bikcoBaHHil IHTEpBA 24 | 57 |82% | wuseka Ki OKUH

Perpeciiina [IpoGir, Ce Cepe Cepe
MOJIETh CE30HHICTh, MAPIIPYT 1 | 03 |2,7% | penns JHi THIH

AnantuBHa GPS, CAN, B Husb Huse
Monenb (ML + [oT) |renemaruka, icTopist ,6 2 ,9% HCOKa Kl KHH

Tpamumiitaa mogens EOQ mokazanma MAE = 12,4 %, RMSE = 15,7 %, MAPE = 18,2 %. Huzpka
THYYKICTb Ii€1 MOZIENI CIPUYMHIIIA BUCOKI BUTPATH HA YTPUMAaHHS 3a1aciB Ta 3HAYHUI PU3HK MIPOCTOIB.

Perpeciiina mozens npogemonctpysaia MAE = 8,1 %, RMSE = 10,3 %, MAPE = 12,7 %. Cepenns
THYYKiCTh OOYMOBHIIA IOMipHE 3HIDKEHHS BUTPAT Ha 3allacy ¥ PU3HUKY MOPYIIEHb.

AnanTvBHA MOJENb Ha OCHOBI TEJIEMAaTHYHHUX JAHMX Ta MAIIMHHOTO HaBYaHHA (HEHPOHHI Mepexi
LSTM) 3abe3neunna Haipuiry TouHicth: MAE = 4,6 %, RMSE = 6,2 %, MAPE = 7,9 %. Bucoka rHyukicTh
OBOTO TIIXOAY [O3BONMJIA MiHIMI3yBaTH BUTpaTh Ha 30epiraHHs Ta MIiHIMI3yBaTH PH3HMK MPOCTOIB
aBTOIIAPKY.

OBI'OBOPEHHS PE3YJIBTATIB JOCJIILIKEHHSA

OTpumaHi pe3yibTaTH MiATBEPXKYIOTh E€PEKTHBHICTh aJalTUBHOTO MiAXOJY A0 YIPaBIiHHS
3armacaMy 3aracHUX YacTHH Y JIOTICTHIIl BaHTaXHOTO aBTOTpaHcropTy. llopiBHsuibHUI aHami3 (tabn. 4)
nokasaB, 1Mo TpaguniiiHa monens EOQ, xowa i mpocra y peanizamii, JAEMOHCTPYe HHU3BKY TOYHICTb
MPOTHO3YBaHHS Ta BUCOKWH PU3MK HAJTUIIKOBHX 3amaciB abo aedinuty. Perpeciitna MoJienb 3 TOKaIbHUMU
KoedimieHTaMH 3a0e3rnedye Kpally afanTallilo J0 PerioHAIbHUX yMOB, OAHAK ii eeKTHUBHICTh 0OMeXeHa
MIPY BHCOKIil BapiaTHMBHOCTI €KCIUTyaTaliiHUX rapaMerpiB. HaliBuili NMOKa3HUKU TOYHOCTI, THYYKOCTi Ta
E€KOHOMIYHOI e()eKTUBHOCTI MPOJACMOHCTPYBaJia aJlallTHBHA MOJEJb, MO0Y0BaHA Ha OCHOBI TEJIEMAaTUYHUX
JaHWX Ta aJlrOPUTMIB MAalIMHHOTO HaBUaHHA. BoHa J03BONs€ BpaxoBYBaTH iHAMBIAyalbHi mpodini
3HOUIYBAaHHS TPAHCHOPTHHX 3ac00iB, ONEPAaTHMBHO pearyBaTd Ha 3MiHY HaBaHTaKEHHS Ta (OPMyBaTH
MePCOHANI30BaHi cTparerii TexHiYHOro 00cyroByBaHHs. 3acrocyBaHus loT-cencopiB, GPS-moniTopunry ta
MoOinpHUX TaTgopm (3okpema SKT Globus) 3abe3neuye Ge3nepepBHUit 30ip AaHUX 1 MiJBUILYE TOYHICTb
NpPOrHO3iB. BamMBO 3a3HAa4MTH, IO BIPOBAPKEHHS TaKUX Mojeied moTpedye iHTerpauii 3 iCHYHUYHMH
ERP-cucremamu, miaAroToBKM mepcoHany Ta 3ade3neueHHs kidepoesneku. [IpoTe JOBrocTpokoBi mepeBaru —
3HIDKEHHSI BUTpPAT, MiHIMi3allisl MPOCTOIB, MiIBUIICHHS HAJIHHOCTI MEPEBE3€Hb — 3HAYHO IEPEBHUIIYIOThH
II0YaTKOB1 1HBECTHIIIT.

BrnpoBamkeHHs ananTUBHOI MOJIENi YIIPaBIiHHS 3alacaMy 3arlacHUX yacTuH (puc. 1) 6e3mocepeTHb0
BIUIMBAa€ HAa ONepalliifHy CTaOUIBHICTh, WPOJYKTUBHICTh 1 EKOHOMIYHY e(EeKTHBHICTh BaHTAXKHHUX
nepeBe3eHb:

1.3aBasikM TOYHOMY MPOTHO3YBaHHIO IMOTPEOM B 3allaCHUX YaCTHHAX HA OCHOBI TEJIEMaTHYHUX
JaHUX, TIANPHUEMCTBO MOXKE CBOEYACHO 3a0€3MEUUTH TEXHIYHE OOCIYroBYBaHHS, YHUKHYBINU aBapiiHHX
3ynuHOK. [le o3Bossie mMiATPUMYBAaTH BUCOKUH PiBEHb JOCTYIMHOCTI TPAHCHOPTHUX 3aC00iB i BUKOHYBATH
rpadiku nepeBe3eHb 0e3 NopyIeHb.

2.Mogenb 3abesneuye cradigbHe (YHKUIOHYBaHHS aBTONAPKY HaBiTh B YMOBaxX CE30HHHX IIiKiB,
CKJIaJJHUX MapuipyTiB abo HecrabinmpbHOro momuTy. Lle 0coOMMBO BaXJIMBO JUIS TIEpEBE3CHb
CLIBCBKOTOCTIONAPCHKOI MPOMAYKINT, OyJiBeNbHUX MarepiaxiB ab0 KPUTHYHHX BaHTAXIB, 1€ 3aTPUMKH
HETPUITYCTHMI.

3.3MeHIlIeHHS aBapiiHUX PEMOHTIB, HaUITMIIIKOBUX 3aIaciB 1 BUTPAT Ha 30epiraHHs 3amacHUX 4aCTHH
CIIpHS€ 3araJbHOMY 3HIDKCHHIO JIOTICTHYHHX BHUTpaT. lle 103BOJNs€ MiANPHEMCTBY IiIBHIIHUTH
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pEHTa0ENBbHICTh ITePEBE3CHb 1 KOHKYPEHTOCTIPOMOXKHICTh Ha PUHKY.

4.]arerpamis MoAemi 3 TEIeMaTHIHUMH IUTaTGopMaMH J1a€ 3MOTY OIIEPAaTHBHO KOPUTYBATH
MapUIpyTH, BPaXxOBYIOUH TEXHIYHHH CTaH TPaHCTIIOPTHHX 3aco0iB. Lle A03Boisi€ YHUKATH MepeBaHTaKEHHS
MAIlliH, PO3MOIIATH pecypcH e(heKTUBHIIIE Ta 3HIKYBAaTH PU3UKU 300iB Y JOCTaBIIi.

5.Monens TeHepye MPOTHOCTHYHI 1HAUKATOPH, SIKI MOXKYTh OyTH BHKOPHICTaHI TUCHETYEPAMU IS
MIPUHHATTS PIllIeHp MIOAO 3aMiHM TEXHIKH, TepeHeceHHs peiiciB abo omrtumizarii rpadikis. Lle mixBumrye
KEepOBaHICTh JIOTICTHYHOI CUCTEMH B pealbHOMY 4aci.

BUCHOBKHU

Y po6oTi po3pobiieHO aganTUBHY MOJETh YIPABIiHHS 3amacaMy 3alMacHUX YacTHH, SKa IHTETpye
TeleMaTH4Hi JAaHi, iHGOpPMaLil0 MPO TEXHIYHWH CTaH TPAHCIOPTHHUX 3acO0IB Ta OLIHKY JOTiCTHYHHUX
pu3UKiB. Mozenb TO€AHYe KIAaCH4YHI CTATUCTUYHI METOAM 3 AITOPUTMaMHM MAIIMHHOTO HAaBYaHHS 1
3a0e3rnedye rHyYKe pearyBaHHS Ha 3MiHHI YMOBH eKCIDTyaTarlil.

[TpoBeneHo MOpiBHIBHUE aHaNi3 Tpbox mimxoxaiB — EOQ, perpeciiiHoi Moaeni Ta 3apOnOHOBaHOT
aJanTHBHOI cHUCTeMHU. Pe3ynbTaTH JeMOHCTPYIOTH CYTTEBI IepeBard LU(PPOBOIO METOAY B YMOBax
HEBH3HAYCHOCTI, OCOOJIMBO 3aB/ISIKW AMHAMIYHIN amamnTarlii mMporHo3iB 10 30BHINIHIX ()aKTOpiB. AXanTHBHA
MOJIeJIb TOKa3asia HaiiBuily TouHicTh mporao3yBaHHs (MAPE < 8 %), mo cnpusie 3HMKEHHIO BUTpAT Ha
30epiraHHs 3amaciB i MiHiMi3amii MpOCTOiB aBTOMapKy. ABTOMATHYHE OHOBJICHHS BaroBHX KOeQilli€HTiB
3rigHo 3 RMSE no3Bossie miaTpuMyBaTH cTabiIbHY SKICTh MMPOTHO3IB Y PI3HUX €KCILTyaTallifHUX CIeHapisiX.

3anpornoHOBaHUH MiAXiA Ma€ MPAaKTUYHY LIHHICTH U TPAHCIIOPTHUX IiAMPHEMCTB, SIKi TParHyTh
IUQPOBiI3yBaTH TeXHIUHE OOCIYTrOBYBaHHS 1 MiJIBUIIUTH €(EKTHBHICTh JOTICTUYHHX IporneciB. [lToxanpm
JOCHI/PKEHHSI MOXKYTh OyTH CIPSMOBaHI Ha IHTETPallil0 MOJENI 3 XMAPHUMH IUIATPOPMaMH, PO3IIUPEHHS
HOMEHKJIATypH 3allaCHUX YaCTHH Ta aJIJaNITAIliF0 aTOPUTMIB [0 Pi3HUX THITIB TPAHCIIOPTHUX 3aCO0IB.
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M. Moskaliuk, A. Kashkanov. Spare Parts Inventory Management in Freight Transport
Logistics under Multifactor Uncertainty

This article investigates approaches to adaptive spare parts inventory management in the context of
freight transport logistics under conditions of multifactor uncertainty. The study accounts for the influence of
variable vehicle loads, seasonal demand fluctuations, fleet technical condition, and risks of disruption in
logistics processes. The use of digital technologies — particularly telematics systems, GPS monitoring, and
Internet of Things (loT) solutions — is substantiated for collecting and analysing operational data. This
enables the formation of dynamic wear profiles and highly accurate forecasting of spare parts demand.

A conceptual adaptive inventory management model is proposed, integrating scenario modelling,
empirical coefficients, and predictive algorithms based on real-world freight transport data. The developed
model enables timely responses to changes in vehicle utilisation intensity, optimises inventory levels,
reduces storage costs, and minimises downtime risks. A comparative analysis of traditional and adaptive
inventory strategies confirms the advantages of flexible approaches in unstable environments.

The research findings can be applied to improve fleet maintenance efficiency, enhance logistics
planning, and support the implementation of digital solutions in inventory management systems. The
proposed models offer practical value for transport companies seeking to improve delivery reliability, reduce
costs, and adapt to contemporary market challenges.

Key words: adaptive inventory management, spare parts, freight transport, telematics, Internet of
Things (loT), maintenance, digital logistics.
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OBIPYHTYBAHHS PEKOMEHJIAIIA IIOJ0 MPOEKTYBAHHS TEXHOJOITYHOI' O )
MNPOLECY BUI'OTOBJIEHHS TA PEMOHTY 3°€/IHYBAJIbHUX EJIEMEHTIB BUXJIOITHOI
CUCTEMMU ABTOMOBLJIIB

[MToka3zaHo, 10 BUXJIOIHA CHCTEMa TPAHCIIOPTHOTO 3ac00y pyWHYEThCS il BIUIMBOM KOpO3ii Ta MeXaHIYHHX
HaBaHTaXeHb. OCOOJMBO CXWMIBHI JIO TOMIKO/XKCHh JIOOOT0 THIYy 30HH 3’€JHAHHS MEPEeXiHUX IiaMeTpiB, sKi
BUKOHAaHI 3BapIOBaHHAM a00 MOEJHAHHI 3 HATATOM. [ MiJBUINEHHS 3HOCOCTIHKOCTI Ta MIKPEMOHTHOTO IEpPioxy
KOMIIOHEHTIB HEOOXiTHO 30UIBIIYBATH TOBIIMHY CTIHOK CKJIAOBHX MEXaHI3My BHXJOIY. AJe Iie IPH3BOIUTH JIO
3pOCTaHHS BarW arperariB Ta MacH aBTOMOOLIS, 10 He OaxxaHo. Y CTaTTi 3alpONOHOBAHHN CIIOCIO BUTOTOBJICHHS Ta
PEMOHTY 3’€THYBAIPHUX MAaTPyOKiB BHXJIOHOI CHCTEMH MLUIAIXOM OTPHMaHHA pO3TPyOiB 3 MiHIMaJIbHUM
MOTOHIICHHSIM TOPLS TOTOBOTO BUpoOy. Po3pobmeHi 3aranpHi pexkoMeHIamii mo10 MPOEKTYBaHHS TEXHOJIOTIYHOTO
MpoIIeCy BUTOTOBIICHHS Ta PEMOHTY TaKHX eJeMeHTiB. CKIagHICTh Ta TPUBAIICTh MIATOTOBKM BHPOOHHITBA Ta
PEMOHTY, a TaKOX BIITHOCHa BHCOKAa BapTICTh IITAMIIOBOTO OOJaJHAHHS BHMAaralTh pETENBHOI PO3pOOKH
TEXHOJIOTIYHHX TIPOIECiB Ta OOIPYHTOBAHOTO BHOOPY TEXHIYHO paliOHAIBHOIO Ta EKOHOMIYHO HaHOLIbII
e(eKTUBHOT'O BapiaHTy TEXHOJOTIYHOTO IPOILECY, SIKMH BiIIOBiIae TaHOMY THITy BHpOOHHMITBAa. HaBiTh HeBemuki
HACTYIIHI 3MIHN TEXHOJIOTIYHHX IIPOIECIB 3a3BHYail MPHU3BOTH 10 NEepepOOICHHS ITaMIIiB a00 10 IPOEKTYBaHHS Ta
BUTOTOBJICHHIO HOBHUX, III0 BUMarae 3HaAYHOTO Yacy Ta KOMTiB. Takok 3alpONOHOBaHI KOS(IIliEHTH PO3daBaHHS IS
IBOX MatepianmiB TpyOuaTmx 3arotoBok crami 12X18HI10T Ta amominito A1, pekomMeHAOBaHI 3MallyBajJbHi
PEYOBHHH, SKi 3MEHIIYIOTh KOS(IIIEHT TEPTS MiXK 3arOTOBKOIO Ta IHCTPYMEHTaM B OCEpPE/IKY IIACTHYHOI AedopMalrtii.
3anponoHOBaHUK cmocid po3AaBaHHA HECUMETPUYHUM iHCTPYMEHTOM [O3BOJISIE€ 30UTBIINTH TOBIIWHY KpaioBOi
YaCTHHH Y MOPIBHSAHHI 3 KJIACHYHUM PO3JaBaHHSIM 32 PaXyHOK IIOSIBU NOTHYHHUX HAIlpyXeHb, SIKI PO3BAHTAXKYIOTH
ocepenok aedopmariii. 3a paXyHOK TaKOTO PO3BAaHTaXCHHsI TAHTCHIlIAbHI HOPMAITbHI HANPY)KECHHS, 110 PO3TATYIOTb,
3MEHIIYIOTBCS 10 MOJYJIIO, 1110 TIPU3BOJUTH JI0 30LTBIICHHS TOBIIMHU TOTOBOTO BUPOOY.

KorouoBi ciioBa: BuxiionHa cuctemMa, peMOHT, BUTOTOBIICHHSI, aBTOMOO1IIb, IUIACTHYHA JedopMaltisi, po3Tpyo,
pO31aBaHHS.

BCTYII

BuxionmHa cuctema TpaHCHOPTHHX 3ac00iB sBISE COOOK CYKYITHICTH arperariB, siKi 3’€IHaHi 3
JBUTYHOM MaricTpajJbHUMU METaJIeBUMM NaTpyOkaMu. 3’€lIHaHHA MOXYTb OyTH (uIaHIEBI Ta CYLUIBHI.
CyuisnbHi 3’€JHaHHS HEPO3’€MHI, B OCHOBHOMY, 3BapHi, SIKi YTBOPIOIOTBCS MIXK TPyOKaMH Pi3HOTO JiaMeTpy
[1]. [Ans oTpuMaHHS CYHUIBHOTO 3BapHOTO 3 €IHAHHSA TPyO pI3HOrO JiaMeTpy HEOOXiTHO CTBOPHUTHU
METOJIaMH XOJIOMHOI OOpOOKM THCKOM Ha TpyOi MEHIIOro AiamMerpy po3Tpy0d (mepexiiHy KOHYCHY
MOBEPXHIO), a MOTIM POBOJINTH 3BapIOBANILHI onepariii [2].

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMH

B mpormeci excruryararii TpaHCIIOPTHUX 3aco0iB BiOYBa€eThcsl PYWHYBAaHHS 3BapHUX 3 €IHAHb Ta
KOMITOHEHTIB BHXJIOITHOI CUCTEMH B 3arajioM. BiIbIIICTh cydacHUX aBTOMOOUTIB 00NagHaHO OCH3MHOBUMH
a00 JM3eIbHUMU JIBUTYHAMU BHYTPINIHHOTO 3ropsiHHS. DYHKIIOHYBaHHS TakWX JBHUTYHIB 3aCHOBaHE Ha
CTHCKaHHI Ta 3rOpsiHHI NaNIMBa BUOYXOM, IO CTBOPIOE BUOYXOBHI (DPOHT, BUCOKY TEMIIEPATYpy, YTBOPEHHS
BEJIMKO1 KiJIBKOCTI MPOAYKTIB 3TOPSHHS, SIKI BIBOJSTHCSA Y BUIIYCKHHMH KOJIGKTOp Ta Aajii y armocdepy.
Po0oTa BUXJIONHUX €JIEMEHTIB 3aCHOBaHA Ha BIJABEICHHI BiAIpallbOBAHUX T'a3iB, 3HIKECHHI IIIyMY, OUHUIICHHI
ra3iB Ta Kopekiii pobotu aBuryHa. Yepes MocTiiHHN BILTMB BHCOKUX TEMIIEpaTyp, arpeCUBHUX XiMiYHHX
PEUOBHH 1 MEXaHIYHMX HAaBaHTAXXEHb, DPI3HI KOMIIOHEHTH L€l CHCTEMHM CXWIbHI J0 3HOIIYBaHHS Ta
nonrko/pkeHb. CyKYIHICTh PI3HHX BHJIB HaBaHTa)XEHb BHU3HAYa€ BKpail BaXKKi YMOBH POOOTH KOXKHOTO
eJleMeHTa CUCTeMH. TOMy aKkTyaJlbHUM 3aJIMIIAEThCS 3aBIaHHs PIBHOI MII[HOCTI, CTIMKOCTI Ta HaaidHOCTI
BCiX KOMIIOHEHTIB Ta 3’ €JHYBaJIbHUX MaTPyOKiB, SIKi CIIOJIy4arOTh LI YACTHHHU.

Amnati3 JiTepaTypHHX JKepel MOKa3as, 10 MUTAHHIO IPUYMH 3HOCY €JIEMEHTIB BUXJIONMHOI YaCTHHU
aBTOMOGiNs npumineso Garato yearm. Tak T. Soli¢ Ta immi [3] 3’scyBamm, IO NPEBANIOIUMH 3HOC
KOMITIOHEHTIB BUXJIOIY aBTOMOO1JIS BiIOYyBa€eThCs 3-3a XiMidHOT KOopo3ii. Haii0inbIe momkoKkeHb 0B’ I3aH0
13 TIIYITHUKOM, JIe HAKOMMYYIOTHCS YaCTKH CaXKi Ta KOHAEHcAT. Takoxk KOpOo3is 4acTo BUHUKA€E Ha TPYOKax y
MICIISIX 3BapHHX 3’€J{HAHb. 3BapHHUN IIOB BBa)KA€ThCS HANCIIAOIIO YACTHHOK CTPYKTYpH 1 3a3BHYail
TIePIIAM CTpaXkaa€ Bix Kopo3sii [4]. [HIIOO MOImmMpeHoo MPUIMHOIO HECTPABHOCTEH € TpyOHI 3'€qHAHHS,
BUKOHaHI 0e3 3BaplOBaHHsI, JIc HEAOCTATHS CTIHKICTh 3'€JHAHHS MPU3BOIUTH 10 BUTOKY BUXJIOITHHUX T'a3iB Ta,
SIK HACTIZOK, O PO3BUTKY MEXaHI3MIB KoposiiiHoro pyitHyBaHHS [S5]. IHmn mociigawku e Oinbime
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3arIMOIOITECS Yy MPOOJIEMH 3HOCOCTIMKOCTI €JEMEHTIB BHMXJIOIMHOI CHCTEMH, J€ BHIUISIOTH Pi3Hi
MEXaHI3MH PYHHYBaHHS, 5IKi OOMEKYIOTh TEPMiH CiIy:k0u arperaris. Tak, y AocmikeHHi [6] knacugikoBaHi
pi3HI BHIM KOPO3ii, sIKi BUHUKAIOTH B Ipoleci excrumyaTanii. Lle BucokoTeMmnepaTypHa, BOJIora Ta COIbOBa
KOpO3ii, a TAKOXK XiMiYHi peakiii Mi>k MaTepiaioM Ta KOMIOHEHTAMH BUXJIOMHOI CyMilli.

Hocnimxennast [7, 8] Ha ocHOBI (pakTOpiB pyHHYBaHHS KIIOYOBHX €JIEMEHTIB BUXJIOIMHOI JIAHKH
(MexaHiuHe pyWHYBaHHA TpW MJBUIICHIH TeMIIepaTypi, KOPO3iifHEe pO3TPiCKyBaHHS, MDKKpHCTATidHA
KOpO3isl) MPONOHYIOTh BUOMPATH BiMOBIIHI MaTepialu, BUXOASYM 3 KPUTEPIIB MacH, BapTOCTi, TEPMi4HOL
(monam 800°C mns xomekTopa Ta moHax 400°C mims iHOIMX YacTHH) Ta BHUCOKOI KOPO3IMHOI CTIHKOCTI.
HaiiGinpm mprcToCcCOBaHUMHU MaTepiaamMu BUSBHIUCSA (QepuTHAa HepkaBiroda ctaab Mapok AISI 409, AISI
439, aycTeHiTHa HeprkaBiroua ctaimb Mapok AISI 304, AISI 316, AISI 316Ti Ta antoMiHi30BaHa CTab.

3BaXkarOuu Ha ICHYIOUYH PE3YJIbTATH JAOCHTIKCHb, OYCBHIHUM CTA€ PO3YMIHHS PO TOBIIMHH CTIHKH
€JIEMEHTIB BHUXJIONTHOI CHCTEMH Ta 3’€IHYBAJIbHUX MAaTPyOKiB y MPOJOBXKEHHI CTPOKY eKCIuTyaramii. 3
OTHOTO OOKYy BHSBIISIETHCS, IO CKJIAJOBI BUXJIONMY 3 OIJBIIOK TOBIIMHOK peOep Ta CTIHOK Kparle
MPOTHCTOATh KOpPO3ii Ta MeXaHIYHUM TOMIKOMKEHHSAM, 3 IHIIOTO — 30iNBLIYETHCS Maca KOXKHOTO
KOMITOHEHTY, [0 30UTBIIye Bary TpPaHCHOPTHOTO 3aco0y B migoMy. Takox ocnabieHMMH 30HAMHU
BBKAIOTHCS MicTa 3’€IHaHb TPYyO 3 CKIQJOBUMHU MEXaHI3MiB BUXJIIOMY Ta MiX c000r0. MaroTbcs Ha yBasi
3BapHi 3’€JIHAHHS Ta CTUKH 3 HATATOM [9].

HIJIb TA 3AJJAYI JOCJIIKEHHSA

Tomy, BUXOASYM 3 BHUIE BHUKIAIEHOTO, METOIO POOOTH Oyino (opMyBaHHA PEKOMEHJAIl 00
MpoIleCcy BUTOTOBJICHHS T4 PEMOHTY MaTpyOKiB BUXJIOIHOI CUCTEMHU TPAHCIOPTHOTO 3ac00y 3 MiJBHILECHOIO
TOBIIMHOIO CTIHKH po3Tpy0a. [[ns 1poro OyyiM mMOCTaBJIeHI Ta BUPIIICHI HACTYIHI 3aBIaHHS: a) po3poOka
3arajibHUX PEKOMEHMAAIl 10 TMPOEKTYBaHHsS TEXHOJOTIYHOTO TPOIECY BUTOTOBJICHHS Ta PEMOHTY
3’€IHYBAJIBHUX €JIEMEHTIB; 0) po3po0Ka peKOMEHIallil 1100 CTEICHI PO3IaBaHHs MIIHAPUIHUX 3aTOTOBOK
Ta JUIS BUKOPHCTaHHS MACTHJIBHHX MaTepialiB; B) KOHCTPYIOBaHHS TE€OMETPUYHHUX XapaKTEPHCTHK
MIPOITIOHOBAHOTO Je)OPMYIOUOTO IHCTPYMEHTY.

PE3YJBbTATHU JOCIIIKEHDb

TpyOu MexaHi3My BHXJIONY aBTOMOOUIS 3’€JHYIOTh MK COOOIO MpalOloYi arperaTH: BHUITYCKHHUR
KOJICKTOP, TO Py, KaTATITHIHHNA HEUTPai3aTop, pe30HATOp, MIYIIHUK Ta JIAMOAa-30H1. JliaMeTp 30H CTHKY
IUX CKIIQJIOBHUX Ta MOEAHYBAIBLHUX TPYO HE 3aBXIH CriBmagae. ToMy Js OTPUMAaHHS HaIHHOTO KOHTAKTY
niaMeTp maTpyOKiB pO3MIMPIOOTH Ha Topipix (puc. 1). JIjis 1Oro 3acTOCOBYETHCS Omepallii XOJI0HOI
00poOKHM THCKOM, Taki sK poO3JaBaHHs Ta OOKodyBaHHS poiukamMu. OOKOYYyBaHHS POJMKAMH
BUKOPHUCTOBYIOTH 151 peMoHTY Ha CTO, po3naBaHHS — JuIs BUTOTOBJICHHS. AGO KOMOIHYIOTH IIi Ccriocoou
JUTSE OTPUMAaHHsI BUPOOY MiHIMaIbHOI COOIBAPTOCTI.

Pucynoxk 1. Miciie epexiiHOro fiaMeTpy Ha 3’€IHyBaTbHOMY MAaTPyOKY BUXJIOMHOT CUCTEMHU
aBToMo01i11 Mercedes W203 ta S203.

Sk mokasye mpakTHKa, MiJ 4ac po3JaBaHHs TpyOu Topuesa ii yacTrHa, sika 301IBIIY€EThCS Y diaMeTpi,
MOTOHIIIYETHCS. 3MCHILICHHS TOBIIMHHU CTIHKH 3aJIC)KUTh BiJ KOe(il[ieHTa pO3/J1aBaHHSA Ta YMOB TEPTS MIXK
3arOTOBKOIO Ta IHCTPYMEHTOM. 3 TOYKH 30py EKCIUTyaTamiifHOi CTIMKOCTI Taki 30HU TPyOOTIpPOBOMIB
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3MEHINYIOTh HAIHHICTh 3’€IHAHb Ta CTPOK iX podotu. Y poboti [10] mpeacTaBieHo cmocid oTpuMaHHS
po3TpyOy Ha TpYyOHIii 3aroToBIli, Jie TOBIIMHA TOPIEBOI YacTHHHW 30uibIIeHa Ha 22,5% y MOpIBHSHHI 3
nedopMalii€ro 3a KIaCHYHOIO cXeMolo. [IpuBOISTBCS YMCeNbHI PO3PaxyHKH Ta CXeMH (OPMOYTBOPEHHSI.
Aze He HAIaHO PEKOMEHJAIil TEXHOJOTIYHOrO XapakTepy WIOA0 OpraHizamii TEXHIYHOi MiATOTOBKH Ta
peamizarii crroco0y B yMmoBax girogoro Bupoouuirrea ta CTO.

TexHomoriyHMii mpomec po3gaBaHHS TPyOHOI 3aroTOBKM HECHMETPUYHHAM  IHCTPYMEHTOM
MPOEKTYETHCS Ha OCHOBI JiIOYMX TEXHOJOTIYHHX MPOLECIB HA BHUPOOHHITBI 32 KIACHYHHUMHU CXEMaMHU.
OCHOBHOIO BiJIMIHHICTIO TiJl Yac IMPOEKTYyBaHHS OyAe pPO3MiIeHHA OfHiel omepamii Ha gBa mepexonmu 3i
3MIHOIO 1HCTPYMEHTY. 3 TOYKH 30py TEXHOJOTIYHOCTI KOHCTPYKIII IOSBa OJAaTKOBOTO IEPEXOoly Ta
IHCTPYMEHTY 3MEHIIYE TEXHOJIOTIYHICTh AeTalli B yMOBax OaraTocepiiiHoro Ta MacoBOro BUpOOHHIITBA. AJie
301IBLICHHS TOBIIMHH TOPIISl 3aTOTOBKH MOKE TPU3BECTH 10 €KOHOMIiT MaTtepiany, U0 B IIJIOMY CIPUYHHUTD
3arajbHy €KOHOMIYHICTH IPOIIECY.

AHami3z co0iBapTOCTI BIIITAMIIOBAHWUX JETalicil IOKa3aB, IO €KOHOMis Matepiany Ha 10%
eKBiBaJIeHTHA 301IBLICHHIO POIYKTHBHOCTI Mpani y 3 pa3u Ha Bcix omepauisax [11]. A ekoHoMmis MeTany Ha
20-25% He TLNBKK y pa3W MiIBHUILYE TEXHOJOTIYHICTh KOHCTPYKIMIi JeTami, a ¥ MPU3BOJUTH 1O TOTO, IO
BapTICTh METAITy, IKHA 36KOHOMIICHHH, 3a3BHYail IEpEBUIIIYE CyMy TpsAMOi 3apobiTHOI maTH [12].

[Tix yac MoOYA0BU TEXHOJIOTIYHOTO MPOIIECY PO3JaBaHHs BUPIIIYIOTh OCHOBHI TEXHOJOTIYHI MTUTAHHS:
BCTaHOBITIOETHCSI XapaKTep, KUIBKICTh, MOCTIOBHICTh Ta CYMICHICTh omepamiid. Jlo OCHOBHHX omeparii
pO3MaBaHHS HalleXXaTh Taki: Hapi3aHHS TPYOHOTO MPOKATy HAa MIpHI 3arOTOBKH, 3aYUIICHHS 3ayCEHII0 Ta
miacTuyHa naedopmailis KpaloBuX 30H 3 ofHiel abo aBox cropiH. KinbKicTh omepariiii 3aJeuTh Bif
JOMYCTUMOTO JJIsl JAHOTO MeTally Koe(illieHTy po3/1aBaHHsl, SIKHi pO3paXxOBYEThCS HA CTalii MPOEKTYBaHHS
TEXHOJIOTIYHOTO TPOIEeCy. SKINO Mix 9ac po3paxyHKIB BHSIBISETHCS, IO 32 OAHY OMNEpaIlilo HE MOXKIHUBO
OTpHMAaTH 33/laHy KOHQIrypaliio JeTani, TO MPOCKTYEThCS Ipyra omeparis 3 piBHOMIPHUM pPO3MOIIIOM
cTerneHi Aedopmartii Mixk HUMUA. M orepaiiisiMi BBOJAUTHCS POMIKHUN BifImall.

PesynpraTti TEOpEeTHYHHX Ta EKCIEPUMEHTAIBFHUX JOCIHIKeHb, HaBeleHl y po0oTi [13], 703BOISAIOTH
peKoMeHIyBaTH 30UTBIIUTH KOe(IllieHT po3gaBaHHS Ui MaTepiany 3aroToBok 3i crami 12X18HI10T Ta
TexHiyHOrO amominiro AJ[l. Creninp po3saBaHHS Moke OyTH 301JIbIIEHA TaKOX 1 JJs 1HIIUX METaJiB Ta
CIUTaBiB, ajie JUIs IIbOr0 HEOOXITHO MPOBOJAUTH JOJATKOBI TOCIIPKEHHS 0€3M0CepeIHhO Ha BUPOOHMIITBI ITij]
Yac mpoOHUX nepexoiB. PekoMenmoBaHi koedillieHTH po3aaBaHHs moaaHi y Tabmumi 1[14].

Tabmuns 1. KoedinienTu po3naBanHs

Marepian AJll 12X18H10T
3nauenns K, 1
KJIACHYHOT'0 14...1,35 1,47...1,35

croco0y
3nauenns K, 1
ACUMETPUYHOTO 1,5...14 1,55...1,48
croco0y

Sxmo mixm Yac po3maBaHHS KiHIIB TpyO HEOOXiHO 3a0e3rmednTd 301UIBIICHHS TOBIIMHHU CTiHKH
KOHIYHOT YaCTHHH, TO KOS(IIIEHTH PO3aBaHHSI BUOMPAIOTH 3 TOBIIKOBUX JAHUX JJISl KJIACHYHHUX CXEM.

BaxmBUM eTarnoM npoeKTyBaHHS TEXHOJIOTTYHOTO TPOIecy € BUOip 3MallyBaIbHOT pinHU. MacThio
3MEHIIye TEpTS MDK IIyaHCOHOM Ta 3aroTOBKOIO Ta IOJinurye ymoBu nedopmyBanHs. [lpu mpomy
3HW)KYETBCSl 3arajbHe HAaBaHTAKEHHA Ha HeAe(opMoBaHYy YacTHHY 3aroTOBKM, L0 33 TPaHUYHUMHU
KoeillieHTaMu po3liaBaHHsl OyJie CHOpUATH CTIHKOCTI i€l 30HKM. OJHAK, Y TaHTEHIIaJbHOMY HAaNpPsSIMKY
MOKpAIIIEHHS] yMOB TEPTS HE 3aBXKJIN CIIPHSIE MMO3UTHBHOMY edekTy. Pid y ToMy, 1m0 3MeHIeHHs KoediieHTy
TEpTs. MOXKE NMPHUBECTH [0 BTPATU CTIHKOCTI y BHUIVIAALI MOSABU ro)piB Ha KOHIYHIH YacTHHI 3arOTOBKH 32
PaxyHOK 3HIDKEHHS HICTICHHS 3 iHcTpyMeHToM [ 15]. OcobmuBo 1ie ehekT npuTaMaHHHui K pa3 JIeTalsM 3i
3BapHUM IIBOM, JI€ XBHJICTIOAIOHO 3MIHIOETHCS MEKa ILIACTHYHOCTI Ta MIIHOCTI Matepiaiay. TyT Moxke
NPOSIBIIATHCA JOKamizauis Aedopmariii y mocnabieHid 30HI TEPMIYHOIO BIUIMBY, IO 3HAYHO CTOHIIYE
TOBIIUHY METalIy LUX MICT Ta MOKE€ MPU3BECTH JI0 MOSIBU TPILIMHHA Y MEPUAIOHATBHOMY HampsMKy. Tomy y
TaKWX BHIAJKaX PEKOMEHJIOBAHO IJIOMPATH TaKy MAaCTHIBHY PiIUHY, sika O 3a0e3redyBayia He PiIUHHUN
PEXUM TepTs, a IpaHUYHMIA, a00 HamiBcyxuil [16]. PexomennoBani 3MaryBaabHi piAvHU noaaHi y Tabuumi 2
[17].
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Tabmwrst 2. MacTrIIbHI MaTepiaiy IS IPOIECy Po3AaBaHHI TPYOHHMX 3arO0TOBOK
Marepiaa Ton Tpy6u BéaskicTh Mactuio, 1o
Ia-c PEKOMEHAYEThCS
CraJi ByrJienesi: Tp}fi C;ZKTpé)SiBapiHl’ Coumizon, KOHCTaIIH
Cr.1, Ct.2, Cr1.3, B6§3HFIOBH?23B§;’ 1,2- 1,3-10° cuaTeTnuHMi, SJH3-2,
10, 15, 20, 30 P 13-31
nedopmoBani
Kopo3ziitHocTifiki Ta Tov6H Ge3IoBHi
XKapocriiiki crani: « pyni (xapuosi Ta 16-12-102 HUATHUM-202
10X17H13M2T, 12X18H10T i pyTTeXHi};Hi) ' LIMATHM-203
20X23H18, 12X13, 12X17
Mige M1, Mlp, M2, M2p, M3, L ) 20% xanidoni B
M3p Bononposinsi Tpyou 0.8-6,0 KaCTOPOBOMY MAaCTHIII
Jlaryns J162, J163, J168, JIC 59 | TpyOu HiIbHO TATHYTI 1,5-10,0 Tex came
. MC-14, MC20,
AJIOMiHI€Bi CIUIaBH TpyOu MINBHOTATHYTI 0,2-0,8 TYypOiHHI Ta MMIIHIPOBL
A, ATLATLL AMi Py Y R P e

CriagHiCTh Ta TPUBANICTh MATOTOBKHM BHPOOHWIITBA, a TAaKOX BiTHOCHA BHCOKa BAapTICTh
HITaMIOBOTO OOJaJHAHHS BHMAralroTh PETeNbHOT pO3pOOKHM TEXHONOTIYHHUX IPOIECIB Ta OOIPYHTOBAHOTO
BHOOPY TEXHIYHO pAaIliOHAJHHOTO Ta EKOHOMIYHO HaWOUThIl e(QEeKTHBHOTO BapiaHTy TEXHOJOTIYHOTO
MpoIIeCy, SIKUH BiANOBiNa€E JaHOMY THITy BHPOOHHWITBA. HaBiTh HEBeNWKI HACTYITHI 3MIiHM TEXHOIOTIYHUX
MPOLIECIB 3a3BMYail MPU3BOAATH 10 IEPEPOOJICHHIO INTAaMIIB ab0 10 MPOCKTYBAaHHIO Ta BUTOTOBJICHHIO
HOBHX, 0 BUMarae 3Ha4HOro 4acy Ta KOIITIB.

PexomMeHZOBaHO HACTYIHI eTamu y po3poOli TEXHOJIOTIYHHMX MEPEeXOiB PO3AaBaHHSI Ta PEMOHTY
BUXJIOITHOI CUCTEMU:

1. AHani3 TeXHOIOTIYHOCTI POPMHU Ta KOHCTPYKTHBHUX €JIEMEHTIB JIETAlI.

2. BuzHaueHHst popMu Ta PO3MIpiB 3ar0TOBKH, @ TAKOX BHTPATH MaTepialy NMpH Halkpamomy Horo
BUKOPHCTaHHI.

3. Po3po0Oka HaiOiIbI paioHaTbHOTO TEXHOJIOTTYHOTO IPOLIECY.

4. BcTaHOBIIGHHS THITY, ITOTY>KHOCTI Ta TabapuTiB 0013 THAHHSL.

5. BiamykanHs TUIY Ta TEXHOJIOTIYHOT CXEMH ILTaMITY.

6. BusHaueHHs TPYAOMICTKOCTI BHTOTOBJICHHS JIETajiei, 110 pPO3JaI0ThCs, & TAKOX KUIBKOCTI Ta
po3psiay poOOYHX Ha BUPOOHHIITBI.

[lim wac po3poOKM TEXHONOTIYHUX TPOIECIB pPO3JaBaHHS TOBHHHI OyTH BUKOHAaHI HACTYIIHI
TEXHOJIOTIUHI 3aBJaHHs: a) pallioHalbHE PO3KPOIOBAHHS MaTepiany Ta BHU3HAYCHHS HaWMEHIINX pPO3MipiB
3aroTOBOK; 0) BCTAHOBIICHHS KiJIbKOCTI Ta TIOCIIJJOBHOCTI OTepalliif; B) BUOIp CTyIEHs CKIIQJHOCTI OTepalliii;
') BCTAaHOBJICHHS KIJIBKOCTI JIeTajiel, sIKi OTHOYACHO PO3AAI0THCS; ) BU3HAYCHHS ONepauiiHIX PO3MIpiB Ta
OTepaIliifHuX JIOMYCKiB.

OBI'OBOPEHHS PE3YJIBTATIB JOCJIAXKEHHSA

Knacuyna texHomorisi po3maBaHHs poO3TPyOiB Ha IMIIHAPHYHHX 3aroTOBKaxX peaizye cXemy
BiCECUMETPUYHOI IUIacTU4HOI Aedopmariii, sika CTBOPIOE YMOBH JAJISl PIBHOMIPHOI'O NMOTOHILUEHHS CTiHKH
3aroTOBKH BiJ Hele(hOpMOBAHOT YaCTHHH JI0 ii TOpIid. Po3aBaHHs HECHMETPUYHUM IHCTPYMEHTOM J03BOJISIE
30UIBIIATH TOBIIMHY KPaioBOI YacTWHW Y TIOPIBHSHHI 3 KJIACHYHUM PO3/IaBaHHAM 3a PAaXYHOK IIOSIBH
JOTHUYHUX HaNpyKeHb, SIKi PO3BAaHTAXYIOTh ocepelok aedopmamnii. 3a paxyHOK TaKOro pPO3BaHTAKEHHS
TaHTEHI1aJIbHI HOpPMaJIbHI HAIPY>KEHHSI, 0 PO3TATYIOTh, 3MEHIIYIOTHCS MO MOIYJIO, IO MPHU3BOAUTH /0
30UTBIIICHHST TOBIIUHHU TOTOBOTO BHPOOY. llle OJHMM TO3UTUBHMM MOMEHTOM € Te, 10 TaJiHHS PIiBHS
TaHTeHI1aJIbHUX Hanpy>KeHb 3MEHIIye HAaBAaHTAXCHHS Ha 3BapHUH IIOB Mij Yac MIacTHYHOI Aedopmarii, sik
HaCIiI0K, 3HIKEHHA OpaKy, 3a paxyHOK pyHHYBaHHs 3BapHOIrO mBY. Y po6oTi [ 18] oTpumano piBHSIHHS A7
pPO3paxyHKy BEJMYMHHM TaHTCHI[IAILHUX HaNpy>KeHb B OCEpeIKy Jedopmaliii Imij 4ac acuMETPHUIHOTO
pO31aBaHHs PO3TPYOY Ha HMUTIHAPUYHIN 3aTOTOBIII:
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e 0s — MeXa TeKyJOCTi METaJy 3arOTOBKH;

R, — paaiyc iHCTpyMeHTY;

© — TOTOYHA pajiianbHa KOOPAWHATA;

6 — KyT, KU BU3HAYAE TTOJOKESHHS MEpH/IIaHy;
0. — KyT HaXWIy yTBOPIOIOYOi ITyaHCOHY.

Tpertiii cknagoBuil BUpa3y y IyKKax XapakTepH3ye BIUIMB JOTHYHHUX HAMpy>KeHb, SIKi BUHUKAIOThH 32
paxyHOK HECHMETPHYHOCTI ocepenky aedopmariii. Buxomsau 3 popmynn, MokHA 3pO3yMITH, 110 HAHOILIBIII
3a MOAYyJeM [OTWYHI HampyXeHHS miI0Th Yy 30HI Tepedadi 3yCHIUI, ajie B 3arajioM 3MEHIIYIOTh
TaHTeHI[1aIbHI.

HedopMyrounm iHCTpYMEHTOM TiJ 4Yac pO3JaBaHHS € IIyaHCOH. 3aroTOBKa BCTaHOBIIOETHCS
BEPTHKAJIBHO HA CTIIT IpeCy, 3aTUCKAEThCA KIMHOBHMH 3aTHCKadyaMH Ta PO3MAETHCS 3 POOOUYMM XOIOM
TpaBepcH Tpecy. 3i 3BOPOTHIM XOJOM TpaBepCH IyaHCOH BHXOJHTH i3 KOHTakKTy 3 HamiBdaOpukaTom,
3YMHHSETHCS T 3aTOTOBKA IIEPECTABIAETHCA.

dopma HECHMETPHYHOTO ITyaHCOHY Y IJIaHi, poboTa SKOTO JOCHTiKyBajiacs, MpeACTaBIeHa Ha puc. 2
(a). Takuit iIHCTPYMEHT CTBOPIOE HAWOLIBIN CHPUSATIMBI YMOBH ISl CTBOPEHHS HECUMETPUIHOTO OCEPENKY
nedopmarii. Piskuii nepena AiaMeTpiB HITIHAPUYHOL Ta KOHIYHOT YACTUHH CIIPUSIE BUHUKHEHHIO JOTHYHHX
Hampy)XeHb JOCTaTHbOI BEIWYMHM IS PO3BAaHTAXKEHHS OCepeNKy IUlacTh4yHoi aedopmamii Bim il
PO3TATYIOUYMX TAHTCHIIABHUX 3YCHIb. AJle HEIOJIIKOM TaKoi KOHCTPYKIII IyaHCOHY € TOcTpa KpOMKa Ha
3’€IHaHHI OUTBIIOro HAMIBKOJA 3 MEHIINM. Lle ciprunHse KOHIEHTPALlil0 HAPYKEHb Ta MOXKE MPUBECTH 10
Jokamizamii nedopMarii Ta pydHYBaHHIO 3arOTOBKH. PeKOMEHIYIOThCS MpUAABAaTU Il 30HI 3aKPYTJICHHS 3
MaKCHMaJbHO JIOMyCTUMUM paniycoMm. PexomenmoBanHo Rpin=5 — 8 mm mna k=14, mo Buxomuth 3
EKCIICPUMEHTAIIbHUX Ta YUCEIBHUX EKCTIIEPHUMEHTIB, KOJIHM piBEHb HANpPYKEeHb y Il 30HI 3MEHIIY€EThCS Ta
JOPIBHIOE BUIIMYHI HAIIPY>KEHb IS YChOTO OCepeKy Aedopmariii.

Pucynok 2. KoHCTpyKIil myaHCOHIB /1t (JOpMyBaHHS HECUMETPUYHOTO ocepeiKy Aedopmarii: a — 3
3aKpyTJICHHSM MEPeXiTHOT KPOMKH; O — 3 IepexiTHUM KOHYCOM; B — 3i CIIOJTyYECHHSIM KOJIaMHU;
T — 3 KOHYCHOIO XBHJICTIOIOHOIO TIOBEPXHEIO.
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Hedopmyrounii iHCTpyMEHT, 300pakeHuii Ha puc. 2 (0) sABjIsSE COOOK HAIMIBKOHIYHHMIA ITyaHCOH.
binpiie HamiBKOJIO 3’€HAaHE 3 MEHIIMM 33 JOIOMOIOI JOTUYHHUX IPSIMUX IO MEHILIOrO HAIIBKOJA, ILI0
YyTBOPIOE TEpeXifHy KOHIYHYy moBepxHio. Taka ¢opma y mumani Oyne cropuaTd Oinbll piBHOMipHOMY
po3noainy aedopmariiii mo TOBHIMHI 3aroTOBKU. L[bOMy Momomarae mjiaBHHUE Tepexia BiJ 30HU OLIBIIOrO
niamMeTpy A0 MeHmoro. ['ocTpi KpOMKH HPUTYIDIIOIOTHCS I 4ac BUTOTOBIEHHS. Taka OymoBa myaHCOHY
BUKOPHCTOBYETHCS JJISI OTPUMAHHA OUTHIIOTO KOe(ili€eHTy pO3JaBaHHS y MOPIBHAHHI 3 KIIACHYHUMU
cxemMaMH. BuKopHCTaHHS 1HCTPYMEHTY 3alpOIOHOBAHOI KOHCTPYKIii 30iMbIINT, HABaHTaKCHHS Ha
MepexiHy 30HY 3a paxyHOK IOSBH CHII TepTA MO OOKOBHM MPSMONIHIMHAM CTiHKaM, aje IMPH LIbOMY
3MEHIIUTHCS KOHIIEHTPAIIisl HallPYKeHb Y 30HI TIEPEeXOy AlaMeTpiB.

[poekiist y miaHi myaHcoHy, 300pakeHOT0 Ha puc. 2 (B), sSBIsiE COOO0IO0 3’ €THAHHS IBOX HOTO MOJIOBUH
3a JIOMOMOT'OI0 TBIPHOI KOJa, PajiiyC SKOTO JOPIBHIOE PI3HUIN pajiyciB OULIBIIOrO Ta MEHIIOTO HAIiBKil.
Taka OymoBa [O3BOJISIE 3MEHINIWTH KOHIIGHTPAIII0 HAMPYXeHb Y NepeximHid 30HI Ta 30UThIIATH
ACHMETPUYHICTD 1HCTPYMEHTY. Tak sIK y TUIACTHYHY Je(OopMallilo BTATYEThCS Oible MaTepiany 3aroTOBKH
(y mopiBHSHHI 3 MEpHIMM BapiaHTOM), TO 3ycWiIsl AeopMyBaHHS Tex Oyae poctu. Tomy mig yac
po3maBaHHA 3a KPUTHYHUMH Koe(illieHTaMH pO3JaBaHHS MOXXE€ BHHUKHYTH BTpaTra CTIHKOCTI
HeaegopMoBaHOi YaCTHHM. 3 IMi€] TOUYKH 30pY PEKOMEH0BaHi KoedilieHTn po3aaBaHHs (Tabdn. 1) HeoOxigHO
3meHmyBary Ha 10 — 15%.

[lyancon, npencraBieHnii Ha puc. 2 (T) BiApi3HAETHCS BiJl MOMEPETHHOTO HASBHICTIO XBHIIETIOAIOHOT
MTOBEPXHi, Ka YTBOPEHA TBIpHUMH Kill pagiycoMm R, saxuii mopiBHIOE mepenaay po3MipiB Mi>K KOHYCHOIO Ta
UWIIHAPUYHOIO TOBepXHEl0. LleHTpr mux Kin 3HaXOMAThCSd Ha YTBOPIOIOUWHM IHMIIHAPUYHOI MOBEPXHI.
OcoOnuBIiCTIO Takoi KOHCTPYKIIE € KOHIYHA TOBEPXHS IYaHCOHY 31 3MEHIIECHOIO IJIOMICI0 JOTHUKY MiX
IHCTPYMEHTOM Ta 3arOTOBKOIO, SIK Y TaHTEHI[IAJIbHOMY, TaK 1 B MEpHAIOHAIEHOMY HampsiMKy. Lle 3meHtye
CHJIM TepTsd Ta 3araibHe 3ycwuisi aeopMyBaHHS, IIO B 3arajoM IO3UTHBHO BIUIMBAE Ha YMOBH
TEXHOJIOTIYHOTO Tmpomuecy IutacTuuHoi Aedopmamii. [lix wac posgaBaHHS TakKUM iHCTPYMEHTOM Y
TaHTeHIIaJJbHOMY HalpsIMKy BWHHUKA€ PI3HODPITHUHN HampyxkeHo-nedopmoBanmii craH. KoHycHa dactuHa
ITyaHCOHY B 3arajoM 301JIbIIye MOYaTKOBUH MiaMeTp IMIIHAPY i HAa Mil AUISHII BUHUKAIOTHh TaHTEHIiaIbHI
HaTpYXXEHHsI, 10 PO3TATYIOTh. B CBOIO Uepry 4acTWHH 3arOTOBKH, 5IKi HE KOHTaKTYIOTh 3 iHCTPYMEHTOM
(30HM 3amajJiMH) HAMararoThCs IMOBEPHYTH COOI MOYAaTKOBY (OpMy Ta 3amoOBHIOIOTH 3anmajuHu. Lli 30HU
3HAXOAATHCS Wi BIUIMBOM HE TIJIbKM PO3TATYIOUHX, a 1€ W CTHCKAIOYMX HOPMAaJbHHUX TaHTEHIIaJIbHUX
HaTpyXeHb. Takuil po3nojisl Hanpy>KeHb 30UIbIIYE TOBIIMHY CTIHKM IUX 30H. PO3BaHTa)XeHHS Ocepeniky
nedopmaliii 3a paxyHOK JOTHYHUX HAIPYKEHb TaKOK 30UIbIIYE TOBIIMHY CTIHOK Ha TOPI JUIsl BCi€l 30HU
nedopmyBaHHs. llicis kamiOpyro4oro mepexoay MeTall 3arOTOBKH TEepepO3NOAUISETECS MO TOBIIMHI MiXK
30HAMHU 3amaJuH Ta BHUCTYIIB, II0 B LIJIOMy 3MEHILIYE HETaTHUBHY padialibHy CKIaAoBY nedopmauii 1o
BCHOMY TOpIIO. B MepuaioHalLHOMY HaNpsIMKY TakOX 3MEHIIYEThCS HABaHTaKEHHS Ha 30HY Iepeiadi
3yCHJUIS 32 PaXyHOK 3MEHIICHHS CHJI TEPTS, 10 MiJABHUILY€ CTIHKICTh HeZe()OPMOBAaHOI YaCTHHU.

BUCHOBKHU

Takum urHOM, chopMOBaHI peKOMEHJAIil A0 MPOEKTYBAHHS TEXHOJIOTIYHOTO MPOIECy PO3JaBaHHS
HECHMETPUYHUM MTyaHCOHOM, OCHOBHHMHU 3 SIKHX €: pallioHaJbHEe PO3KPOIOBAHHS MaTepialy Ta BH3HAYEHHS
HaWMEHIIINX PO3MIpiB 3ar0TOBOK; BCTAHOBIIEHHS KUTBKOCTI Ta MOCHIIOBHOCTI OMepalliii Ta mepexoliB; BUOip
CTYIEHS CKJIAJIHOCTI Omepalliii; BCTAHOBJICHHS KIJIBKOCTI JieTayieH, SKi OJIHOYAaCHO PO3JIAl0ThCs; BU3HAUCHHS
ofepariifHux po3MipiB Ta ONEPaLiMHUX JOMYCKIB.

3anponoHoBaHi KOHCTPYKLil HECHMETPUYHOrO JeQOpMYIOUOro iHCTPYMEHTY, SKi J03BOJIIOTH
OTPUMAaTH PO3BaHTAKEHHS ocepelky Aedopmarii Bix Ail TaHreHUiaJbHUX PO3TATYIOUMX HaNpyXeHb 3a
pPaxyHOK BHHUKHEHHS JOTUYHUX Ta TUM CaMUM 301JBIINTH TOBIIMHY CTIHKH TOTOBOTO BHpOOY. Takoxk, 3a
PaxyHOK BIIPOBQ/KCHHS Y BHPOOHMLTBO Ta PEMOHTHI MalCTEpHI TaKWX IyaHCOHIB MOKHA MiJABHUIIWTH
CTIMKiCTh HeneOpMOBaHOI YAaCTHHH 3aroTOBKH, 3MEHIIYIOUYM CHJIM TEpTS Yy JBOX B3aEMHO
NEepIeHIUKYISIPHUX HanpsMkax. Jlokamizamist jgedopmaniii BiOyBaeThCsl y 30HI TEpexojy OLIbIIOro
aiaMeTpy y MEHIIWH, 110 HahOuUIbin HeOe3rneyHo it (GopMH MyaHCOHY, sKa JOCHIDKYyBajdach y pPoOOTI.
PesynpTati nocmipkeHb MOKa3aly, 10 HABiTh KOHCTPYKLIS 1HCTPYMEHTY 3 PI3KHM IIEpEeXOJIOM JiaMeTpiB
3a0e3nedyye OTPUMAaHHS SIKICHHX JeTajied 3 IOTOBIIEHOK CTIHKOIO TOPIS JeTali, KOJM BUTPHUMAaHI
3aMpoINOHOBaHI KOE(II[iEHTH po3AaBaHHA. 3’€IHYBaJibHI €JIEMEHTH BHXJIOIMHOI CHCTEMH aBTOMOOUIS 3i
301IPLICHOI0 TOBIIMHOIO CTIHKM MiJIBUIIATH CTPOK eKCIUTyaTalii Ta MDKPEMOHTHI Hepiogu 3a paxyHOK
Kpaloro NpOTUCTOSIHHS KOPO31IMHNUM Ta MEXaHIYHUM PyHHIBHUM BIUIUBAaM.

m . 2025, Ne2 (25) ISSN 2313-5425



© Ilys3up P.I'., Caenos [I.B., Kaumap P.f1., imutpis I.B., Koznos P.P., €pyx €1. 2025

ITEPEJIIK JIXKEPEJI TIOCUJIAHHS

1. Bainschab M., Schriefl M. A., Bergmann A. Particle number measurements within periodic technical
inspections: A first quantitative assessment of the influence of size distributions and the fleet emission reduction.
Atmospheric Environment. 2020. X 8. P. 1-14.

2. CuBak P.I. IlmacTuuHicTh MeTaliB NPH HEMOHOTOHHOMY HaBaHTaXKeHHI.TexHika, eHepeemuxa,
mparncnopm AIIK. 2015. Ne1(91). C. 108-111.

3. Soli¢ T., Mari¢ D., Samardzi¢ 1. Analysis of the vehicle exhaust system corrosion and its effect on the
eco-test result. Metalurgija. 2022. VVol. 61. 3-4. P. 841-844.

4. Hudec J., Sarkan B., Cz6d6rova R. Examination of the results of the vehicles technical inspections in
relation to the average age of vehicles in selected EU states. Transportation Research Procedia. 2021. No 55. P.
2-9.

5. Puricelli S., Casadei S., Bellin T., Cernuschi S., Faedo D., Lonati G., Rossi T., Grosso M. The effects of
innovative blends of petrol with renewable fuels on the exhaust emissions of a GDI Euro 6d-TEMP car. Fuel.
2021. N0 294. P. 1-13.

6. Aniekan 1. et al. Engineering Material Selection for Automotive Exhaust Systems Using CES Software.
International journal of engineering technologies-ijet. 2017. Vol. 3. No 2. P. 50-60.

7. lkpe A. E., Owunna 1., Ebunilo P. O., Ikpe E. E. Material Selection for High Pressure (HP) Turbine
Blade of Conventional Turbojet Engines. American Journal of Mechanical and Industrial Engineering. 2016. No.
1(1).P.1-9.

8. Zimmermann K. Lightweight design in exhaust systems using tailored products: 9th International CTI
Forum Exhaust Systems, Stuttgart, January 26 2011. Stuttgart, Germany, 2011.

9. Ily3zup P.I',, Jleruenko P.B., Aprar P.I'., Cipa 10.b., Ilysup B.P., [arioBceka B.JI. Mooenosanns
mMamepiany YuriHOPUHHOT 3020MOBKU 31 36APHUM WEOM NPU O0OMUCKY-pO30ayi. MaTepialld HayK.-TeXH. KOH(.
"TIporpecuBHa TexHika, TeXHOMOTis Ta imkeHepHa ocsita"(XXI), M. Kuis, 6 — 9 xoet. 2020 p. Kuis, 2020. C.
406-407. https://doi.org/10.20535/2409-7160.2020.XX1.213010.

10. ITy3zup P., Aprar P., Kinumor E., Uepnenko C., Yepaum A., Cipa 1O., TI'alikoB P. Acumerpuune
po3/iaBaHHSl TPYOHUX MEpEXiTHHUKIB aBTOMOOLTIB. Bicnuk Hayionanvnoeo mexHiunoco ywigepcumemy «XIIIy».
Cepis: Hosi piwenns y cyuacnux mexnonocisx, 2023. Ne 1(15). C. 12-18. https://doi.org/10.20998/2413-
4295.2023.01.02

11. Rojek I. Technological process planning by the use of neural networks. Artificial Intelligence for
Engineering Design, Analysis and Manufacturing. 2017. No 31 (1). P. 1-15. doi:10.1017/S0890060416000147.

12. Srikar S. K., Navdeep Sh. D., Gurmeet S. Validation of erosion wear models for a stainless steel
automobile exhaust manifold. World Journal of Engineering. 2024. https://doi.org/10.1108/WJE-03-2024-0146.

13. Puzyr R., Shchetynin V., Vorobyov V., Salenko A., Arhat R., Haikova T., Yakhin S., Muravlov V.,
Skoriak Yu., Negrebetskyi I. Improving the Technology for Manufacturing Hollow Cylindrical Parts for Vehicles
by Refining Technological Estimation Dependences. Eastern-European Journal of Enterprise Technologies,
2021. Vol. 6(1 (114), P. 56-64. doi:10.15587/1729-4061.2021.244241.

14. Puzyr R., Klimov E., Chernish A., Chernenko S., Sira Y. The Optimal Conditions for Adding Strain to
the Deformation Zone During the Expansion of Automobile Pipe Adapters. Advances in Design, Simulation and
Manufacturing IV. DSMIE 2021. Lecture Notes in Mechanical Engineering. Springer, Cham.
https://doi.org/10.1007/978-3-030-77719-7_11.

15. Kamroxxuwmii B. JI., Onekcannpenko S. C., Kynikos 1. II. Po3paxyHKOBO-eKCIIEpUMEHTAIBHIN aHAaTi3
BIJIKPUTOI po3madi TpyOoUacTux 3arotoBok. Bicnux HTYY «KIIly. Mawunobyoysanns: 30ipHUK HAYKOBUX Npayb.
2014. Ne 1 (70). C. 63-68.

16. Maryin S.B., Phyo Wai Aung. Working Body for Deformation of Thin Walled Pipe Billets. Materials
Science Forum. 2019. Vol. 945. P. 628-633.

17. Min Ko Hlaing, Phone Htet Kyaw, Maryn B.N. Defect Analysis of Operating Hydro-Gasified Piping
System. Proceedings of the 5th International Conference on Industrial Engineering (ICIE 2019). Lecture Notes in
Mechanical Engineering. 2019. Vol. 1. P. 885.

18. Puzyr R. H., Shchetynin V. T., Arhat R. H., Sira Yu. B., Muravlov V. V., Kravchenko S. I. Numerical
modeling of pipe parts of agricultural machinery expansion by stepped punches. IOP Conference Series:
Materials Science and Engineering,Bucharest, 29th-30th October 2020, Bucharest, Romania_2020. Vol. 1018.
012013.

REFERENCES
1. Bainschab M., Schriefl M. A. & Bergmann A. (2020) Particle number measurements within periodic
technical inspections: A first quantitative assessment of the influence of size distributions and the fleet emission
reduction. Atmospheric Environment, 8, 1-14.

ISSN 2313-5425 , 2025, Ne2 (25) m




© Ilys3up P.I'., Caenos [I.B., Kaumap P.f1., imutpis 1.B., Ko3nos P.P., €pyx €.1. 2025

2. Syvak R.l. (2015) Plastychnist metaliv pry nemonotonnomu navantazhenni.Tekhnika, enerhetyka,
transport APK, 1(91), 108-111.

3. Soli¢ T., Mari¢ D. & Samardzi¢ I. (2022) Analysis of the vehicle exhaust system corrosion and its effect
on the eco-test result. Metalurgija, 61, 3-4, 841-844.

4. Hudec J., Sarkan B. & Cz6dorova R. (2021) Examination of the results of the vehicles technical
inspections in relation to the average age of vehicles in selected EU states. Transportation Research Procedia, 55,
2-9.

5. Puricelli S., Casadei S., Bellin T., Cernuschi S., Faedo D., Lonati G., Rossi T. & Grosso M. (2021) The
effects of innovative blends of petrol with renewable fuels on the exhaust emissions of a GDI Euro 6d-TEMP car.
Fuel, 294, 1-13.

6. Ikpe Aniekan E., Orhorhoro Ejiroghene Kelly & Gobir Abdulsamad (2017) Engineering Material
Selection for Automotive Exhaust Systems Using CES Software. International journal of engineering
technologies-ijet, 3, 2, 50-60.

7. Ikpe A. E., Owunna I., Ebunilo P. O. & Ikpe E. E. (2016) Material Selection for High Pressure (HP)
Turbine Blade of Conventional Turbojet Engines. American Journal of Mechanical and Industrial Engineering, 1
(1), 1-9.

8. Zimmermann K. (Eds.). (2011) Lightweight design in exhaust systems using tailored products, 9th
International CTI Forum Exhaust Systems, 2011. Stuttgart, Germany.

9. Puzyr R.H., Levchenko R.V., Arhat R.H., Sira Yu.B., Puzyr V.R. & Diatlovska V.L. (Eds.). (2020)
Modeliuvannia materialu tsylindrychnoi zahotovky zi zvarnym shvom pry obtysku-rozdachi, materialy nauk.-
tekhn. konf. "Prohresyvna tekhnika, tekhnolohiia ta inzhenerna osvita"(XXI), 2020. Kyiv, Ukraina.
https://doi.org/10.20535/2409-7160.2020.XX1.213010 .

10. Puzyr R., Arhat R., Klymov E., Chernenko S., Chernysh A., Sira Yu. & Haikov R. (2023)
Asymetrychne rozdavannia trubnykh perekhidnykiv avtomobiliv. Visnyk Natsionalnoho tekhnichnoho
universytetu  «KhPI».  Seriia: Novi rishennia u  suchasnykh tekhnolohiiakh, 1(15), 12-18.
https://doi.org/10.20998/2413-4295.2023.01.02.

11. Rojek I. (2017) Technological process planning by the use of neural networks. Artificial Intelligence
for Engineering Design, Analysis and Manufacturing, 31 (1), 1-15. do0i:10.1017/S0890060416000147.

12. Srikar S. K., Navdeep Sh. D. & Gurmeet S. (2024) Validation of erosion wear models for a stainless
steel automobile exhaust manifold. World Journal of Engineering. https://doi.org/10.1108/WJE-03-2024-0146.

13. Puzyr R., Shchetynin V., Vorobyov V., Salenko A., Arhat R., Haikova T., Yakhin S., Muravlov V.,
Skoriak Yu. & Negrebetskyi 1. (2021) Improving the Technology for Manufacturing Hollow Cylindrical Parts for
Vehicles by Refining Technological Estimation Dependences. Eastern-European Journal of Enterprise
Technologies, 6(1 (114), 56-64. doi:10.15587/1729-4061.2021.244241 .

14. Puzyr R., Klimov E., Chernish A., Chernenko S. & Sira Y. (Eds.). (2021) The Optimal Conditions for
Adding Strain to the Deformation Zone During the Expansion of Automobile Pipe Adapters, Advances in Design,
Simulation and Manufacturing 1V, DSMIE 2021. Lecture Notes in Mechanical Engineering. Springer, Cham.
https://doi.org/10.1007/978-3-030-77719-7_11.

15. Kaliuzhnyi V. L., Oleksandrenko Ya. S. & Kulikov I. P. (2014) Rozrakhunkovo-eksperymentalnyi
analiz vidkrytoi rozdachi trubchastykh zahotovok. Visnyk NTUU «KPI». Mashynobuduvannia: zbirnyk
naukovykh prats, 1 (70), 63-68.

16. Maryin S.B. & Phyo Wai Aung. (2019) Working Body for Deformation of Thin Walled Pipe Billets.
Materials Science Forum, 945, 628-633.

17. Min Ko Hlaing, Phone Htet Kyaw & Maryn B.N. (Eds.). (2019) Defect Analysis of Operating Hydro-
Gasified Piping System, Proceedings of the 5th International Conference on Industrial Engineering (ICIE 2019).
Lecture Notes in Mechanical Engineering. Springer, Cham.

18. Puzyr R.H., Shchetynin V.T., Arhat R.H., Sira Yu.B., Muravlov V.V., & Kravchenko S.I. (Eds.).
(2020) Numerical modeling of pipe parts of agricultural machinery expansion by stepped punches, 10P
Conference Series: Materials Science and Engineering,Bucharest, 2020. Bucharest, Romania.

R. Puzyr, D. Savielov, Roman Kachmar, I. Dmytriv, R. Kozlov, Ye. Yeruh._Justification of
recommendations for the design of technological processes for manufacturing and repairing
connecting elements in automotive exhaust systems

Vehicle exhaust systems are damaged by corrosion and mechanical stress. Connection zones at
diameter transitions, especially those welded or tensioned, are particularly vulnerable. Increasing wall
thickness can improve wear resistance and extend repair intervals, but this also adds weight to the
components and the vehicle, which is not desirable.
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Therefore, the current task remains to increase the wear resistance and reliability of components with a
simultaneous reduction in the weight of the vehicle without the use of expensive materials.

This article presents a method for manufacturing and repairing exhaust system connecting pipes by
forming bells with minimal end thinning. It offers general recommendations for designing the manufacturing
and repair processes. Due to the complexity, time requirements, and high cost of stamping equipment,
careful process development and selection of the most technically and economically effective approach are
essential. Even minor changes in the process often require redesigning or producing new dies, which can be
time-consuming and costly.

Recommended distribution coefficients are provided for steel 12X18N10T and aluminum AD1, both
commonly used in automotive exhaust units. The suggested lubricants effectively reduce friction between the
blank and tools during plastic deformation as the blank diameter increases. These lubricants are readily
available and have proven effective in various applications.

The proposed method of dispensing with an asymmetric tool increases the thickness of the edge part
compared to classic dispensing. This happens due to the appearance of tangential stresses that unload the
deformation center. Because of this unloading, tangential normal tensile stresses are reduced, which
increases the thickness of the finished product. The route for manufacturing a bell on a pipe blank includes
an additional transition compared to classic dispensing.

Key words: exhaust system, repair, manufacturing, car, plastic deformation, bell, dispensing.
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Camoctsn B.P., 'anmsiok M.O., Jlembinpkuii B.M.
Jhyybkuti HayionanbHUll MeXHIYHUL YHIigepcumem

TEHJEHLI PO3BUTKY ABTOMOBLIbHOI I'AJIY31 B YMOBAX LIU®POBI3ALIT

ABTOMOOUTBHA Tally3b CHOTOZXHI mHepeOyBae y craHi MIMOOKOI TpaHcoOpMamii, 3yMOBIEHOI IpOIEeCaMH
mudpogizanii, ska crae KINIOYOBAM YHHHHKOM ITiIBHIIEHHSI KOHKYPEHTOCIPOMOYKHOCTI, €(pEKTHBHOCTI Ta €KOJIOTIIHOT
cTajocTi. Y CTaTTi pO3MIAHYTO OCHOBHI TEHICHLIi, BUKIMKA Ta TMEPCHEKTUBH PO3BUTKY aBTOMOOLIBHOL
MPOMHCIOBOCTI B yMOBax IH(poBoi TpaHcopmamii. MeToro AOCHIIKEHHS € BU3HAYCHHS HANPSAMIB BIUIUBY
IUPPOBUX TEXHOJOTIH Ha BHUPOOHMITBO, EKCIUTyaTallil0 Ta YNPABIiHHA TPAHCHOPTHUMU CHCTEMaMH, a TaKOX
(bopMyBaHHS peKOMEHALIH 11100 MiABUIIEHHS e()eKTHBHOCTI Tany3i 3 ypaXyBaHHSIM CBITOBUX MPAKTHK.

Pesynbraty mocnimKeHHS CBiT4YaTh, M0 NU(POBI3amis OXOIUIIOE BCI €TAIN XUTTEBOTO IIUKIY TPAHCIIOPTHOTO
3aco00y — BiJ HPOEKTYBaHHA 10 yTwmizamii. OCHOBHUMHM TEHACHLISIMH € eleKTpU]IKaIlis TPaHCIOPTY, PO3BHUTOK
aBTOHOMHMX Ta IiJKIIIOUYSHUX CHCTeM, inTerparis [arepHery peueit (IoT) i Bukopucranns Benukux naHux (Big Data)
JUIS TIIBUINCHHS O€3MeKkd Ta e(pEeKTHBHOCTI pyxy. Baxiupe Micie 3aiiMaroTh TEXHOJOTIi IH(POBOTo NBifHHKA
(Digital Twin), siki JO3BOJISIIOTH CTBOPIOBATH BIPTyaJbHI MOJIENIi TPAHCHOPTHUX 3ac00iB, MPOBOIUTH CHUMYJISALiKHI
BUNPOOYBaHHS Ta MIPOTHO3YBATH TEXHIYHUI CTaH y pealbHOMY 4aci.

OxkpeMy yBary HpHUAUIEHO BIPOBAKEHHIO XMapHUX IUIATPOPM, AUCTAHIIMHOI JIarHOCTUKM Ta OHOBIICHHS
nporpamHoro 3abesmeuennss Over-the-Air (OTA), o0 3MIHIOIOTH TpPagMI[iiHI MIXOAX [0 OOCIYroByBaHHS
aBToMoO1iB. KpiM TorO0, mudpoBizaiiist cripusie mosiBi HOBUX Oi3HeC-MoJIeNeii — 30kpeMa, KoHIen i « MoOTBHICTh K
nmociayra» (Mobility as a Service, MaaS), sika GOKycy€eThCsl Ha JOCTYI 10 MOOITBHOCTI Yepe3 1udpoBi miathopmu, a
HE Ha BOJIOJIHHI TPAHCIIOPTHHUM 3aCO00M.

VY crarti HarojomyeTscs, mo Uil YKpaiHH mpomec HU(pOBOi TpaHchoOpMalii aBTOMOOUIBHOI Tramysi
CYNPOBOUKY€EThCA TEBHUMH BHKINKAMH — 3acTapiiol0 BHPOOHMYOIO 0a3010, OOMEXKCHHMH I1HBECTHIISIMH Ta
HemocTaTHIM piBHeM mudpoBoi iHPpacTpykTypu. BomHouac 3pocTaHHS IHXKEHEPHOTO TMOTEHIaNy, IH(PPOBUX
KOMIIETCHTHOCTEH 1 y4acTh y €BPONCHUCHKHX IHHOBAiHMX MpPOrpaMax CTBOPIOIOTH CIPHATIMBI MEPEIyMOBH IS
iHTerpamii y riobanbHi mpouecH HUQpoBi3amii TpPaHCIOPTHOI cepH.

KnrouoBi cioBa: aBromoOineHa ramy3s, nudposizamis, lagycrpis 4.0, enexTpomoOini, aBTOHOMHHIT
Tpancnopt, Iareprer peueit (IoT), Benuki nani (Big Data), nudposuii asiiiHuk, MoGinbHicTh sk mocayra (MaaS),
CMapT-MOOLUTBHICTB.

BCTYII
ABTOMOOUTBHA Taly3b € OJHIE€I0 3 HAHIWHAMIYHIIINX 1 HAWTEXHONOTIYHIMUX cdep CBITOBOT
eKOHOMIKH, $Ka CIpaBisie 3HAYHUA BIUIMB Ha PO3BUTOK CYMDKHHUX raimy3eil — MaimuHOOyTyBaHHS,

CHEePreTHKH, EJIEKTPOHIKH, 1H(QOpPMALiHUX TEXHOJOriM Ta ekosoriyHoro cekropy. Y XXI cromiTTi
aBTOMOO1JIbHA TIPOMHCIIOBICTh BCTYIMJIA B €Tal TIIMOOKOI CTPYKTYpHOI TpaHcgopMallii, OCHOBOIO SKOi €
nugpoBizallis ycix IMPOLECiB KUTTEBOTO MUKy TPAHCIIOPTHOTO 3aco0y — BiJ HAYKOBHUX JOCIHIKEHb 1
MPOEKTYBaHHS 10 BUPOOHUIITBA, €KCILTyaTaIlii, 00CITyrOByBaHHS Ta YTHIIi3aIlii.

IousaTTst MdpoBizamii y Cy4acHOMY KOHTEKCTI OXOIUTIOE BHKOPHCTaHHS iHTepHeTy peueit (10T),
mtygnoro intenekty (Al), Benmukux manux (Big Data), xMapHHX TEXHOJIOTIH, BIpTyaJbHOI Ta JOMOBHEHOT
peanbrocti (VR/AR), Grokueitny Ta TexHosorii mupposoro asiinuka (Digital Twin). Boxu cTBOpHOIOTH
yMOBH Uil (pOpMyBaHHS HOBOT'O THUITy TPAHCIOPTHHUX CHCTEM — IHTEJIEKTYaJbHHX, B3a€MOIIOB’S3aHHX 1
CTaJIuX, SKi BiJIIIOBIIal0Th BUMOTaM CY4aCHOTO CYCITIJILCTBA Ta EKOJIOTTYHHUM BHKIIMKAM.

3a mporuo3amu McKinsey & Company (2024), no 2035 poky O6nm3pko 80 % HOBuUX aBTOMOOLTIB
OyZnyTb OCHAIIEHI MOCTIHHUM MiAKIIOYEHHSIM /0 Mepexi, a moHax 50 % — mMaTUMyTh 4acTKOBiI abo MOBHI
aBTOHOMHI (yHKIii kepyBaHHs. lle CBITYMTH NPO MOCTYIMOBHH IEPeXiJ BiJ TPaguIliiHOI HapagurMu
aBTOMOO1JICOyAyBaHHs 10 MOOUIbHOCTI sik mociyru (Mobility as a Service, MaaS), 1e OCHOBHHI aKIEHT
3MILIYETHCS 3 BOJIOAIHHS TPAHCIIOPTHUM 3ac000M Ha iHTerpauio nuppoBUX cCepBiciB MOOIIBHOCTI.

KirouoBuMm HacmikoM mudposizaliii € 3MiHa CTPYKTYPH JI0/IaHOi BAPTOCTI B aBTOMOOIIBHIN 1HIYCTPIi.
Skmo paHinie ocCHOBHA yacTka ()opMyBayiacsi Ha eTari BHPOOHMITBA MEXaHIYHMX KOMITOHEHTIB, TO HUHI
Jenaii OUbIY PoJIb BiAIrparoTh MporpamHe 3abesledeHHs, aHaJiTHKa JaHuX, KibepOesneka Ta nugposa
iHppacTpykTypa. CaMme 1Lii HAapPsSMHU CTAIOTh BUPIMIATbHUMHE AJIS1 KOHKYPEHTOCTIPOMOXHOCTI BUPOOHHKIB Ha
rJ100aIbHOMY PHHKY.

OcoOinuBy yBary mpHBEpTaE pPO3BHTOK e€JIEKTpOMOOuUTbHOTO cekTopy [1], sikmii memoHCTpye
eKCIOHEHIIaNbHe 3pOCTaHHsA. 3rigHO 3 aHaNiTHYHUM 3BiToM International Energy Agency (IEA, 2024),
KUTBKICTh €JIEKTPOMOOUTIB y CBiTI mepepummia 40 MUTBHOHIB OJWHMIB, a YacTKa iXHIX MPOJAXKIB Y
3aralibHOMYy 00cs31 HOBHX aBTOMOOWNMB jgocsitia 18 %. lled mpormec CympoBOKYeThCsl MUGDPOBUMH
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IHHOBAIlIIMA — VTPABIIHHAM 3apsoM y pEalbHOMY 4aci, ONTHMI3alli€l0 MapIIpyTiB, 1HTErpaIli€io
TpaHCHOPTHHUX 3ac00iB B enepromepexy (V2G — Vehicle to Grid).

Hudposa Tpancopmallis TOPKAETHCS HE JHILIE TEXHIYHUX aCMEKTIB, a i opraHizaliifHo-eKOHOMIYHUX
Mojiesiell  (YHKLUIOHYBaHHS ABTOMOOUIBHUX MiANPHEMCTB. Y BHPOOHUITBI aKTHBHO 3aCTOCOBYIOTHCS
npuanunu  [HaycTpii 4.0, mo mnepembadaioTh THYYKY aBTOMAaTH3aIlifo, POOOTH3aIlil0, BHUKOPHUCTAHHS
CEHCOpPHHX Mepex, Kibep]i3mdyHnX cucTeM 1 BipTyaldpbHHX Mojenell. BomHouac Ha piBHI ympaBIiHHS
po3BuBatoTEC LUQPOBI naHtoru nocradanHs (Digital Supply Chains), siki 3a0e3nedyroTs iHTErpanimo ycix
YY9aCHUKIB BUPOOHUYOTO TPOIIECY B €AMHNUN 1H(GOPMAITIITHIIA TPOCTIp.

BaxnmBo BimzHauwmTH, mo muQpoBi3alis aBTOMOOUTFHOTO TPAHCIOPTY B YKpaiHi nwine HaOupae
o0epTiB. Y HaIlOHATFHOMY KOHTEKCTi 11 PO3BUTOK CTPUMYETHCS HHU3KOIO (AKTOpiB — 3acTapiyiorn
BUPOOHUYOI0 0a3010, HEAOCTATHHOI IUGPOBOIO THPPACTPYKTYPOID, HECTAUCH0 IHBECTHUIlIH Ta NediluToM
BHCOKOKBaNipikoBaHWX KaapiB. BomHouac VYkpaiHa Mae 3Ha4YHHIA IMOTEHINaN IHTETpamii y riobanbHi
nporecd 1UQpPoBOI MOAEpHi3alii, 30KpeMa 3aBISKM PO3BUTKY iHKeHepHUX I[T-kommaHiif, ywacti y
MIKHApPOJAHUX MPOEKTaX 3 eNeKTPOMOOITBHOCTI Ta BIPOBAXKEHHIO «PO3YMHHX» TPAHCIOPTHUX CHCTEM Yy
MiCTax.

OTxe, aKTyalbHICTh JOCHI[DKCHHS 3yMOBJIEHAa HEOOXiIHICTIO CHCTEMHOIO aHalli3y TeHICHIIIH
nudpoBoi TpaHchopMallii aBTOMOOUIBHOI ramy3i, BHUSBICHHS i1 KJIIOUYOBHX HAIPsIMiB, BHKIHKIB Ta
MOXKJIMBOCTEH ISl TiABHUINEHHS €PEeKTUBHOCTI Taly3i B yMOBaX Mepexoay 10 HHU(POBOI EKOHOMIKH.
Pesymprat Takoro aHamizy MarOTh NpPaKTUYHE 3HAYEHHS JUIsI BUPOOHWKIB, TPAHCIOPTHUX KOMIIAHIM,
HAYKOBHMX YCTaHOB Ta OCBITHIX OpraHi3alil, ski GOpMyIOTh KaJpOBHiA MOTEHIIIaT HOBOTO MTOKOJIHHSI.

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMH

BinmoBigHO A0 HOCTiMKEHb, aBTOMOOLTbHA IMPOMHUCIIOBICTH TEPEKUBAE UYETBEPTY TEXHOJOTIYHY
pesomoniito (Industry 4.0), y skiii nudpoBi TexHOJOril € pymriiiHowo cuior. Hampuknam, AOCTIIHUKA
BiJ[3HAUAIOTh, IO LU(pPOBa TpaHCHOPMALlis OXOIUIOE TEMH MiAKIIOYCHUX aBTOMOOLIIB, aBTOHOMHOTO
kepyBanHs1, Big Data ta HOBuX 0i3Hec-MoIeIel y aBTOMOOIIbHIN MPOMHUCIOBOCTI [2].

CBiTOBI TeHIEHII CBiAYaTh MPO INBHAKE 3POCTAHHS POJi ENeKTPOMOOLTIB, PO3BUTOK CHCTEM
ABTOHOMHOT'O KepPYBaHHsI Ta U(PPOBUX IJIATHOPM yrpaBiiHHsA MOOLIBHICTIO [3].

[Nonpu mo3uTHBHI pe3ynpTat HUQPpPoBOi TpaHnchopMmarii, iCHYIOTh TPOOJIEMH, MOB’s3aHi 3 BUCOKOIO
BapTICTIO BIIPOBA/DKCHHS TEXHOIOTiH, HEJIOCTaTHIM piBHEM KiOepOe3mekn, HHU3BKOI TOTOBHICTIO
1HOPACTPYKTYpH 10 aBTOHOMHOTO TPaHCIIOPTY Ta BIJIICYTHICTIO €IMHUX CTaHAApTiB OOMiIHY JaHUMH MiXK
BUpOOHUKamH [4].

Oco0MBO TOCTPO IIi MHTAHHS MOCTAIOTh y KpaiHax, IO PO3BUBAIOTHCS, BKIIOYHO 3 YKpaiHOIo, Je
r(poBi3allisi TPAaHCIIOPTHOI CUCTEMH TTepeOyBae Ha eTarli CTAHOBJICHHSI.

LIJII TA 3SAJAYI JOCJIILIKEHHS

MeTor0 JOCHiUKEHHS € BUSBJICHHS OCHOBHUX TECHACHIIH PO3BHTKY aBTOMOOITBHOI raiy3i B yMOBax
nmgpoBizalii Ta BUZHAYECHHS HAIPSIMIB TiABUINEHHS €()eKTUBHOCTI 11 ()yHKIIIOHYBaHHS Ha OCHOBI Cy4acHHUX
TEXHOJIOTIYHUX PillIeHb.

JIy1st MOCATHEHHS IOCTABIEHOI METH BU3HAYEHO TaKi 3a/1ad4i:

1. [IpoananizyBaTi cy4acHWH cTaH IUQPOBi3allii aBTOMOOITEHOT Tairy3i.

2. BHOKpEeMHTH OCHOBHI HaNpsiMH BIUIMBY IU(QPOBHUX TEXHOJOTIH Ha KOHCTPYKIif0, BUPOOHUIITBO Ta
EKCIUTyaTallif0 TPAaHCIIOPTHUX 3aCO0IB.

3. Bu3zHauuTH KII04OBI BUKJIMKH Ta Oap’epu LudpoBoi Tpanchopmarii.

4. 3armponoHyBaTH MEPCIEKTHBHI IUIIXH PO3BUTKY T'ally3i 3 ypaxyBaHHIM CBITOBUX TPEHIB.

PE3YJbTATHU JOCIIIKEHHS

VY mporueci AOCHiIKEHHS BCTAHOBIEHO, IO HM(POBi3allisl OXOIUIIOE BCi €TalM >KUTTEBOTO LUKIY
TPAHCHOPTHOTO 3aC00y — Bi/I MPOEKTYBAaHHS 10 BUPOOHHUIITBA, €KCILTyaTallii Ta yTHIIi3aLlil.

Bnpopamkennst Texuosorid  Immyctpii 4.0 cnpuse dopmyBaHHIO [HU(POBOI  €KOCHCTEMH
aBTOMOOUIBLHOI Taily3i, y Mexax sKoi BifOyBae€ThCsl 1HTErpallisi BUPOOHHYUX TMPOIECIB, TPAHCIIOPTHUX
3aco0iB, iHQopManiHHUX MIaT(OpPM Ta CIIOKUBAYIB y €IWHUNA HUPPOBUN MPOCTIp.

Taxy cTpykTypy I pOBOT €KOCHCTEMH HABEJICHO Ha PUCYHKY 1.
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Llndpposa ekocucrtema aBTomb6inbHOI ranysi

Pucynok 1 — Lludposa exocructema aBTOMOOLIBHOT ramys3i

Ha ocHOBi aHamizy HayKOBHX 1 aHAIITHYHHX JDKepes [8] BUILIEHO M’ATh KIIIOYOBHX HAMPSIMIB

1. EnexTpudikatiist TpaHCIOPTY

OpHuM 13 HaWNOMITHIIIMX TPEHIIB € MacoBHW mepexin no enekrpomoOiniB (EV) ta ribpuanmux
cWIOBHX YycTaHOBOK. IlpoBimni BupoOHmku — Tesla, Volkswagen, BMW, Toyota, BYD - akrtuBHO
1HBECTYIOTh Y CTBOPEHHSI JIIHIOK MTOBHICTIO €JIEKTPUYHUX MOJICIICH.

Hudposi TexHONOT] BiirpatoTh KIIOYOBY POJb y PO3poOdlli crucTeM yrpasiiHHs Oatapesmu (Battery
Management Systems, BMS), onTumizaliii eHeprocrnoxuBaHHs, a TAaKOXK y MOOYI0BI «pO3yMHHUX» 3apsSAHUX
MEpEeX, IHTErPOBAHUX B €HEPIreTHYHY 1HQPACTPYKTYPY.

CroromHi po3BuTok EV  cympoBOIXKYETBCS CTBOPEHHSM BHCOKOTOYHHX IUPPOBHX MOJENei
aKyMyJISITOPIB, IO JIO3BOJISIOTh IMPOTHO3YBAaTH JIETPAJAllil0 CJIIEMEHTIB Ta 3a0e3MeuyioTh e(PEKTUBHE
KEpYBaHHsI 3aps/IOM 1 PO3PSIIOM Y PeKHMI peanbHoro yacy [9].

2. PO3BUTOK aBTOHOMHHUX TPaHCIIOPTHUX CUCTEM

3acrocyBaHHSl IITYYHOTO iHTENeKTy (Al), KOMIT'FOTEPHOro 30py Ta TIIMOMHHOTO HAaBUaHHS CIIPUSE
peaizaii aBTOHOMHUX (DYHKIIi KepyBaHHS TPAHCIIOPTOM.

Cuctemu ADAS (Advanced Driver Assistance Systems), 1110 BKJII0UalOTh aBTOMAaTHYHE TalbMyBaHHS,
YTPUMaHHS CMYTH PyXy, PO3Mi3HaBaHHS JOPOXHIX 3HAKiB, (JOPMYIOTh OCHOBY MaiOyTHiX O€3MiJOTHHX
aBTOMOO1IIIB.

Kommanii Waymo, NVIDIA, Mobileye, Volvo BhnpoBaIKylOTb KOMIUIEKCHI NpOrpaMHO-amaparHi
pillieHHs], 31aTHI OOpOOJIATH BEJIMKI 00CATH JIaHUX i3 ceHcopiB (JIiAapiB, paaapis, kamep) Ais 3a0e3eUeHHs
0€3MeUHOro PyXy.

[lapanensHO pO3BUBAETHCS BIPTyallbHE TECTYBaHHS AaBTOHOMHHMX CHCTEM — CTBOPIOIOTHCSA
CUMYIISIIIHI CepeIOBHINA, 10 JO3BOJISIOTH MEPEBIPSITH alTOPUTMH KEpyBaHHS 0€3 PU3HKY JUIS JKUTTS
JIo/ie 1 TPaHCTIOPTHUX 3aCO01B.

3. BopoBamkenHs unpoBux miatdopm 00cIyroByBaHHs

Hudporizalist 3MiHIOE HE JIMIIE KOHCTPYKIiIO0 aBTOMOO1JIA, a i MOzeNb Horo eKcIutyarartii.

[MomwupeHHs TeneMaTHKH, JUCTAHIIIHHOT JNIarHOCTUKM Ta XMapHHX CEpBiciB 3a0e3redye MOCTIHY
B3a€MOJIII0 MiXK KOPUCTYBaueM, BUPOOHUKOM i CEPBICHUM LIEHTPOM.

3aBasiku  TexHonorisiv  Over-the-Air (OTA) aBTOBUPOOHMKM MOXYThb OHOBIIOBATH IIPOrPaMHE
3a0e3reueH s aBTOMOOLIS Oe3 BiIBilyBaHHS CEpBICY, yCyBaTH HEJIONIKHM, 3MIHIOBATH NTapaMeTpH KepyBaHHSI
a00 JoaaBaT HOBI (PyHKIIIT.

Hanpukman, Tesla Ta BMW  BukopucroByioTe  OTA-OHOBIEHHS [y  NOKpAICHHS
eHeproe()eKTUBHOCTI, O€3MEKH Ta MYJIbTUMEIIHHIUX MOYKITHBOCTEH.
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Takox aKTHBHO PO3BUBAIOTHCS MU(POBI €KOCUCTEMH VISl KEPYyBaHHS MMaPKOM TPAHCIIOPTHUX 3aCO0iB,
10 JO3BOJISIIOTH ONTHMI3YBAaTH JIOTICTHKY, MOHITOPHHT BHUTPAT MaJIMBa, CTAH BY3JIIB 1 MapIIpyTiB pyXy B
pexuMi pearbHOro yacy [3].

4. BukopucTaHHs TEXHOJOT1H U(PPOBOTO IBIHHUKA

Texnomoris Digital Twin (umdpoBuii ABIMHHK) 1a€ 3MOTY CTBOPIOBAaTH BIpTyalmbHI KOMii
TPAHCIIOPTHUX 3aC00iB, KOMITOHEHTIB 200 IMUJTMX BUPOOHUIHX TIPOIIECIB.

Lle mo3BOMs€ MPOBOIUTH MOJENIOBAHHS, TECTYBAaHHS Ta ONTHUMI3alil0 KOHCTPYKLii 0e3 moTpedu y
(hI3MIHUX TPOTOTHUTIAX, IIIO CYTTEBO CKOPOUYE Yac 1 BUTPATH HA PO3POOKY.

Kommanii, taki sx Siemens, Bosch, General Motors, yke akTHBHO BHKOPHCTOBYIOTH HH(POBI
IBIfHUKM Ha eTanax MpOeKTyBaHHs, BUIIPOOYBaHb Ta MPOrHO3YBAaHHS TEXHIYHOTO CTaHy aBTOMOOLTIB.

Kpim Toro, TexHonoris uudpoBoro IBiHHNKA € BAXKJIMBOIO CKJIaIOBOIO MepeadadyBaHOTO TEXHIYHOTO
obciyroByBanas (Predictive Maintenance), sike 6a3yeThCsi Ha aHAJITHUIN JaHWUX CEHCOPIB Ta aJTOPUTMAaxX
MAaIIMHHOTO HaBYaHHS [8].

5. Interpauis loT i Big Data

CydacHi aBTOMOOII € MOOITPHIMH ITUGPOBUMH TPUCTPOSIMH, IO TEHEPYIOTh 1 MEPeNaloTh BEIHKi
oOcsATH MqaHux — Bif iHPopMaIii Mpo HABKOJIHUIITHE CEPEIOBHUIIE IO TapaMeTPiB pOOOTH CUCTEM.

Inrerpauist 3 iHTepHerom peueir (loT) 3abesneuye mocTiHHMI MOHITOPHHI CTaHY TPaHCIOPTHHUX
3ac00iB, 30MpaHHS aHAITUKY JJIS1 BIOCKOHAIEHHS MMPOTYKTHUBHOCTI Ta OE3MEeKH.

3aBmsiku Big Data aBTOBHPOOHMKM MOXXYTh aHaNi3yBaTH IMOBEAIHKY KOPHCTYBadiB, MPOTHO3YBATH
MOTUT, MiIBUIIYBAaTU SIKICTh OOCIIyTOBYBaHHS, a TAKOX CTBOPIOBATH 1HIWBIAyalli30BaHi CEpBICH ISl BOJIIB
[5].

Kpim Toro, 00poOka BEeNUKHUX JaHUX CIIPHUSIE PO3BUTKY IHTENEKTyallbHUX TpaHcopTHUX cuctem (ITS),
SIK1 ONTUMI3YIOTh MICBKi TOTOKH, KOOPIUHYIOTH POOOTY CBiTI0(OpIB Ta 3MeHITYIOTh BUKHIU CO,.

6. Hogi Oi3Hec-mMo/eli Ta MOOUIBHICTS siK Tocinyra (MaaS)

Hudposizaris 3ymoBmia mosiBy HOBoi kKoHmentii — Mobility as a Service (MaaS), mo mepenbadae
IHTeTpaIifo Pi3HUX BHUIIIB TPAHCHIOPTY B €AUHY ITUPPOBY EKOCUCTEMY.

Monens MaaS opieHTOBaHA HE Ha BOJIOJIHHSA aBTOMOOIJIEM, a Ha JOCTYN JO MOOUILHOCTI 4depes
UQPOBI M1aTHOPMH — KapIIEpUHT, palIIEPUHT, MiKPOMOOLITBHICTb.

Lle 3MiHIOE CTPYKTYpY TONHUTY, CTUMYJIIOE€ PO3BUTOK €IEKTPHYHOIO MiCBKOT'O TPAHCIIOPTY, 3MEHIIIy€e
HaBaHTa)XEHHS Ha 1HPPaACTPYKTYypy Ta CpHsIE€ 3HIKEHHIO IKIITTMBUX BUKH/IIB.

Jist ykpaiHCBKOTO KOHTEKCTY Taka MOJENb € MEPCIEKTUBHOIO 3 TOYKU 30pYy CTaloro PO3BHUTKY Ta
npoBoi iHTErpallii MiChKAX TPAHCTIOPTHUX CUCTEM.

OBI'OBOPEHHHA PE3YJIBTATIB JOCJIAKEHHSA

OTpumaHi pe3ynbTaTH CBifuaTh, IO UUQPOBI3alis CHOpHUSe TOSABI HOBHX Oi3Hec-Mojienedl y
TpPaHCHOPTHIN cdepi — «MoOUBHICTE K mociyra» (Mobility as a Service, MaaS), kapiiepusr, cMapt-
TPAHCHOPTHI cucTeMU. Y TOH XK€ yac BUHHMKae noTpeda y (opMyBaHHI HOBHX KOMIETEHUIH (axiBLiB
aBTOMOOUIEHOTO TPODIITFO, SIKi MAalOTh TIOEIHYBATH iHXeHepHi Ta [T-3HaHHS.

Jis Ykpainu nugpoBa TpaHchopMallis aBTOMOOLIBHOI Trajy3i Mae He JIMIle SKOHOMIYHe, ajie
CTpaTerivyHe 3HaUYeHHS, OCKIJIbKH CTBOPIOE ITePEeyMOBH IS iIHTETpallii y CBITOBI JIAHIIIOTH JI0IaHOI BapTOCTI,
MiABUICHHS] KOHKYPEHTOCIIPOMOXKHOCTI Ta 3HIKEHHS €KOJIOTTYHOTO HABAaHTa)XKEHHSI.

BUCHOBKH

VY pesynbTaTi IpOBEASHOTO AOCIHIIPKEHHS BCTaHOBJICHO, 110 IM(POBi3allis BUCTYNA€ BU3HAYAIBHUM
YUHHUKOM PO3BUTKY CY4YacHOi aBTOMOOUIBHOI Taiy3i, (OpPMYyIOUM HOBI TEXHOJIOTi4Hi, €KOHOMi4HI Ta
OpraHi3aiiiHi mIxoad 10 CTBOPEHHS, BAPOOHMIITBA W €KCIUTyaTallii TPaHCIIOPTHUX 3ac00iB. BoHa He nuine
TpaHchopMy€e TpaauLiiiHi BHUPOOHMYI TpOLECH, aje ¥ cIpuse MOsABI 1HHOBAaUiMHMX Oi3HEC-MOAENeH,
OpiEHTOBaHUX Ha KII€HTA, CTAJMHA PO3BUTOK Ta e()eKTHBHE BUKOPHCTAHHS PECYPCIB.

[Iporiecu tmdporoi Tpanchopmallii OXOIUIIOIOTh yCi €Talmd >KATTEBOrO IUKIY aBTOMOOLISA: Bif
THTEJTIeKTyalIbHOTO TpOoeKTyBaHHA 3 BukopuctaHHsM crcreM CAD/CAM/CAE no creopenHs 1udpoBux
IBiHMKIB, ynpaBiiHHs BUpOOHHLTBOM 3a fgoromoroto [oT i Big Data, a Tako)k MOHITOPHHTY TE€XHIYHOTO
CTaHy TPaHCIIOPTHOTO 3ac00y Yepe3 xMapHi cepBicu. Taki TexHomorii 3a0e3MeuyI0Th IMiBUIIICHHS TOYHOCTI,
SIKOCTI1 Ta IIBUIKOCTI BUPOOHUYHMX MTPOIIECiB, 3MEHIIICHHSI BUTPAT 1 PU3HKIB, @ TAKOK MOXIIUBICTD IPUHHSITTS
YIPaBJIiHCHKUX PILIEHb Y peaIbHOMY Yaci.

Hudposizalis BiIKpuBae HOBI MEPCHEKTHBH Ul PO3BUTKY KOHLENUil «MOOUIBHICTD SK MOCITyra»
(Mobility as a Service, MaaS), sika miepembadae mepexia BiJ MoJeli BOJIOMIHHS TPAHCIIOPTHHM 3aCO00M 10
MOJIeIi IHTEIPOBAHOIO JOCTYIY J0 MOOLNBHOCTI 4epe3 1udposi mmiathopmu. Lle crnpusie GopmyBaHHIO
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HOBUX PHHKOBHUX CETMEHTIB, ITiIBUIICHHIO €()eKTUBHOCTI TPAHCIIOPTHUX CHCTEM 1 3MEHITICHHIO HETaTHBHOTO
BIUTUBY Ha JIOBKIJUIS.

VY cBiToBOMy MacmTali IpOBIIHUMH TEHACHIISIMU PO3BUTKY aBTOMOOIILHOI ramysi € enekrpudikaris,
aBTOHOMI3allisl, MiJKITIOYCHHS TPAHCIOPTHHX 3aco0iB 10 Mepexi, IHTeNeKTyami3alis MpoleciB
00CITyTOBYBaHHS Ta iHTETpallis MITYYHOTO IHTENEKTY y QYHKIIOHYBaHHS TpaHCHOPTHHUX cucTeM. Lli mpomecu
B32€MOTIOB’si3aHI 3 po3BUTKOM [HmycTpii 4.0 1 cTBOpeHHSM pO3yMHHX BHPOOHMITB (smart factories), mo
(YHKLIOHYIOTH Ha OCHOBI KiOep(]i3HUHUX CUCTEM.

Hus VYxkpainm mmdpoa Tpanchopmamis aBTOMOOUTBHOI Tady3i 3alMIIA€THCS CKJIAJHUAM, alie
HEOOXiHUM TmpormecoM, SKHH MOTpedye OHOBIEHHA BUPOOHHMYOI 0a3w, pPO3BUTKY HU(PPOBUX
KOMIIETEHTHOCTEH MepcoHally, 3aJlydeHHs] iHBECTHILIHM Ta iHTerpamii y MiKHapOIHI HayKOBO-TE€XHOJOTIUHI
nporpamu. [103UTHBHIM YMHHHUKOM € HasIBHICTh iHXEHEPHOro noTeHuiany, IT-gaxiBiB Ta akTUBHA y4acTh
Y €BPOTEUCHKHUX MPOEKTAX 13 BIPOBAKEHHS IHHOBAIIITHUX TPAHCTIOPTHUX TEXHOJIOT1i.

Omxe, nudpoBizalisi € He JNUIIE TEXHOJOTIYHOK, a ¥ CTPaTeriyHol NEepPEeIyMOBOIO PO3BUTKY
aBTOMOOLIbHOT ramysi. i edexkTuBHa peanizallis 3a06e3MeUMTh ITiABUIEHHS KOHKYPEHTOCIPOMOMKHOCTI
MiAIPUEMCTB, CTBOPEHHS HOBHX POOOYHMX MICIh, PO3BHUTOK IHTEIEKTYaIbHOI MOOUTHHOCTI Ta IHTETpaIliro
Ykpainu y rnobanpHUA MUGPOBUI TpaHCIOPTHUE mpocTip. llepcrekTuBaMu MOAAIBIINX JOCTIIKEHb €
aHaji3 eKOHOMIUHOI e()eKTUBHOCTI BIPOBAKEHHS IM(POBUX TEXHOJOTIH, a TAKOXK OIIHKA €KOJIOTIYHHUX i
comiaThbHIUX HACTIAKIB IUPPoBOi TpaHchHOpMAIlii TpaHCTIOPTHOI iHPPACTPYKTYPH.
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V. Samostian, M. Handziuk, V. Dembitskyi. Tendencies in the development of the automotive
industry under digitalization conditions

The automotive industry is currently undergoing a profound transformation driven by digitalization,
which has become a key factor determining its competitiveness and sustainability. This research aims to
identify the main trends, challenges, and opportunities related to the digital transformation of the global and
Ukrainian automotive sectors. The study is based on a comprehensive analysis of scientific literature,
industrial reports, and global best practices concerning the implementation of digital technologies in vehicle
design, manufacturing, and operation.
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The results demonstrate that digitalization influences all stages of the vehicle life cycle — from
conceptual design and production to maintenance and utilization. The most significant technological trends
include vehicle electrification, the development of autonomous and connected systems, the integration of
Internet of Things (loT) and Big Data technologies, and the use of digital twins for predictive diagnostics
and virtual testing. The research also emphasizes the growing importance of over-the-air (OTA) updates,
remote monitoring, and cloud-based platforms that transform traditional models of vehicle ownership and
maintenance.

Another key trend is the emergence of new business models such as Mobility as a Service (MaaS),
which shifts the focus from vehicle ownership to access to mobility services through digital platforms. These
changes stimulate the evolution of smart transport ecosystems and encourage interdisciplinary collaboration
between the automotive, IT, and energy sectors.

The article highlights that while developed countries are rapidly advancing toward fully digitalized
transport systems, countries like Ukraine face certain barriers, including outdated production infrastructure
and insufficient investment. However, the growing digital competence, engineering potential, and integration
into European innovation networks create favorable conditions for accelerating digital transformation in
Ukraine’s automotive industry.

Keywords: automotive industry, digitalization, Industry 4.0, electric vehicles, autonomous transport,
Internet of Things (loT), Big Data, digital twin, Mobility as a Service (MaaS), smart mobility.
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YK 629.113
UDC 629.113
CaxHo B.H.l, OHumyk B.H.Z, bocenko B.M.l, Crenpmanryk C.B. 2
' Hayionansnuii mpancnopmuuii ynieepcumem
zﬂyubkuﬁ HAYIOHANIbHUL MEeXHIYHULL YHIGepCcUumem

JIO AHAJII3Y MPOLIECY T'AJIbMYBAHHSI ABTOMOBLIS 3 IPUYEINIOM KATEI'OPIT 02

VY cTaTTi pO3MIISHYTO MPOIEC eKCTPEHOTO TalIbMyBaHHS aBTOIOI3/1a y CKJIa[i aBTOMOOUIA-TATa4a Ta IpHdena
kateropii O2 3 mo3uniii 3abe3nedeHHs crifikocti pyxy. [lokaszaHo, Mo TpagMIHHUK CTaTMH PO3MOALT CyMapHOL
TaJbMIBHOI CHIIM MK OCSMH aBTOIO{3/]a HE TapaHTye HEOOXiHOI eeKTHBHOCTI TalbMyBaHHS Ta MOXE ITPU3BOHUTH
JI0 TIEPEYACHOTO OJIOKYBaHHS KOJIC OKpeMux oceil. O0’€KTOM IOCTIDKCHHS € aBTOMOI3]] «aBTOMOOUIb-TSITrad —
npudin O2» y ragbMIiBHOMY pEXHMi, a METOI0 — pPO3pOOJICHHS INIOCKOI MaTeMaTHYHOI MOAENi, sIKa I03BOJISIE
BU3HAUaTH HOpPMajbHI peakuii OMOpHOI MOBEpXHi Ha KOjeca, CHIM Y TArOBO-3YIMHOMY MPHCTPOi Ta YMOBH
OJIHOYACHOTO TOBEJCHHS BCIX KOJIIC 10 MeXi OJIOKyBaHHS.

Mogens moOyn0BaHO Ha OCHOBI PiBHSHB PIBHOBaru CUJI i MOMEHTIB AJI TArada Ta MpUdYerna 3 ypaxyBaHHIM
KOe(imi€HTIB PO3MOUTYy TaTbMIBHHX CHJI, HOJOKEHHS LEHTPIB MAac JIaHOK, AWHAMIYHHX PajiyciB KOJIC 1 BHCOTH
TOYKH 3YEIUICHHS. AHAJTITHYHO OTPHMAHO 3aJeKHOCTI [UII HOPMAIBHHUX peakliii Ha OCsSX aBTOINOI3/a Ta peakiiil B
OIIOPHO-3YIITHOMY IPHCTPOI, IO Ja€ 3MOT'Y OLIHUTH Iepepo3II01iT HABaHTAXKEHb il Yac YIOBIIbHEHHSI.

BcTaHoBIIeHO, 10 TaibMiBHA CHJA, NMPHKIafeHa A0 Oceil mpuyena, BUKINKAE OUIBII IHTCHCHBHY 3MIHY
peakiiiii Ha KoJiecax 3a{HbOT OCi aBTOMOOUISA-Tsrava MOPiBHSIHO 3 MEPEIHBOI0, IO 3MEHIITYE KOe(DilliEHT 34CTUICHHS, 328
SIKOTO BiOyBa€eThCs OJIOKYBaHHS 33/IHIX KoJiic. BU3HaUYeHO YMOBH OHOYACHOTO AOBEICHHS KOJiC aBTOMOI3a 10 MEXi
OJIOKYBaHHS Ta 3HAHICHO 3HaYCHHS KOoe(illieHTa 34EIUICHHS 1 YaCTKH 3arajbHOi raJbMiBHOI CHIIH, sIKa MAa€ MPUNagaT
Ha oci mmpuderna, 171 3a0e3neyeH s cTabiIbHOTO TaJbMyBaHHs 0e3 CKIIaJaHHS JIAHOK.

KurouoBi cioBa: aBromoizn; aBTOMOOUTB-TATaY; mpuyin kareropii O2; eKCTpeHe TajJbMyBaHHS; PO3MOILT
raJbMIBHAX CHJ, HOPMAaJbHI peakiil; TATOBO-34illHWI NpPHUCTPiH; KOeQIUi€HT 3YeIUICHHs; OJIOKYBaHHS KOJIIC;
MaTeMaTH4Ha MOJIEIb.

BCTYII

B ymoBax 30inmbIIeHHS MIBUAKOCTEH PYXY 1 MIITBHOCTI TPAHCTIOPTHOTO IMOTOKY Ba)KITMBOTO 3HAYCHHS
HaOyBalOTh KOHCTPYKTHBHI IapaMeTpH 1 EKCIUIyaTalliiiHi BJIACTHBOCTI aBTOTPAHCHOPTHHX 3acO0iB
/aBTOMOI3A1B, 30KpeMa/, M0 3a0e3neuyloTh Oe3lneKy pyxy. 3 HOIIAAy NPaKTUYHUX LiJied npu po3poOori
HoBUX AT3, a Takox MoJepHi3alii iCHyIOYHX Ba)KIMBUM CTa€ HE TUIBKU NPUYMHA MOPYLIEHHS CTIMKOCTI y
Oyab sKoMy pexumi pyxy, a peakiis AT3 Ha Hei 1 ympaBistoui mii BOJis, M0 € HEOAHO3HAYHMMH 1
HecTalOimpHUMH. ToMy nepezdayaeThes, M0 CTIMKICT 1 kKepoBaHicTh pyxy AT3 moBuHHI 3a0e3meuyBaTUCS
KOHCTPYKTUBHUMU IIapaMeTpaMu caMoi MaiiuHu [1]

Bubip koHCcTpyKTHBHUX MapameTpiB AT3, 1o 3a0e3meuyoTh came 1ii BJIaCTUBOCTI, MiJBHUIIYE aKTUBHY
Oe3reKy eKcIuTyatallii i 3HIKY€ BIPOT1IHICTB JOpOXKHBbO-TpaHcnopTHux npuron (ATIT) Ha TpaHcmopTHHX
omnepauisnx. Criiikicts 1 kepoBanicTh AT3 B CyKyHmHOCTi, y TOMY YHCHi 1 B IpoLeci rajJbMyBaHHS, TOBUHHI
3a0e3MeYnT YNEBHEHICTh BOMIS B peamizallii pexuMy pyxy, IO 3aHa€ThCs, BHUKIIOYUTH MHUMOBLUIbHE
BUHUKHEHHS HEOE3MEeYHOro BIIXUJICHHS BiJl HHOIO 1 30€perTH MOMJIMBICTH HIBHUAKOIO KOPEKTYBaHHS 3
MTOIAJIBIIIOI0 CTA0LTI3AIIEI TOTO XK pexuMy [2].

VY mpoueci eKCTpeHOro rajbMyBaHHS WMOBIPHICTH MOPYIICHHS CTIMKOCTI aBTOIOi3/1a 3pOCTae, IO
00yMOBIICHE SIK 3MIHOIO CIIBBIJIHOIIEHHS Y Maci TSATOBOTO aBTOMOOUIS 1 MpwdYerna, Tak i po3TallyBaHHIM
BaHTaXy B 1X Ky3oBax. OcoOJMBO HEOE3MEUHUM HABITH JJIi OJMHUYHHUX aBTOMOOLTIB NPU CKCTPEHOMY
raJbMyBaHHI € HEPiBHOMIPHICTh TaJbMIBHHX CHJI Ha KoOJiecax MepeiHboi oci y pasi OJOKyBaHUX 3aHIX
KOJIIC, OCKUJIbKM BOHa CHPHYMHSIE 3aHOC TpaHCHOpPTHOro 3acoly [3-6].. Ilpm mpomy 31 30iibLICHHSAM
MOYaTKOBOI MIBUJIKOCTI TalbMyBaHHS Ta HEPIBHOMIPHOCTI JIii TaJbMiBHUX MEXaHi3MiB KOJIC OJHOMMEHHHX
oceil aBTOMOOLTIB 1 aBTOIOT3/1iB 3HAYHO 3pOCTAIOTh BEIWYHMHA TalIbMIBHOIO IIISAXY, @ TAKOX IOINEPEeYHi Ta
KyTOBi BIIXWMJICHHS TPaHCIOPTHUX 3aco0iB. J[1s BU3HAueHHS LMX TOKAa3HMKIB TalIbMIBHOI AMHAMIKH
3aCTOCOBYIOTh SIK C€KCIEPHUMEHTaJIbHI, TaK 1 aHAIITUYHI METOIH, 10 0a3ylThCA HA JOCTIDKCHHSIX Ha
MaTEeMaTHYHUX MOJIENISX, BUOIP SIKUX /I KOXKHOTO KOHKPETHOI'O BUIAJKY € akTyaJibHuM [7,8].

AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMU

EdexTrBHICT, BUKOPUCTAHHS aBTONOI3/IB y 3HAYHIN Mipi 3aJIEKUTh Bijl X MIBUJIKICHOTO PEXUMY.
[Ipu 1bOMyY pyX 3 BENUKUMH HIBHJKOCTSMH MOBHHEH OYTH CTIHKHM SIK y TSATOBOMY, TaK i TaJlbMiBHOMY
pexuMi, 3a SKOro TpaHCIOPTHHH 3acid Oyde 3amummatucs B Mexax cMmyrd Oesmeku [9]. 3rimHo i3
HOpMaTUBHUM JIO0KyMeHTOM [10,11] OCHOBHMMHM KpHUTEpisIMH CTIHKOCTI Ta e()EeKTUBHOCTI TalbMyBaHHS
TPAHCIIOPTHUX 3aco0iB €: JiHIHE BIAXWICHHS Bill KOPUIOPY PYXy, IHUPUHOIO 3,5 M; 3arajgbHa MMHATOMA
rajJbMiBHA CUJIA Yy KOe(ilieHT HEpiBHOMIPHOCTI TajbMiBHUX CHJI OCi; TPUBAIICTh CIPALIOBAHHS T'aJbMiBHOL
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CHUCTEMH; YCTaJICHE CHOBUIBHEHHS jyr; TAJIBMIBHUM HUIAX S;; MOYATKOBA INBUIKICTH radbMyBaHHA V. [l
3a0e3meveHHs] CTIMKOCTI aBTOMOi3[a B MPOIECi TalbMyBaHHS HEOOXIIHO BUKOHAHHS psmy BUMOTr [9],
30KpeMa BIJICYTHICTh IITOBXAIYMX 3yCWJb, HANPABICHUX BiJ MpHUYena J0 TiIrava, piBHICTh MapIlialIbHBIX
CHOBUTFHEHB BCIX OCEil aBTOMO{3/1a, JOTpUMaHHS HEpiBHOCTI Rj@ > T; ams kokHOI oci aBTomnoizaa, ae R; -
BEJIMYMHA OMOPHOI PeaKIliii Ha Kojecax i-0i oci, T - TalbMiBHA CHJIa Ha Kojiecax i-oi oci, ¢~ KoedilieHT
3UYEIUICHHS KOJIiC 3 JJOporoto. BimHomeHHs

k, = —— (1)
PR,
€ KpUTEpieM CTIHKOCTI AT IPSIMOJIIHIHOTO PYyXy MPH TajJbMYBaHHI.
3a HasBHOCTI OiuHOi cumu  F; (BiAmeHTpoOBa cuia, BITEp TONIO) KPUTEPIEM CTIHKOCTI € BUpa3

2
k=T TR0 )
Rip

IMpu 3HaveHHi K; Oijbliie OJMHUII B IPUBEICHUX BUPA3ax PyX CTA€ HECTIHKHUM.

Pi3Hi moKa3HUKH XapaKTepHU3yIOTh CTIHKICTh TPAHCIIOPTHOTO 3aco0y B MPOIIEC TalbMyBaHHS, ajie B
TpaHUYHOMY BUTAJIKy BXKIMBUM € BU3HAUEHHS HOTO a0CONIOTHOTO 32 Yac TalbMyBaHHsI Oi4HOTO i KyTOBOTO
3cyBiB [7], sIKi BU3HAYaOTh COOOI0 Ta0apuUTHUI KOPHIOP PYXY, MiJ SKUM Ma€eThci Ha yBa3i MakcHMallbHa
MIMPUHA TPODKIKOI YACTHHH JTOPOTH, IO 3aiMAa€ThCs aBTOMNOI3IOM Yy KOKHHH MOMEHT 4acy i oOMexeHa
Horo KpaliHIMH IO BiJJHOIIIEHHIO JI0 IIEHTPY MOBOPOTY rabapuTHUMH TOUYKAMHU.

B nmiteparypi Takox 3ycTpidaeThcs TepMiH "AuHamiuHMA Kopuaop" [7], mim SKAM po3yMie€ThCs
MIMPUHA TPOIKIDKOI YaCTHHH JOPOTH, OOMEKEHOI IBOMa MapasieIbHIMHU BEPTUKAJIHHUMH IUIOMIMHAMH, IO
MPOXOJATh depe3 OiuHI KpaifHi TOYKH JIAHOK aBTOIMOi3/1a, M0 PyXaeThes, 1 "kopumop Oesmexu'[7], skuit
BU3HAYAETHCS 32 HACTYMHOIO (HOPMYIIOH0:

B . B
?02y+Lasm,B+?acos,B, 3

ne B, - lIMpUHA CMYTH PYXY;

L,, B, - rabapurtu TpaHCIIOPTHOTO 3aC00Y /A0BKHUHA, IIIUPUHA/;

Yy - IOINEPeYHE BiAXWICHHS ICHTPY Mac;

S - KyT po3BOPOTY MOAOBKHBOT OCi.

Crnig BigMITHTH, O OULTBHOIICTH aBTOPIB MPOIOHYE  OIHIOBATH CTIHKICTh aBTOMOOLIIB MpH
TAIbMYBaHHI THMH X KPUTEPisSMH, IO 1 B 3aralbHOMY BUMAAKYy pyXy (HAKaToOM i 3 MpHCKOpeHHsM). Jlis
TOT0, 00 BpaxyBaTH BILIUB PO3MOJITY rajbMIBHUX CHJI MK OCSIMH aBTOMOOLJIS, MOJIOKEHHS MOT0 IIEHTPa
Mac Ha CTIMKICTh pyxy B poOoTi [7] 3amporoHOBaHUN KpUTEpii, M0 MPEJACTaBJISE COOOH KyTOBE
MPUCKOPEHHS TIPU MAJIMX KYTOBUX BIJIXHWJICHHSX MO3/I0BXKHBOT OCi aBTOMOO1IIS

a b h]* a2 b
;@; — L(l—ﬁo)wlj _?ﬁoz_t(l_ﬁo)‘// *
’ 1_ﬂo+(/7f
8=d£=dzwz (4)
dt  dt?

2 2
g a a a h b o
?Xih Eﬂo‘//— {LﬂoﬁL(ﬂL} —F(l—ﬂo)z

Bo—¢—

* - 32 BUIEpeIKaouoro OJIOKYBaHHsS 3aJHiX KOJIC;
** - 33 BUNEPEPKAIOYOro OJOKYBaHHS MEPEeIHiX KOJIiC;
b - BigcTans Bix 3aAHBOT OCI 10 MPOEKIIT EHTPY Mac aBTOMOOIISA Ha TOPU30HTANIBHY TUIOIIHHY;
h - BucoTa neHTpy Mac aBTOMOO1IIS;
Do - Koe(ILieHT PO3MOATY TaibMIBHOI CHIIA 110 OCSIM aBTOMOOLIS, 110 BH3HAYAETHCS KOHCTPYKIIIEHO
rajJbMiBHOT CUCTEMHU:
Bo = n ! ®)
PTl + PT2
ne Pr;, Pr; — TadbMIiBHI CHIIH, TITO PO3BUBAIOTLCS HA KoJiecax MEepPeaHbOi 1 3aHBOI OCEH.
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Psn mocmimuukis [8,9,12-14] oaHiero 3 OCHOBHMX NPHYMH CKJIaJaHHS JJAHOK aBTOMOOIIBLHOTO MMoi3ma
BBa)KalOTh HAOIraHHS MPHUYINHOT JAHKW Ha aBTOMOOIIB-TATay, SKe BUHUKAE B PE3yJIbTaTi CTBOPCHHS 3YCHIIb
CTHCKY B ONOPHO-34iMHOMY mpHcTpoi. ToMy 3HaueHHS CHIM B 3YilIHOMY IPHUCTPOI, sSKa BHUHHUKAE TPH
raJIbMyBaHHI aBTOMOOUILHOTO 013712, MOYKHA PO3IJISAATH SK OJUH 13 KPHUTEPIiB JUIsl OI[IHKU CTIHKOCTI
TPaAHCIIOPTHOTO 3ac00y.

Ha ocHOBI mociimkeHHsS CTIHKOCTI aBTOMOi3Aa y TPOIECi TalbMyBaHHA, y poOoTi [7] poOuThCs
BHUCHOBOK MpPO Te, IO KyT CKJIQJAaHHS JJAHOK aBTOMOOUIRHOTO MOi3/1a HampsMy 3aJIe)KHUTh BiJ MOYaTKOBOL
IIBUIKOCTI TaNbMyBaHHs, 0a3W MPHUYINHOI JIAHKH Ta KOOPAWHAT TOYKH 3YETICHHS MPUYIMHOI JIAHKHA Ta
Tarada. TakoX JOCHTITHUKK BKa3ylOTh Ha 0OEpHEHY 3alie)KHICTh KyTa CKJIaJaHHS aBTOIOI3[a BiJ CTYIIEHS
HOro 3aBaHTaXEHHsI, KoeQilieHTa 3YeIUIeHHS HIMH 3 OMNOPHOI0 IOBEPXHEI Ta 4Yacy BHUIEPEKEHHS
raJIbMyBaHHS IPUYITHOT JJAHKYU BiJTHOCHO Tsraya.

[Ipu pyci aBTomoi3ma B peXWMi TalbMyBaHHS Ha HBOTO IIIOTh PI3HI MO XapaKTepy, BEIHYHHI i
HampsMy 30BHIIIHI cwid. [le mpUBOAUTE MO MEpepo3NoAlly BEepTHKAIBHUX HABaHTA)KCHb B TOJIOBXKHIN 1
MOTIePEYHIN IJIONIMHAX Ha KOJIecaX OCei SK aBTOMOOUIA-TsAraya, Tak i HamiBnpuyena [7]. Y pobori [3]
MIPOBEJIEHO CIPOIMICHUH aHalli3 CTIHKOCTI aBTOMO{3/1a AK B TSATOBOMY, TaK 1 TragbMiBHOMY pexumi. OcobmmBa
yBara MPHIUIETHCSA TIOBEHIHIII aBTOMOOUIA TiJ dYac TaabMyBaHHS 3 OOTOBOPEHHSIM BILTUBY Pi3HUX
KOHCTPYKTHUBHHUX IapaMeTpiB Ta PO3MOAUTY TaJbMIBHUX CHJI, IO JiIOTh Ha Kojieca. YCIIX y pilllEHHI
MOMiIOHMX 3a/1a4 3aJIeKUTh BiJl TOTO, HACKUTFKA BJIaj0 0OpaHa MaTeMaTHYHA MOJENb 1 11 iCTOTHI mapaMeTpH,
IO ONKCYIOTh TOBOJDKCHHS JIMHAMIYHOI CHCTEMH Y pI3HHUX peXHMax pyxy. TeopeTHuHO Mojeib
ABTOMOO1JII TMOBUHHA SKHAHOUIBIN TMOBHO BifoOpaxarn peasbHuid AT3. BimbIIicTh MOCIITHUKIB, IO
3aliMaroThcs TMpoOJieMaMH aKTUBHOI Oe3lekd aBTOMOOINS, BHU3HAIOTH BAKIMBICTH TaKOTO PiBHS
MOJICTIFOBAaHHS, IO J03BOJIIE BUKOPHUCTOBYBATH CydYacHI METOJAHM, 1 MONIYK SKHaWKpamux pimeHs Ha 0asi
IHCTPYMEHTAJIbHHX OLIHOK, II[0 MalOTh KUJIbKICHUH onuc. J{ociimKkeHHs aBTOMOOIISI SIK CHCTEMU KIJIBKOX TiJI,
o 3'€JHaHi TOJIOHOMHUMH 1 HErOJIOHOMHHMH B'S3SMH, MPUBOIWTH IO BHBYCHHS CKJIAAHOI MeXaHI4HOL
CUCTEMH 3 BEJMKOI KiTBKICTIO CTYIIEHIB CBOOOM, SIKa OMHCYETHCSA CUCTEMOIO AH(epeHIiaTbHUX PiBHSHB
BHCOKOTO TOPsIIKY. B po6oTi [15] Bim3HayaeThes, MO YCKIAAHEHHS MaTeMAaTHYHOI MOJIET] HE 3aBXKIU Ja€
MO3UTUBHUN €(eKT, OCKIIBKH MTPH BU3HAYEHHI MaCOBHX PO3MipiB (MacH, MOMEHTH iHEpIIii) 1 XapaKTEepUCTHK
3B SI3KIB HEMUHY4l MOXHOKH, CIIONYYEHHS SKAX MPHU3BOAMTH JO HETOYHOCTEW NMPH BH3HAYCHHI KiHIEBHX
pesyibTaTiB. KpiM TOro, mnpakTHYHE BUKOPHCTaHHS TMOJIOHUX PO3PAXYHKOBHX CXEM MOTpedye
MOTIEPEAHBOI0  AHAJITUYHOTO 1, OCOOJMBO, EKCIHEPUMEHTAJIBLHOIO BU3HAYCHHS BEIMKOI KUIBKOCTI
KOHCTPYKTHUBHHX IapaMeTpiB aBTOMOOiNs i muH. ToMy mpH JocimipkeHHi ctiikocti pyxy AT3 memani
YacTilie BAUKOPUCTOBYIOTH IJIOCKI MOZET 3 ypaxXyBaHHSM HENiHIHHOTO BiIBEJIEHHS KOJIC OTO OCeil.

HIJIb TA 3AJAYI JOCIIIKEHHSA

Mertoto poboTH € po3poOKka MaTeMaTHIHOI MOJIENI IS aHalli3y MPOIECy ralbMyBaHHS aBTOMOOLIS 3
npudenom kareropii O2.

1 noCATHEHHS METH TOCHiKEHHS HeOOX1THO BUPIIINTH HACTYITHI 3a/1a4i:

— pO3pOOUTH MaTeMaTU4HY MOAYJb 32 MOCTIHHOTO PO3MOJNITY CyMapHOI rajibMiBHOI CHJIM 1O OCSIX
aBTOIIOI3/1a;

— BU3HAYWTH HOPMAJIbHI peaKiiii OMOpHOT MOBEPXHI HA KoJieca Oceil aBTomoi3/a;

— BHU3HAYUTH YMOBU OJHOYACHOI'O JOBEIECHHS KOJIC aBTOIOI3[a 10 MEXi OJOKyBaHHS y Mpoleci
EKCTPEHOTO rallbMyBaHHSI,

— BHU3HAUMTH 3HAuYEHHS Koe(illieHTa 3YeIUieHHS KOJIC aBTOMOOINSA-TATada 3 JOPOTOI0, 3a SIKOTO
BiJI0OYBa€THCS OJHOYACHE JIOBEACHHS JI0 MEXi OJIOKyBaHHS yCiX HOTO KOJIiC.

PE3YJbTATHU JOCIIIKEHDb

MakcuManbHO MOXKITMBA TaJIbMiBHA CHJIA 110 3YEIUICHHIO JIJIi KOHKPETHOI OCi, IKY MOXe pealli3yBaTH
aBTOMOOLTEHHUI TI013]] BU3HAYAETHCS 13 BiIHOIICHHS [1]:

in =@ Rzi ) (6)

ne Ry — MakcMManbHO MOXKJIMBA TajibMiBHA cHia i-01 oci aBTomoizna; R, — HopmanbHa peakitis i-o1 oci
aBTONOI3/1a IPH TaJbMYBaHHi; (¢ — KOe(ili€HT 3YETJICHHS IKH 3 JOPOTolo.

VY nocnimxenHi [6] aBTopu 3a3HaYaIOTh, IO MPH FaJIbLMyBaHHI TPAHCIIOPTHOTO 3aco0y 0e3 OI0KyBaHHS
KOJIiC, TAJIbMIBHI CHJIM TOBHMHHI NMPHKIAJATHCS 10 ocel Koiic. Bpaxyemo e y maniii pobori. Ha puc. 1
300pakeHa cXema CHJ, SKi Tif0Th Ha aBTOIOI3M IPH TaJbMyBaHHI 3 HE3a0JOKOBaHMMH KojiecaMu. J[is
BU3HAYEHHsS] HOPMAJIbHUX PEaklLiii OMOPHOI MOBEPXHI a TaKOXK CHJI B3a€MOJIl JJaAHOK aBTOIOi3/1a B TATOBO-
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3YITHOMY MPHUCTPOi CKJIaIeMO pPIBHSIHHS pPIBHOBAard yCiX MOMEHTIB, IO [iIOTh OKPEMO Ha TATOBUH
aBTOMOOLTE Ta mpudit. J{JIs1 ITh0T0 YMOBHO P03’ €IHAEMO JIAaHKH aBTomoizaa (puc. 1).

Tar

Pucynok 1 — Cxema cur, mo JIif0Th Ha aBTOMOI3 IPY TaJIbMyBaHHI

PiBHsIHHS piBHOBaru MOMEHTIB, IO JiFOTh HA TATOBUH aBTOMOOIIb Y TIOB3IOBKHIN TUIOIIMHI CKIaJIEMO
BiJTHOCHO TIEPEIHBO] 1 3aIHBOI OCi TITOBOTO aBTOMOOLIIS:

ZMA = PjT(hT _rdl)_GTa+ R22Lr _sz(rdz _rdl)_Pz(Lr +Is)_Px(hs _rdl):O! (7)
ZMB = P;T(hT _rd2)+GTb_RzILT + Rxl(rdz _rdl)+ Px(hs _rd2)+ les =0,(8)

ne G, — cuia TsDKIHHS BiJf MacH TATOBOTO aBTOMOOUNS y cropsyikeHoMy craHi; L, — 6a3za TsaroBoro
aBTOMOOUIS; a, b, h, — KoopauHATH IIEHTpa Mac TAroBOro aBToMoOiIsA; Ny — BUCOTA PO3MIIIEHHS TUIOIIHHH
TATOBO-3YIITHOTO MPHUCTPOIO; |y — BiZICTaHh MiXK OMOPOO 34YIMTHOTO MPUCTPOIO Ta 33HBOIO BICCIO TATOBOTO
ABTOMOOJIS; Iy, Mgy — AMHAMIYHI pajiycy NEpeaHIX Ta 3aJHIX KOJIIC TATOBOrO aBTOMOOLIS BiAMOBIAHO; Py, P,
— TOPU3OHTANIFHA 1 BEPTUKAIBHA PEaKIlii B TATOBO-34ilIHOMY MPHUCTPOT; R,1, R,, — HOpManbHi peakiii Ha ocsix
TATOBOI0 aBTOMOO1/IA IIpH raabMyBaHHI. Pj, — cuna inepuii aBToMo011s.

. G,, \ :
Ockinbku P, = —fvan =-G,, xp=-R_, = _Z R, x@,
i1

TO

G 1

Pj'l' __—TR = —Rxan ! (9)

G +G, ™ 1+G,/G,

e Van— JIiHIHE CITOBUILHEHHS aBTOIOI3/a;

Ryan — 3arajibHa raabMiBHA CHJIa aBTOIIOI3/a.

Rxan = Rx] + Rx2 + Rxnp !
RXrlp = Rx3 + Rx4' (11)

(10)

ne Ryi, Ry, — cymapHi rajibMiBHI CHIIM Ha MEPEIHIN Ta 3aHIH OCAX TATOBOTO aBTOMOOIIS;
Rnp — 3arajibHa rajibMiBHA CHJIA ITPUYENIA;
Ryz, Rx4a — CyMapHi rajibMiBHI CHJIM Ha OCSIX ITpHYEIIa.

CkynazeMo piBHSIHHSI PIBHOBaru MOMEHTIB CHJI, IO JiIOTh HA MPHUYIill B TOB3I0BKHIH MJIOMIKHI:
Z MO = Pinp (hnp - hs) _an (Ln o a‘l) + RZ".U LT'p + RX"P (hS o rd”P) =0, (12)

ZMKZ - Pinp (hnp - rdnp) +and a szhp -P (hs - rdnp) =0, (13)
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ae Py, — cuna inepii npuuerna.

G, . G, 1
Pjnp —__mw V, =—— p R,=———R_,(14)
g G, +G, 1+ GT/an

ne Gy, — cuia TKIHHA BiJI Macu IpUYena;

L., — BIACTaHb Mi’K OIIOPOIO 34IITHOTO MPUCTPOIO Ta CEPEIUHOIO 3ABOEHOI OCI MpHUYEIa;

ai, b1, hy, — xoopanHaTH HeHTpa Mac mpuyena; 0-BiACTaHB BiJ LEHTPY Mac HPHYEINA O CEPeIUHH
3IIBOEHOT OCI MTpHUYETIa;

I 4np — JMHAMIYHHMI paJilyc KOJIC IPUYEIA;

Rzs, R.4,— HOpMaIbHI peakiii Ha OcsSX MpUdera Mpu ralbMyBaHH;

R,np — CyMapHa HOpMaJIbHA Peakliis Ha KoJecax npuyena.

Rznp = Rz?: + Rz4 ' (15)

O6uncmumy piBasHHESA (7), (8), (12), (13) i3 BpaxyBanHsaM piBHAHE (9), (10), (14), orpumaemo:

h —r
Xan - > _GTa+R22LT_Rx2(rd2_rd1)+Pz(Lr+Is)_Px(hs_rd1):0'(16)
1+G,, /G,
h —r
Xart 1+TGHP;23T +GTb_RZlLI‘ + Rx](rdZ _rdl)+ Px(hs _rd2)+ les :O, (17)
hn _hS
Rmm—%(% —a)+R, L +R, (h —r, )=0,/(18)

h —r
R, —2— +G d-PL_ —P(h —-r, )=0.(19
Xar l+GT/GHp p Zan x( S dnp) ( )

Jis GinbIIOCTI TaNbMIiBHHX CHUCTEM PO3MOJI CyMapHOI TalbMIiBHOI CHJIM TIO OCSIX aBTOMOi3Aa IO
MmoyaTky OJIOKYBaHHS KOJIic 3aBxau mnoctiiiHumit. [Iporte, mocmimkenus [1-4] miaATBEpIKYHOTh, IO
raJbMyBaHHS aBTOMOI37a 3 PO3MOMAIJIOM TalbMIiBHUX CHJI MO OCSIX TPAaHCIOPTHOTO 3aco0y 31 cTaliuMu
KoedinieHTaMu He Oyne MakCHMaidbHO e()EeKTHMBHHM uepe3 TOCTiHHYy 3MiHy YMOB, B SKHX Bill0yBa€ThCS
nponec ranbMyBaHHS. 3okpeMa [I. A. AHTOHOB [1] BCTaHOBHB, IO PO3MOIUI TAIbMIBHHUX CHJ IO OCAX
TPAHCIIOPTHOTO 3ac00y HEOOXITHO 3/IMCHIOBATH BiJIITOBXYHUHUCH BiJl JIFOUMX HOPMAaJIbHUX HABAHTAXKCHb.
[Ipu npoMy BenMuMHA raJbMiBHOT CHIIM Ma€ OyTH IPONOPLIHHOI0 HABAaHTAXKEHHIO.

BusnaunMo koediuieHTH po3NOAiNy 3arajbHOl raJibMiBHOI CHIIHM IO OCAX aBTOIOI3/a:

R R R,,
ﬂlZR_Xli ﬂZZR_Xzf ﬁnp: R B 1(20)

BpaxoBytoun piBHsiHHSA (10), BCTAHOBUMO CIiBBIAHOIIEHHS MK KOe]illieHTaMU PO3MOILTY 3arajibHOI
raJbMIBHOT CHIIH

,81"':32 + P =1, (21)

:81 +ﬂ2 = ﬁT , (22)

ne f1, P2 — KoedimieHTH PO3MOALTY 3arajbHOI TAIBMIBHOI CHIJTH aBTOTIOI3/1a Ha MIEPEIHIO Ta 3a/IHI0 OC1
aBTOMOOLIA-TATraya;
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Prp — KOE(IIIEHT PO3MOLTY 3araibHOI raJbMiBHOI CUIIM aBTOIOI3/1a HA OCl IIpUYera,

fr — KoeimieHT po3moaiTy 3arajbHOI TaIbMIBHOI CHIJTH aBTOIO13/1a Ha KOJIeca aBTOMOOIIIA-TATaya.

I3 piBHsHb (16-19), BpaxoByroum (20) BM3HAUMMO HOpMalbHI peaklii Ha OCSIX aBTOMOI3[a Ta
BEPTUKAIBHY PEAKLiI0 B ONOPHO-3YiIMTHOMY MPUCTPOI.

Rzl :GT£+ RXan((hT _rdZ)/LT +ﬂ1 o — T J_ Px hs — Ty + Pz (LT _Is) ,(23)
L, 1+G,, /G, L, L, L,

Rzz =GTE_ RXaH((hT _rdl)/LT —,32 Iy, — Iy J_i_ Pz [1_|_SJ_ PX hs —Iy (24)
L, 1+G,, /G, L, L L,

R, =G, ) g [(h"" by Dl ] (25)
' ’ Lﬂp 1+ GT/GHP ’ Lﬂp

P =G i+R (hﬂp_rd"p)/an_P hS_rdnp.(26)

z p L.np Xar l+ GT /an X L.np

[ BU3HaUCHHS PeaKiiii B TATOBO-34ilIHOMY MIPUCTPOI CKIIaIeMO PiBHSHHS PIBHOBArd CHJ, IO TiOTh
Ha MPHUYIN B3I0BK TOPU30HTANILHOI Ta BEPTUKAIBHOI 0ceit

P, +P, —R,, =0, (27)
P, -G, +R,, =0.(28)

3 piBasiHHA (27), BpaxoBytoun (14), (20-22), BU3HAUMMO TOPU3OHTAIBHY peakuito Py B omopHo-
3YiIHOMY NPHUCTPOT

1 1
P=P -R =R_|——M— =R -—— |- (29
X Jup Xrp Xarn (1+GT/GHP an Xart (ﬂT 1+GHP/GTJ ( )

3 piBHsIHHSA (28) BU3HAYMMO BEPTUKAIBHY PEAKLII0 B OOPHO-3YiMHOMY IPUCTPOI

P,=G,,—R,, (30)

znp *

[MincraBumo (29) B (26):

h —h h —r
I:)z :an i+ Rxan[( - S)/an +IBnp : = ] (31)
L., 1+GT/Gnp L.,

Bu3HaunMo HoOpMalbHI peakilii OMopHOI MOBEpXHI HAa OCAX TATOBOTO aBTOMOOINs. J[ns mporo
migcraBumo piBHsHHA (29) Ta (30) B (23) 1 (24), BpaxoByroun (25), oTpuMaeMo

_(hr _hS)/LT hs —Ia hs — Iy ]
b b | 1+G,, /G, A L, A L
Rzl = GT _+an _'_S_'_ Rxan ’ (32)
LT G,
L, 1+GT/an " (.
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(hT_hS)/LT +ﬁ1 hsErdl +,82 hs_rdZ _

b, | 1+an/GT . L,
_an_ 1-—=|-R,, .(33)
LU L NP G

L | 1+G,/G,

RZZ = GT i
LT hS - rdnp

Ly

ﬂnp

OBI'OBOPEHHHS PE3YJIBTATIB JOCJIAKEHHSA

Ha puc. 2 HaBemeHo rpadix 3MiHH HOPMaJIIBHHX PEaKIii OIMOPHOI MOBEPXHI Ha OCi aBTOMOOUIA i
npuyena, 3 SKOro CIiaye, o rajJbMiBHA CHJa Ha OCSAX MpUYera MPU3BOJUTH A0 OiibII IHTEHCHBHOI 3MiHU
peakiiii Ha KoJecax 3aJHbOI OCi aBTOMOOINS, YiM Ha nepeaHiid. Lle mpu3BoauTh 10 3MeHIeHHs KoedilieHTa
34YEIUICHHS, 32 SIKOTO HACTYIAE OJIOKYBaHHS KOJIC 33HBOT OCi.

30000 ‘

27500 ; ‘
25000
22500
20000

17500

15000 —u
12500

10000

HaBaHTa)<eHHA Ha Bicb, H

0 0,1 0,2 0,3 0,4 0,5 0,6
ynoeinbHeHHA aBTonoisga, m/c2

—4—1BicbTAraya == 2 Bicb TAraya 3/10€Ha BiCb Npuyena

Pucynok 2 — 3miHa HOpMaJbHUX peakiliii OMOPHOT MOBEPXHi HA OCi aBTOMOI3/Ia B TpOIIECi
rajJbMyBaHHS

OcCKiNbKH MakCHMalbHa TaJbMiBHA CHJIa Peali3yeTbcsi Ha KOJIECi NpH JIOBENICHHI HOTO 0 Mexi
OJIOKYBaHHS, TO BpaxoByro4H piBHSHHA (6) Ta (20), BU3HAYMMO yYMOBH OJHOYACHOTO JIOBEIEHHS KOJIIC

aBToMoOI3a 0 MeXi OnokyBaHHSA. OHOYACHE JTOBEACHHS 10 MEXi OJIOKYBaHHS KOJIC aBTOMOOUIS-TsATada
BiIOyIeThCSI IPY BUKOHAHHI TAKUX YMOB!

Ra = AR = 9R,,, (38)
R = BRaw = ¢R,, . (39)
Koseca HaniBnpudena nepedyBaTuMyTh Ha MEKi OJIOKyBaHHS 32 YMOBHU:
Rep = BipRean = PRy, - (40)

[Micnsa migpcranoBku piBHsHEA (31) B (34), a (32) B (35), Ta micis psiay NEpeTBOPEHb OTPHUMAEMO
3HAYEHHS 3arajibHOi TaIbMIBHOI CHITM aBTOIO13/1a, IO BIAMOBIIaTHME BCTAHOBICHUM YMOBaM
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b Gy d Il
L G, L
Rxan :¢GT : - L“p : ’(41)
(hT _hS)/LT +ﬂ hs — Iy
ho_r 1+G, /G, "* L
1- T
ﬂl[ @ ] @
Lr +|75 (hnp _hs)/an +ﬂ hs - rdnp
L, 1+GT/an " an
abo
G
a Spdf, I
R G LT GT an LT (42)
Xarn :¢ T "
(hT _hS)/LT + B hs — T _
non) | 1766 L
B, (1+¢SLT“]+¢

_[1_|5]{<hnp sV —rdnpj
Ll 66, "L,

OtpumaHi piBHSHHS BUPaXXalOTh YMOBY JIOBEICHHS 10 MeXi OJoKyBaHHs niepearix (41) ta 3axuix (42)
KOJIiC TSTOBOTO aBTOMOOUIS. [IpupiBHSBINN MIpaBi YaCTHHU JaHUX PiBHSHB, 3’SICYEMO 3HAYSHHS KoedillieHTa
3UYEIUICHHS (g KOJIIC 3 JJOPOTOI0, TIPH IKOMY BiOYBA€THCA OJHOYACHE TOBEICHHS O MEXi OJOKyBaHHS BCIX

KOJIIC aBTOMOOLIA-TAra4ya
G G
gl 2w dfy Ll g By d ]
Lr GT I-ﬂp LT LT GT Ll'[p LT

+
G _ _ _ 1+G. /G,
1+ﬂi (hT hS)/LT +ﬂ1 hs I +ﬂ2 hs P _ Is +d / P

G, L, )| 1+G, /G, L L,

T

@ = =0,061  (43)

Ilpu ¢ < @p mepHIMMU 10 MeXKi OJIOKYBaHHS OyAyTh JOBEJIeHI TepeHi Kojleca Tsrava, a Ipu ¢ > ¢g
— 3a7H1 Koneca. AHaii3yroun piBHAHHS (43), MOXKHA 3pOOWUTH BUCHOBOK, IO HOTO YHCENBPHUK MPAKTHYHO
TOPIBHIOE HYIIIO, 3 TOMY:

a GH d | b GH d |

| — L 1-=||=8| ————=——=|. (44
ﬂL%T an( uﬂ ﬂ(u G, LHPLT]( )
b G, d I

IBl_ LT GT anLT
QR

— 4 71_7

Le L L

[MincraBumo piBHsHHS (25) B (36). [licns mepeTBOPEeHb OTPUMAEMO BEIMYMHY TallbMIBHOI CHITH
npuderna, MpH sIKii Horo Koyeca nepedyBaTUMYTh Ha MEKi OJIOKyBaHHS

a4
Ly

Toni

=0,843 (45)

=14347,1 H (46)
h —r h,, —h;

ﬁ”@_w L, ]_wkm@+GJG@)
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Buxoasum 3 BeMMUWHU 3arajibHOI TaIbMIBHOI CHUIM aBTOIOI3/a, sIKa BU3HAYAEThCA piBHAHHAME (32)
a60 (33), Ta BpaxoBYIOUH, IO (P= (g, KOSDIIIEHT PO3MOIITY 3araJIbHOI ralbMiBHOI CHJIM Ha KOJIeca IpUJera,
AKHI 3a0€3MeYnTh OJHOYACHE JOBEAEHHs BCIX KOJIC aBTONOI3[a 10 MeXI OJIOKyBaHHsS, BU3HAYUMO S, —
Koe(iIi€HT PO3MOALTy 3aralbHOT raTbMIBHOI CHIIM aBTOMOI34a Ha oci mpudena. OTpumMaemMo:

np i hnp - hs
R.. L (1+G, /G,
B =0, - r‘;(_ . [Cn) =0,431 (47)
1_¢ S dop
° L

mp

Ha puc.3 HaBegeno rpadix pos3monidy 3arajpHOi TaJbMIBHOI CHJIM aBTONOi3/a Ha OCi mpudena, 3
SKOTO CIIAye, IO 3MEHIICHHS MAacH IpUYena NPU3BOAWUTH 1O 3MEHIIEHHS JOJI MpHUYena y 3araibHii
ranpMiBHIA cwii aBromoizma. [lpm 1mpomy cmig BpaxoByBaTH, MO JUId 3a0e3medeHHs e()EeKTUBHOCTI
TaIbMyBaHHS aBTONOi3/1a HEOOXiHO Y3TOJKYBaTH HE TIIBKH MAacOBi MapaMeTpd TATOBOTO aBTOMOOINS i
rpudena, a i mapaMeTpH iX TaabMiBHUX CUCTEM.

0,44
0,43
0,42
0,41
0,4

0,39 /
0,38
0,37
0,36
0,35 +

700 1000 1300 1600 1900 2200 2500 2800

Maca IIpHYemIa

o fiy,

Koe(illieHT PO3MoAUTY raibMiBHOT

Pucynok 3 — I'padik po3noainy 3arajipHOI ralbMiBHOT CHJIM aBTOIOI3/1a HA OC1 ITpyUYera

BUCHOBKH

1. BcranoBneHo, 1110 3a MOCTIHHOTO PO3MOJIUTY CyMapHOi TaJbMIBHOI CHJIM MO OCSIX aBTOMOI37a JI0
MmoyaTky OJIOKyBaHHsS KOJIC He 3a0e3nedyeThcss HeoOXimHa e(eKTHBHICTh HOro rambMyBaHHS. Posmomin
TAIBMIBHAX CHJI TI0 OCSX TPAaHCIOPTHOTO 3aco0y HEOOXiHO 3AIMCHIOBATH BiIIITOBXYIOYHCH BiJl JIFOYHX
HOpPMaJIbHUX HABAaHTAXKEHb.

2. TlokazaHo, IO raJpMiBHA CHJAa HAa OCSX IpHYENa MPHU3BOJAWTH JIO OUIBII IHTEHCHBHOI 3MiHU
peakxiiii Ha KoJiecax 3aJHbOi OCi aBTOMOOLIS, YUM Ha repenHii. Lle mpu3BoanuTs 10 3MEHIIeHHs KoedillieHTa
34EIUICHHS, 32 KOT0 HACTyIa€e OJOKYBaHHS KOJIC 3aJTHHOT OCI.

3. BusHaueHi yMOBHM OJIHOYACHOI'O JIOBEACHHS KOJIC aBTOIOI3[a A0 Mexi OnokyBaHHs. [Ipu 1pomy
BCTaHOBJICHO, II0 3MEHILIEHHS MacH MpHYena MPU3BOAMTH IO 3MEHIIEHHs J0Jii IpuYena y 3arajibHii
TaJIbMiBHIN CHJII aBTOIOi31a, TOOTO JUIs 3a0e3nedeHHs] e()eKTUBHOCTI raJIbMyBaHHS aBTOIOI37]a HEOOXiTHO
y3ro/KYBaTH HE TIIBKM MacOBi MMapaMeTpH TATOBOTO aBTOMOOINS i MpHUena, a i mapaMeTpH ix raibMiBHHX
CHUCTEM.

Po3pobiena MaTtemaTiuHa MOJENb aBTOIOI3/1a B MPOLECi raJbMyBaHHA MOXXe OyTH BUKOPUCTaHA y
MOJIANILIIOMY JUIS aHaNi3y KOHCTPYKTHBHHX 1 €KCIUTyaTamiiHuX (akTopiB Ha CTIHKICTh aBTOMOi3Na Yy
raJbMIBHOMY PEXKHMIi, a TakoX JJisi OOIpYHTYBaHHS CITiBBIJTHOIICHHS MacH aBTOMOOINS 1 mpuyena Juis
3a0e3rneyeHHs] €(peKTUBHOCTI rajlbMyBaHHS aBTOINOI3/a 33 BiICYyTHOCTI aHTHOJIOKYBAIbHOI CUCTEMH Ha OCAX
MPUYIITHOT JTAHKH.
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Sakhno V. P., Onyshchuk V. P., Bosenko V. M., Stelmashchuk S. V. Analysis of the Braking
Process of a Vehicle with an O2-Category Trailer.

The paper considers the emergency braking of a vehicle combination consisting of a towing vehicle
and an O2-category trailer with regard to directional stability. It is shown that the widely used constant
distribution of the total braking force between the axles of the road train does not ensure braking efficiency
and may cause premature wheel lock on individual axles. The object is the vehicle—trailer road train in
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braking mode; the aim is to develop a planar mathematical model for determining normal reactions on the
wheels, forces in the coupling and the conditions for simultaneous approach of all wheels to the lock limit.

The model is based on equilibrium equations of forces and moments for the towing vehicle and the
trailer, taking into account braking-force distribution coefficients, coordinates of centers of mass, dynamic
tyre radii and the height of the coupling point. Analytical expressions are derived for normal reactions on all
axles and for vertical and horizontal reactions in the coupling, which makes it possible to evaluate
redistribution of axle loads during deceleration.

It has been established that the braking force acting on the trailer axles causes a more intensive change
of reactions on the wheels of the rear axle of the towing vehicle than on the front axle, which reduces the
adhesion coefficient at which the rear wheels lock. Conditions for simultaneous attainment of the lock limit
by all wheels of the combination have been obtained, as well as the optimum share of the total braking force
that should be assigned to the trailer axles. The proposed model can be used when choosing mass and
braking-system parameters of vehicles with O2-category trailers to ensure stable and efficient braking
without anti-lock systems.

Keywords: vehicle combination; towing vehicle; O2-category trailer; emergency braking; distribution
of braking forces; normal reactions; coupling device; adhesion coefficient; wheel lock; mathematical model.
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Coxkonenko O.B.
Hayionanenuti mpancnopmuuii ynisepcumem, m.Kuis

MOXKJIUBICTDb 3ACTOCYBAHHS TEJIEMATUYHUX CUCTEM /U1 KOHTPOJIIO 3A
TEXHIYHUM CTAHOM TPAHCIIOPTHX 3ACOBIB

3 pO3BUTKOM E€JEKTPOHHOTO OCHAIIEHHS! aBTOMOO1IIB HEYXMIIBHO 3POCTA€ POJIb TEIEMAaTHKU B aBTOMOOUIBHII
MIPOMUCIIOBOCTI. 3a PI3HMMH OIHKaMH OiJblla YacTMHA IHHOBAIii B Taly3i HOB's3aHa caMe 3 eJIEKTPOHIKOIO.
ITigBuieHHs 6e3MeKH Ha aBTOMOOLIBHOMY TPAHCIIOPTI AOCATAETHCS 3aBISIKU cucteMam jgonomoru Boaiesi (ADAS) —
00poO0IIi JaHUX 30py, paaapy, Bidyalisamil Ta JaT4hKaMm, a TAaKOX aJalTHBHAM CHCTEMaM OCBITIICHHS, TEXHOJOTISIM
BiOOpa)keHHS Ta MOHITOPUHTY IJIsI KOPHCTyBada. EKOJIOTIYHICTE 3a0e3MeuyeThCsl CHCTEMaMH KepyBaHHs JBUTYHOM,
BHCOKOC()EKTHBHOIO IHTENEKTYalbHOIO CHIIOBOIO EIEKTPOHIKOI0. TpaHCMOpPTHI 3aCO0M OCHALIAIOTHCS CHCTEMaMH
BU3HAUEHHS MO3HMLIT Ha MICIIEBOCTI Ta 0OMiHY iH(poOpMaIi€ro. Po3pobaseThest KOHIEIIS MiKII0YEHUX TPAHCIIOPTHUX
3aco0iB, 110 NOCTIHO HaHaKTh iH(pOpMalio mpo cebe Ta OTPUMYIOTH iH(OPMAIliI0 PO oToUyroYe cepeposuiie. Ha
CHOT'OJIHI aBTOBUPOOHUKH OCHALTYIOTh KOHTPOJIBHAMH JAaTYUKAMH BCl BaXKITMBI BY3JIH aBTOMOOLIS, B pe3yIbTaTi 4OTo
(hopMyEThCSI TIOTIK JaHUX PO PoOOTY KIFOYOBHX CHCTEM TPAHCHOPTHOTO 3aco0y. TeneMaTrnka yocoOIoe moeHAHHS
TEXHOJIOT1H 300py Ta mepenadi iHpopmanii Bix aBToM0o6i1s1. BoHa inTerpye GPS-BincTexeHHs, 60pPTOBY AiarHOCTHUKY,
CEHCOPHI TEXHOJIOTIi Ta CHCTEMH 0e3POTOBOTO 3B sI3Ky B €IMHY CHCTEMY YIIPABIIIHHS TPAaHCHOPTHUMH 3aco0aMH Ta
BomissMu. Tenematuka 3a0e3revye ONTHMI3aIli0 ONEepaIliifHol MisIHOCTI 32 JOMOMOTOK TUHAMIYHOTO IIaHYBaHHS
MapIIpyTiB, MOHITOPUHTY MOBEAIHKH BOJIIB Ta YIPaBIiHHS MATUBHOIO €()EKTHBHICTIO.

Jlns BupimieHHS 3a7adi MPOTHO3HOTO TEXHIYHOTO OOCIyrOBYBaHHS Ta MOKPAIICHHS JKUTTEBOTO LHUKITY
TPaHCHOPTHUX 3aco0iB MmOTpiOHO oOpaTH edexTHBHUI cmocid BimmaneHoro 3B’s3Ky. OOpaHa TEXHOJOTIA Mae
BIJIIOBiIaTH BUMOTaM IO JAJIBHOCTI Hepenadi iHdopMarii, IBUAKOCTI Ta Oe3MedHOCT] nepenadi qanux. [Hpopmaris,
IO HepelacThCss Mae OyTH CBOEYAcCHO 0OpoOieHa Ta OyTH 3MICTOBHOIO JUISl NPUHHATTS YHPaBIIHCHKHX pillIeHb
MEHEJDKMEHTOM TPAHCIIOPTHUX KOMITaHIH.

KnrouoBi ciioBa: Tenemarmka, TeleMaTH4HAa CHCTEMa, IiarHOCTHYHI IapaMeTpH, OOpTOBa iarHOCTHKA,
IHTENIeKTyalbHi TPAaHCIIOPTHI CHCTEMH, OE3JPOTOBHI 3B S30K, IPOTHO3YBaHHS TEXHIYHOTO CTaHY.

BCTYII

TenemarnuHi cuctemu Bxke Oiunbine 20 poKiB € MPeaMETOM yBaru 0araTboX (axiBIliB aBTOMOOUILHOT
raiysi 3 pi3HUX KpaiH. 3HaYeHHsI TEXHOJIOTII MOCTIHO 3pocTae, ajke 3a ii TOMOMOTo MOXKHA OTPUMYBATH
iHHY 1H(QOpMAII0 TPO NPOAYKTUBHICTH TPAHCHIOPTHUX 3aco0iB, BiJICTEXKYBATH MiCIIE3HAXO/HKECHHH,
MOBEIIHKY BOJIIIB Ta BUTpaTy NanuBa, TEXHIYHWH CTAH TPAHCHOPTHUX 3aco0iB. OTpumana iHdopmaris €
0a3010 U1l POPMYBaHHS YIIPABIIHCHKHUX PIlICHb Ta YJIOCKOHAJICHHS CUCTEMH TEXHIYHOI'O OOCIyrOBYBaHHS
aBTOMOO1ITiB. TakKMM YMHOM ITiIBUIYETHCSI €()EKTUBHICTh YIPABIIHHS aBTOMAPKOM, 3HIDKYIOTHCS BUTPATH
Ha TMATPUMAaHHS pPyXOMOTO CKJIagy B poOOYOMYy CTaHi, TWiJBHIIYEThCS Oe3leka s BOJIIIB Ta
HaBKOJIMIIHBOTO cepenoBuina [1].

TexHosoris TeJeMaTHKH CTBOpEHA Ha CTHKY TelleKoMyHikamii ta indopmaruku. [louaTkoBo BOHa
Oa3yBanach Ha BupimeHHi 3amgady GPS-nairamii. lle OyB mMeToa MOHITOPHUHTY aBTOMOOLTIB, BaHTaXKiBOK,
oOyiaJiHaHHS Ta IHIIMX aKTUBIB 3a jgomomoroto texHoiorii GPS Tta GoproBoi miarHoctuku (OBD) s
BiJOOpa)keHHsI TIepeMillleHb aKTHBIB Ha KOMIT IOTEPH30BaHii KapTi. Ajie B MOJAIbIIOMY BiZIOyBCS CYTTEBUIA
po3BHUTOK ii (yHKIIOHANBHUX MOxiuBocTel [1]. Choromui ¢yHKIiH OXOIUIIOTH 30ip, aHaNi3 Ta mepenayy
JaHUX 3 BIJJIJICHUX JDKEpeN 3a JOMOMOrOI TEJIEKOMYHIKALiHUX NpUCTPOiB. MOXKIMBOCTI TeleMaTHKU
MoYaiM 3aCTOCOBYBATH JUIS IIJIBUIICHHS OC3MEKHM Ha TpaHCHOpTi. 3apa3 po3poOHMKIB IfikaBisaTh GPS-
HaBirauisi, JUcTaHLiiHA MiarHOCTHKA, BiACTEKEHHs TPAaHCIIOPTHHUX 3acO0IB y PEXHMI PEalbHOro 4acy Ta
CHUCTEMH pearyBaHHs Ha Haa3BHuaiiHi cutyanii. Tememarnka aBToMoOimiB iHTerpye GPS-BincrexeHHs,
OOpPTOBY JlIarHOCTUKY, CEHCOPHI TEXHOJIOTIi Ta CUCTEMH O€3POTOBOTO 3B 'SI3KY B €JJHY CUCTEMY YIPaBIiHHS
TPaHCHOPTHUMH 3aco0amMu  Ta BoAisMU. [Ipu3HaueHHS TexHoyorii B 0OMiHI iHOpMaIi€lo Mix
TPaHCHOPTHUMH 3aco0aMH Ta HEHTpaMu OOpoOKM aaHuX. DaxiBli BBaXKAOTh IO TEXHOJOTiI0 OJHUM i3
HAMBAXJIMBINIMX TEXHOJOTIYHUX JIOCATHEHb B VYIIPABIiHHI TPAHCIOPTOM 3a OCTaHHE JecaTWITTs [3].
3aBAsKH IHTErpalii TeJleMaTHMKH aBTOMOOLUIbHA ITPOMHCIIOBICTH CYTTEBO TpaHCchopmyeThes. IloyaTkoBo
CHCTEMH BCTaHOBIIOBAJIMCh Ha IpEMialbHi JIETKOBI aBTOMOOiN, MPOTE CHOTOAHI L€ BaKIMBa (YHKIIs
0araTb0X Cy4yacHHX TPAHCIOPTHHX 3aco0iB. Jlo PO3BUTKY TeJIeMaTHKH CHOHYKajla rocTpa HEeOOXiJHICTb
MOKPAIIUTH KOMYHIKAI[iF0 B TPAHCTIOPTHi#t ramy3i [2]. TexHosoriss Mae BETUKHIA TOTESHIA YISl T IBUIIICHHSI
€KOHOMIYHOT €)eKTUBHOCTI TPAHCTIOPTHUX MiIIPUEMCTB.

AHAJII3 JITEPATYPHUX JAHUX TA IOCTAHOBKA IMTPOBJIEMU

ABTOHOMHI Ta TIIKITIOYEHI TPaHCHOPTHI 3acO0M — 1€ HOBITHI TEXHOJOTIl, $KI BUKIWKAIN
HaJ3BUYAWHUNA 1HTEpEC 3 MOTIIMY IiIBUINEHHS OC3MEeKH Ha TPAHCIIOPTi, CKOJIOTIYHOCTI Ta €KOHOMIYHOCTI
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BUKOPHUCTAHHA aBTOMOOUTIB. IloCTymoBUIT pO3BHUTOK TEXHOJOTIA 3akjiaB OCHOBY [UII PO3POOKH
Inrenexryansaux Tparcmoptamx Cuctem (ITC). CpiToBi Kopmoparllii MmoJaad po3poOKH B HaIMPSMKY
CTBOPEHHSI aBTOHOMHHUX aBTOMOOiNB. Lleli kpok 6a3zyeTbcsi Ha BHKOPHCTaHHI TeJIEMaTHYHUX CHCTEM B
KepyBaHHI aBToMmoOineM. Posurok ITC BBaxkaroTh OZHMM 3 KIIOYOBUX (AKTOpPIB MIATPUMKH PO
TPAHCIIOPTHOTO CEKTOPa, B TOMY YHCIIi 1 afjanTamii 70 KIIMaTHIHUX 3MiH 1 IOM SIKIIIEHHS iX HaCHiAKIB [4].

HoBiTHI TEXHOJNOTIYHI CHCTEMH 3HAYHOIO MIpOIO 3ajJekaTh BiJl OE3MpOTOBOI Tepemadi MaHUX Ta
3B s13Ky. BukopucroByroun texnosorito GPS, GopToBy nmiarHOCTHKY, JaTYMKH Ta CUCTEMH O€3IpOTOBOTO
3B 3Ky, TelleMaThKa aBTOMAapKy CTBOPIOE KOMIUIEKCHY CHCTEMY JMdaHUX, sKa TpaHchopmye crocid
YIpaBIiHHSA TPAHCIIOPTHUMH 3ac00aMy Ta BOJISMH. 3aBASKH MOXKIHUBOCTI 300py iH(popMmarii 3 moHax 70
TOYOK JaHMX aBTOMOOLISA MEHEIKEpU aBTOMAapKy OTPHUMYIOTh HOBHHM pIBEHb KEPyBaHHS OIEpallisiMH.
[lepenatoTbcsi neTanbHI MOKA3HUKU LIOAO MiCHE3HAXOIKEHHS TPAHCIIOPTHOTO 3aco0y, BHTPATH MaJIMBa,
JIarHOCTHKY JBUTYHA, TOBEIIHKH BOJIs Ta orepamiiHoi eexTuBHOCTI [3].

Omneparopu asromapkiB B CLIA, gxi BOpoBaKylOTh TeIeMaTHUYHI DPILICHHS, MOBIAOMISIOTH PO
exoHoMito manmmBa Bixm 20 g0 30%, 110 MPU3BOAMTH 10 3HAYHOTO 3HMKCHHS BUTPAT HA HATMBOMICTKI
omeparii [6]. OckinbKu mMigNIpHEMCTBA aBTOMOOUIBHOI Taiy3i 3HAXOIATHCS MMiJ] 3POCTAIOYMM THCKOM
MiIBUIICHHS e(EeKTUBHOCTI, TelleMaTHKa aBTONMapKy Habupae Bce Oinble 3Ha4eHHS B JOCATHEHHI WX MLJIEH.
upoke BmnpoBamkeHHs TexHojorii 4G Ta 5G me Oinblle NPUCKOPWIO PO3BUTOK TeJIEMATHYHHX
MoknuBocTel. OCKIJbKM TeJIeMaTHKa MPOJOBXKYE PO3BHUBATUCS, 1HTErpamis 3 MAlIMHHUM HAaBYaHHSAM Ta
MITYYHAM 1HTEJIEKTOM JI03BOJISIE BUKOPHCTOBYBATH JeNaii CKIAIHINIY MPOTHO3HY aHANITHKY, ONTHUMI3allito
MapIIpyTiB Ta aBTOMATU30BaHE YIPaBIiHH BiAMOBIHICTIO BUMoram [3].

B ocHOBy TenemaTtuku Oyll0 TMOKJIAJCHO TEXHOJIOTIO Tio0anmpHOTO mosuiioHyBanHa (GPS), ska
JIO3BOJISIE TOYHO BIiJCTEXKYBATH TPAHCIOPTHI 3acO0OM 3 TOYHICTIO, SK TPaBHUJIO, B MeXaX 3-5 MeTpiB.
JocnipkeHHs, MO0 OUIHIOTh KomepuidHi GPS-mpuiimadi, TpoIeMOHCTpYBaIM CEpeqHIO MOXHOKY
MO3HIIOHYBaHHS 2,54 MeTpa B yMOBax BiKpUTOro Heba 3i CTaHAApTHUM BiaxwieHHsM 1,28 merpa 3a
KiIbKOMa TECTOBHMH cIeHapisMu. [IpOXyKTHBHICTH B3HWKYETHCSI B MICBKHX yMOBaX, Je OymiBii
NEPEIIKOIKAIOTh CYIIyTHUKOBUM CHUTHAIaM, IO NPU3BOIUTH N0 3HWXKEHHS TOYHOCTI Ha 30-45%. CyuacHi
TeJIeMaTHYHI CHCTEMH JIOJIAl0Th i oOMexeHHs 3aBasku gonoMixaid GPS (A-GPS), sika mokpaiiye TO4HICTh
MO3HIIIOHYBAHHS B CKJIaJHUX YMOBaX, BUKOPUCTOBYIOUH JIaHi CTIILHUKOBOI Mepexi. TereMaTnyHi pilieHHs
Oe3nocepelHO B3aEMOJIIOTh 3 OOpTOBMMH aiarHocTHUHUMH nopramu (OBD) tpancnopTHuX 3aco0iB,
orpumytoun goctyn 10 muHu CAN (Controller Area Network) it OTpUMaHHS KPUTUYHO BaXKIIMBHUX JaHHUX
po NpoayKTUBHICTh. Llelt cranaapTu3oBanmii iHTepdeiic, 000B A3KOBUIL sl TPAHCIIOPTHUX 3ac00iB 3 1996
POKY, 3a0e31e4ye TOCTYI 10 COTEHb apaMeTPiB TPAHCIOPTHOTO 3ac00y B PEXXUMI peanbHOro vyacy [3].

[lepcneKTUBHUM € BUKOPHCTaHHS TAKUX CHUCTEM JJIsl KOHTPOJIIO TEXHIYHOTO CTaHy TPaHCIIOPTHOTO
3aco0y, pyxy Ta po3TalllyBaHHs aBTOMOOLISI, ONTUMI3allii MapIIPyTiB Ta Yacy JOCTaBKU BAaHTAXKIB KiHIIEBOMY
3aMOBHUKY. Ll TexHomoris € komOiHamiero poOoTH martuukiB ans 300py iHbopMarii, MOOITEHUX
nepeaBaviB Ta 3aco0iB oTpumManHs iH(opMartii, GPS TpekepiB Ta mporpaMHoOro 3a0e3nevYeHHs Uit 00poOKH
naHuX. TereMaTu4Hi CUCTEMU 37IaTHI NiepeaaBaTH BelUKi MacuBH iH(GopMarii. L{inkom MoXHa MpecTaBuTH
CYYacHUI MiIKIIOYEHUI TPAHCIIOPTHUH 3aci0 y BHIIISI CKIIAHOI CEHCOPHOI Mepexi. KoMInieke BasKIMBUX
MTOTOKIB JIaHUX TIOCTIHHO T€HEPYETHCS Ta MepelacThCst iHpopMaIllis Ipo TEXHIYHUA CTaH Ta MPOyKTHBHICTh
TpaHCIOPTHOrO 3aco0y. IHTepdeiicn OOpTOBOI MiarHOCTHKM (DIKCYIOTH Ta HAJAIOTh JOCTYH JIO KOJIIB
HecripaBHocTeld. Takox ¢ikcyerbess iHQoOpMalis TpPo MPHUCKOPEHHs, OiYHI KOJMBAHHS, TaJIbMyBaHHS
aBTOMOOUIs. Bes us iHdopmanist Moxe OyTr BUKOpHCTaHa Ui €(EeKTUBHOTO KEPYBaHHS MTAPKOM PYyXOMOTO
CKJIaJy Ta KOHTPOJIEM 3a HOro TEXHIYHUM CTaHOM [2].

3a JI0TIOMOTOI0 TeJIEeMATUKU MOXKITMBE TUIAHYBaHHS CKIIQJIHUX MapIIpyTiB 3 BpaxyBaHHSM 3MiHH YMOB
nocTaBki. € po3poOKU TeleMaTHYHUX IUIaTGOPM, IO BUKOPUCTOBYIOTH JIaHI PO JOPOXKHIA PyX Yy pekumi
peabHOro yacy jAjsl BU3HAYCHHS! ONTHMAaJIbHUX MapUIPYTiB AOCTaBKH. BpaxoByIOThCS AaHi PO JOPOXKHIN
pPYyX, MOTOJHI YMOBU Ta MPONOHYEThCS ONTUMAIbHUN BapiaHT MapuipyTy. Tako (iKCyeTbcs MOBEiHKA
BOJIisI, siKa CYTTEBO BIUTMBAE Ha Oe3MeKy, epeKTUBHICTh Ta eKCIUTyaTalliiHi BUTpatH [7].

Hnst  aBTOMOOUTBHMX MiANPHUEMCTB YKpaiHM XapakTepHe [OMiHyBaHHS apromapky B 10-15
aBTOMOOUTIB. TIpOCHiAKOBYEThCS TEHJACHIIST 30UNBIICHHS CEPEIHBOrO BIKY pPyXoMoro ckmamy [5].
BukopucTaHHs cepBiciB BiJUIiJICHOT TIATPUMKH BiJ] BAPOOHUKA BCE IIe HE MA€E MUPOKOTO POMOBCIOKEHHSI
Ha PUHKY aBTOMOOIIBHMX mepeBe3eHb. llIBuimie MoXHa Ka3aTh NpO IMOYATKOBHH CTaH 3allpOBaKEHHS.
[lepeBakHa OIMBIIICTD MIANPUEMCTB Taly3i MalOTh TOCTPY NOTPeOy B KOHTPOJIi 32 TEXHIYHUM CTaHOM SK Ha
BHPOOHMIITBI TaK 1 i 9ac peucy.

Iloctae muTaHHA YU TEXHIYHO MOXJIMBE ULIMPOKE 3aCTOCYBAHHSA TEJIEMAaTHKH aBTOMOOUIBHUMU
MiANPUEMCTBAMH HAIIO KpaiHU BPaxOBYIOUH CTPYKTYPY Ta CIEHU(iKy aBTOHApKYy.
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HUIb TA 3AJJAYI JOCTIIKEHHSA

B mpomy nocmipKeHHI PO3IIIANAlOTBCS TEXHOJIOTII Oe31poTOBOI mepedadi JaHUX Ta MOXKIIHMBICTH
BUKOPUCTAHHS TEJIEMAaTHKH IS MPOTHO3YBaHHS TEXHIYHOTO CTaHy TPaHCIOPTHHX 3aco0iB. 3 Orisay Ha
CTPYKTYPY PYXOMOTO CKJIaAy YKpaiHCBKHX MiANPHUEMCTB 32 BIKOM Ta KUJIBKICTIO, aKTyaJbHHM € TIOIIYK
pIIIEHHA, IO 3MOXKE HAJaTH MOKJIMBICTh KOHTPOJIOBATH BiJJIaJieHO Ta aKyMyJIOBaTH iH(OpPMAIIO PO
TEXHIYHWH CTaH TpaHCHOPTHHX 3aco0iB. OcobmmBy yBary ¢axiBiiB mpuBeprae 30ip TiarHOCTHYHOI
indopmanii came miag Yac pyxy, Opu poOOYOMYy HABaHT@KEHHI Ha MABHTYH, MAlIWBHY CHCTEMY Ta
€JIEKTOMPOBOJIKY aBTOMOOLTA. Take pimeHHS Mae OyTH JAOCTYIMHHM IUIS TEPECiYHOTO aBTOTPAHCIIOPTHOTO
MIANPUEMCTBA Ta 3pYyYHHUM Y BUKOpHCTaHHI. BaximBo peamizyBaTé 30ip OCHOBHHX IiarHOCTHYHHX
napameTpiB, IO HaAAIOTh 0a30By iHpOpMawilo mpo poOOTy ABUTYHA, BHTPATy NalbHOTO, TajbMiBHOI
CHUCTEMH, KOPOOKHU MEepEeKITIOUeHH nepeaay Ta 34erIeHHsL.

PE3YJIbTATU JOCILXKEHHS

s mepenavi JaHUX B TEJIEMATHII BUKOPUCTOBYETHCS KiIbKa TEXHOJIOT1H, 10 MalOTh CBOI PiOpiTETH
3aCTOCYBaHHS B 3aJIeXKHOCTI BiJ KOHKpeTHOI 3azavi. CTITBHHKOBI Mepexi (OpPMYIOTh OCHOBHUH KaHal
nepenayi gaHux, a TexHosoris 4G 3abesrneuye cepeaHi0 MIBUAKICTh BUCXIAHOTO 3 €aHaHHsA 5-12 M6it/c y
MOOIUTFHOMY CEpEeIIOBHIII, IO JAOCTaTHBO Ui nepenadi 20-40 MO TenemMaTHYHUX NaHWUX MIOAHS HA ONWH
tpancropthuii 3aci6 [8]. 3 exnanns Bluetooth 3a6esneuyroTh 38 30K Ha KOPOTKii BiACTaHi 3 MOGLILHUMHU
MOPUCTPOSIMU Ta TIeprepiiHUMH AaTIMKAMH 31 IMBUIKICTIO nepenadi ganux 10 3 Moit/c. Iigkmouenns Wi-
Fi mpomoHye BHCOKOIIBUIKICHY TNepeaady AaHHX, KOJNM TPAHCIIOPTHI 3aCO0M 3HAXOAATHCS B MeExax
JIOCSDKHOCTI  1H(PAaCTPYKTypu Jeno, ¢(MEeKTHBHO PO3BAaHTAXYIOUM KEIIOBaHI JIarHOCTUYHI JKypHAJIA Ta
Bijleomani. J{yist omnepaliiii y BiJaqeHHX pailoHaX CYMyTHHKOBHH 3B 30K 3a0e3meuye riodaibHe MOKPUTTS 3
JIOCTYTHICTIO 98%, X04a ¥ 31 3HKEHHOIO MIBHIKICTIO epeaadi ganux 2,4 — 9,6 k6it/c [3].

Po3BuToKk TexHOJOTIN mepemayi JaHUX OE3APOTOBHUM CIIOCOOOM BiNOYBAETbCS 33 HACTYITHHUMH
Hanpsimkamu: Ha OocHOBi WLAN Ha OCHOBI CTUIbHHMKOBOTO 3B f3Ky. BHKOpHCTaHHsS IMX TEXHOJIOTid
JI03BOJISIE PO3POOJIATH TUIH TiIKITIOYEHHS «aBTOMOOiIb-aBTOMOOLTEY (V2V) Ta «aBTOoMOOiIb-BCen(V2X).
Cranmapt IEEE 802.11 takox Bimomuii sk DSRC (Dedicated Short-Range Communacations —BumijieHuit
3B'S130K ONKHBOTO pamiycy nii) OyB po3poOJeHHid jis MiITPUMKH HOBHX 3aCTOCYBaHb, IO
BHKOPHCTOBYIOTH O€37POTOBHIT 3B 30K MiK TPACHMOPTHUMHU 3acobaMu. BiH MICTUTH 1Bi OCHOBHI MepexkeBi
tonouorii: iHppacTpykrypHy BSS Ta Hesanexny BSS (IBSS). O6uasi mi Tomosorii mpu3HauYeHi s
MOOUTBHUX TIPUCTPOIB, 1 CHHXPOHI3allisl MK By3JaMHu MOTpiOHA yepe3 Masku. Bonu imeHTH(DIKYIOTBCS 32
JoromMoror0  yHikanpHoro BSSID. Peanmizamist 802.11p B aBTOMOOUIEHOMY CEpE/IOBHIN BHMAarae
BCTAQHOBJICHHS B KEpyBaHHI 3a3Jajerib BHU3HAYCHHX YACTOTHUX KaHamiB, Takux sk G5-CCH [10].
Opurinansauil 3B's30k  V2X BukopucroBye TtexHojoriro WLAN Tta mnpamtoe Oe3mocepeqHbO Mik
TpaHcopTHuMu  3acobamu  (V2V), a Takok MiK TPAHCIOPTHUMH 3aco0aMH Ta  JIOPOXKHBOIO
indpactpykryporo (V21). WLAN oco6uBo 100pe miAXoanuTh s 38 13Ky V2X 3aBAsSKH HU3bKUI 3aTPHMIIL.
IIpore WLAN oOmesxeHuii OM>KHIM, B IeKiIbKa COTEHb METPiB, paiiycoM Aii.

Pucynok 1 KoHierniiist miakIrO4YeHHX TPAHCTIOPTHHX 3aco0iB [4].

3GPP (3" Generation Partnership Project) — mapTHepchka acomjarisi Ipyn TeNeKOMYHIKAIIHHIX
KOMITaHili, TOJIOBHOIO METOI0 CTBOPEHHS SIKOI € po3po0Ka Ta BIPOBADKECHHS CTAHIAPTIB JJISI MEPEKEBUX
TexHoori# Tpethoro mokosinas (3G), craHmapTH3allisi apxiTeKTypu Mepex Ta cepsiciB. CTiIbHHKOBA
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texuomoriss Ha ocHoBi 3GPP - Cellular-V2X (C-V2X) mpomoHye 4YymoBy NPOAYKTHBHICTE Ta OLIBII
nepcrnekTuBHui pamiogoctyn, Hixk IEEE 802.11p, 1 MoKe BUKOPHUCTOBYBAaTH CTaHIAPTH Ta TECTH BEPXHBOIO
piBas ETSI-ITS, ISO, SAE Ta IEEE, sxi BoockoHam0BaIuCsI aBTOMOOIBHOK MTPOMUCIIOBICTIO Ta IHITUMH
yineHamu criibHOTH I TS mpoTsrom monan necstumitrs [11].

C-V2X oxommoe MOToYHI Ta MaWOyTHi mporpamMu V2X 3 MOKpalIeHUMH apXiTeKTypamH Ta
(YHKIISIME pagiopiBHS, BUKOPHUCTOBYIOUH CTUTBHUKOBI TEXHOIOTIi K ocHOBY. DyHIaMeHTaTbHUIT MOMEHT
noJsirae B Tomy, mo C-V2X Bkirouae KijbKa pexxumiB nepenadi, oguH 3 akux — V2N. V2N BukopuctoBye
KOMEPIHHY CTUTFHUKOBY MEPEXY Ta TOJIhOBE OONaJHAHHS, KM KepyIOTh OMEpaTopyd MOOITFHIX MEpex
(MNO). Bxutouennsi omepatopa MoOuThbHOT Mepexi mis V2N 103BoJisiE BUKOPUCTOBYBATH CIIEKTP 1032
Mexxamu ITS, y HU3BKUX Jiama3oHax Ui BUCOKOI HAaJiHOCTI 0OCIyroBOyBaHHS, 0 MUTIMETPOBHX XBHIb Y
5G nmns mepemaui Benukux 00csariB ganux. Ha momatox mo V2N, npsmuii 38 s30k C-V2X Hapasi
pospobuiennii st pobotu B criektpi ITS (5,9 I'rin) y pesknMi, mo 3abe3nedyye aHOHIMHICTD Ta BiJICYTHICTh
BUMOTH JI0 CTITBHUKOBOTO 3B $13Ky. O/IHI€I0 3 TOMIOBHUX MepeBar CTIILHUKOBOTO 3B 3Ky € T€, 10 BiH MOXeE
OXOILTIOBAaTH Bci mporpamMu V2X HAcKpi3HUM cHocoOOM 3a JIOMOMOTOK Ti€l K TEXHOJOril, i ToMy €
MaciuTaboBaHUM Ta PO3BHBAcThCA. IIpsammii 3B s30k C-V2X 3acHOBaHMI Ha TEXHIUHHX CrENupiKamisax
3GPP, nossomse 3miiicaroBatu 3B 130k V2V (Vehicle to Vehicle), V2I (Vehicle to Infrastructure) Ta V2P
(Vehicle to Pedestrian) 6e3 BuMoOr a0 m0maTKOBOI MepekeBoi iH(ppacTpykrypu. C-V2X mae kparry
MPOIYKTHBHICTD MPSIMOTO 3B 53Ky MopiBHAHO 3 802.11p, a TakoX MPOIMOHYE BHIIiH CTYIiHb OE3MEKH ISt
BCix pexxnmiB podotu. st Texronorii C-V2X mpooBKyrOThCS BUMPOOYBaHHS CTaOITFHOCTI Ta AabHOCTI
3B 13Ky B YMOBaxX MEraroJiicy Ta Ha BiJIaICHUX MiKMiChKHX Tpacax [11].

Texuomnoris LORa (ckopoueno Bim long range — moBruil jgiama3oH) — Ii¢ TeXHiKa MOIYJISAMIi 3
PO3IIMPEHHAM CHEKTpoM Bin kommanii Semtech. Ils Ge3mporoBa miatdhopMa BHPI3HIETHCS BETHKUM
panmiycom aii Ta HHM3BKMM eHeprocnoxuBaHHsM. [Ipuctpoi Ta Mmepexi Lora, Taki sk LORaWAN®,
J03BOJISIIOTh cTBOproBaTH iHTenekTyanbHi 10T (Internet of Things) nomaTku, 1m0 BHKOPHUCTOBYHOTHCS Yy
BHpIIICHHI HAHBIAMOBIMANBHININX 3a/1a4 B Pi3HUX Tally3saX. 3aBIsKH BenMuKiil mampHOCTI Aii LoRa, Hu3pkomy
€HEeproCMOKMBAaHHIO Ta MOXKIUBOCTAM Teonokarii 6e3 GPS, BaHTaxi, TpaHCTIOPTHI 3ac00W Ta iHII aKTUBU
MOJKHA JIETKO KOHTPOJIIOBATH y BEJNHKHUX TeorpadiyHuX perioHax Ta B CKIQJHUX YMOBax, A€ TpaAuLiiHi
pillIeHHS 1151 3B'S3KY HE CIIPaIboBYIOTH [12].

LoRa BHWKOpPHCTOBYe TMepenoBi NaT4WKW, sKi 3a0e3medytoTh OesmepebiliHe IMMiIKITIOYeHHS Ta
BIJICTEXKCHHS B PEXKHMI PeallbHOIO Yacy y MaciiTabHUX Mepekax moctaBok. Jlatumku 3 miarpuMkoro LORa
3a0e3MeuyI0Th BUKOHAHHS TAKHUX 32124 SIK:

®MOHITOPHUHT MICII€3HAXO/PKEHHS, CTaH Ta IEpPEeMIllleHHs I[IHHUX BaHTaXiB, KOHTEHHEPIB Ta
o0naTHaHH 1O TII00AIBHUX JIAHIIIOTaX MOCTABOK,

®MOHITOPHHT XOJIOJJOBOTO JIAHIIIOTa 3a0€3MeUeHHs ONITHMAIBHUX YMOB JUISl TOBapiB, YyTJIMBHX JI0
TEeMITEpaTypH, IPOTATOM TPAHCIIOPTYBAHHS Ta 30epiraHHs,

®BiJICTeXKEHHS MPOJAYKTHUBHOCTI TPAaHCIIOPTHHUX 3aco0iB, ONTHMi3allii MapumpyTy Ta MOBEIiHKA
BOJIIIB,

€aBTOMATH3AIlisI MOHITOPUHTY 3amaciB, ONTHMi3allisi BAKOPUCTAHHS CXOBHUIIIA.

Crhix BiAMITUTH, IIO NPHCTPOI JKUBIATHCS BiAg OaTtapedok Ta pO3rOPTAIOTHCS B  MOPCHKHX
KOHTelHepax, pedprxepaTopax, CKIagax, PO3MOAUIBYMX LEHTPaX, MOPCHKHX CyAax Ta BiJJIAJICHUX
cxoBuinax. be3aporoBa pamiodactorHa TexHosoris LORa Bixm Semtech 3abGesnedye mokputTs Ha Benukiii
BiJICTaHi, HAJIHU3BKOTO EHEPrOCHOXHBAHHS Ta TPHBAIOTO TEPMiHY CIYKOW aKymylsiTopa, MPHCTPOi 3
migTpuMkoro LORa 3abe3medyroTh MiAKIIOYEHHS J0 TIOOAIBHHUX JIAHIIOTIB TIOCTaBOK, CKIIQJIHUX
TPAHCIIOPTHUX YMOB Ta BiJJIAJICHUX JIOTICTHYHHX 00 €KTiB. [Ipalforour Ha HEIIEH30BaHOMY CIEKTpi 3
Mepexxamn LORAWAN 111 mpucTpoi NmpomoHyOTh €KOHOMIYHO eeKTHBHI, MaciiTaboBaHi pIlICHHS, IO
JIOTIOBHIOIOTH iICHYIOYY CTIJIBHUKOBY, cymyTHHKOBY Ta Wi-Fi iHdpacTpykTypy.

KirouoBi xapakrepuctuku LORa Brito4aroTh:

oJloBra nanpHicTh: LORA 3a3Buyaii mae pajiyc nii 10-20 kioMeTpiB Ha BIIKPUTHX MpocTopax (B
3aJIeKHOCTI Bijl TIOTYXKHOCTI TepefaBada Moxe Oyt 1o 50 kM.), mo 3abe3nedye HaailiHUHA
3B SI30K HABITh 3 BIUIIEHUMH JaTYHKaMU a00 TIPUCTPOSMH.

eHusbke eHeprocnoxuBanHid — LORA imeanpHO MiAXOMUTH IS MPHUCTPOIB, IO MPALIOITh Bij
Oarapeiiok.

eAnantiBHA MBUAKICTh mnepenadi ganux (ADR) — npucrpoi LORa MoXyTh aBTOMAaTHYHO
PETyIIOBAaTH MIBHUIKICT MEpeiadi JaHUX 3aJIeKHO BiJl YMOB HAaBKOJHMIIHBOTO CEPEIOBHINA Ta
AKoCTi 3B s3Ky. Ile mimBuIye eHeproeeKTHBHICTh, 3a0€3MeUy0Ur IpH IBOMY HaIiifHICThH
3B SI3KY.
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ePo3BuTOK MpoTokoiy LORaAWAN 3 BiIKpUTHM KOJIOM CIIPHSIE TOMUPEHHIO TEXHOIOTII.
LoRaWAN ( Long Range Wide Area Network) — me mepexepuii piBens TexHosorii LORa, sxwii
n03BoJ1ste pucTposim LORa miaxmodaTucs 1o intepaety [13]. OcHoBHrMu kommonentamu LORaWAN e:

eHu3bKOCHEPreTHYHI IaTYMKH Ta MPUCTPOI, M0 MAKII0UatoThes 10 mepexi LoRaWAN.

o]llimt03u siKi OTPUMYIOTH JaHi Bil IpucTpoiB LORA Ta mepenatoTs ix 10 Mepexi.

oCepBep mepexki LORaAWAN, skuii kepye Ta o0poOisie BXifHI JaHi BiJ WDIIO3iB, a TaKOX
3a0e3reuye 3B 530K 3 BiAMOBIHIM MyHKTOM MPU3HAYCHHSI.

oCepBep nonatkiB oOpoOnsie BximHi mani Bim LORaAWAN, ananizye iX Ha piBHI JOJATKIB Ta
30epirae abo mpeAcTaBIse IX KOPHUCTYBaYEBi.

oL oRaWAN o6a3yerscst Ha mporokosi Aloha Ta 103BoJIsle KiTBKOM By3JIaM Iepe/iaBaTh JaHi B
onHomy cmektpi. Kpim Toro, LORaWAN 3abesneuye Oe3medHuid 3B SI30K  3aBISKH
HACKpi3HOMY IIHU(POBAHHIO Ta 3aX0/1aM OC3ICKH.
[Mpunnunu podotn LoRaAWAN BkIr04aI0Th:

©30ip manux gatumkis: Jani 3 mpuctpoiB LORa 36uparotses cycynnimu nurrozamu LoRa.

el[lepemaya manmx depe3 momo3n 1o wmepexxi LORAWAN 3 BukopucraHHSM HEOOXiTHUX
MIPOTOKOJIB.

eO0poOKa MEpeKEeBUM CEpBEpOM Ta 3a0e3MEUYCHHS HUM 3B 53Ky 3 BiAMOBIIHHM CEpBEPOM
JOJIATKIB 151 TIOJATBIIIOT OOPOOKH.

¢O0po0Ka Ha piBHI JIOJIATKIB.

Chirp Spread Spectrum (CSS) — ne dyHaaMeHTaTLHUE METOJ MOJIYJIALIL, 1[0 BUKOPHUCTOBYETHCS B
LoRa. Lleit Merom MomymsIiii AO3BOJISIE JOCATTH JAIEKOTO Pajliycy MAii Ta HU3BKOTO €HEpPrOCIOXHUBAHHS.
OcHoBHu#t npuniun CSS monsArae B MOAYIIALIT HECYy4oi YaCTOTH JIiHIHHO 3MiHHUM cUTHajioM. Ha BimMiHy
BiJ] TPaIUIIIHHUX METO/IIB MOJYJIALLT, Ie HeCy4ya 4yacToTa € MocTiiiHOI0, B CSS BOHA 3MIHIOETHCS 3 YacOM, IO
MPU3BOIUTH JIO0 «PO3IOJIITY» CHTHAY B YaCTOTHIN 00JIacTi.

Monymsiis CSS B LORa 3abesneuye oany 3 kiarouoBux mepeBar LORa — 1i 3B 130K Ha BEIUKii
BiICTaHI Ta HHU3bKE e€HeprocrnoxuBaHHsi. KpiM Toro, BoHa 3abe3medye THYYKICTh IJsI PO3POOHUKIB,
BPaxOBYIOUH Pi3Hi CIIeHapii 3aCTOCYBaHHS.

OBI'OBOPEHHA PE3YJIBTATIB JOCJIAKEHHSA

Crannapt |IEEE 802.11p — Hazmae MoiMBicTh peanizalii 0e3ApOTOBOTO NOCTYNY B TPAaHCIIOPTHHX
cepemoBumax. lLle Brkimoyae OOMIH JaHUMH MK TPAHCIOPTHHMH 3acobaMH  Ta  JIOPOKHBOIO
indpactpykryporo — Vehicle to Everything (V2X) y ninenzoBanomy mianmasoni ITS 5,9 T'Tu. TexHosnoris
LIMPOKO 3aCTOCOBYETHCS ANl PO3BUTKY IHTenekTyanpHux TpancnoptHux Cucrem. [Ipote ocoGimBocTsaimu
BUKOPUCTAHHS TEXHOJOTil € OMU3bKWHU pajniyc mii ans nepeaaBaHHs iHpopmallii, oOMekeHa MIBHIKICTH
nepeaayl JJaHWX, BUCOKE EHEProClOKMBAHHS, BITHOCHO BHCOKa BapTICTh PO3BUTKY Mepexki. MaitOyTHe
3aCTOCYBaHHS IIbOTO CTAHIAPTY 3B 3Ky MOB 3aHO 3 TPAHCIIOPTHOK iHYPACTPYKTYPOIO MEraroJricis.

C-V2X mae edexkTuBHICTb, 3pOCTar04y MPOIYKTHBHICTh Ta PO3MIUPEHHS MaHOYyTHIX 3aCTOCYBaHb B
nepcnekTrBax HeaocspkHUX st 802.11p. V' moBrocTpokoBili MEPCIEeKTUBI OnepaTopu MOOUTBHUX MEpex
MOXYTh BHKOPHCTOBYBAaTH ICHYIOWY CTUIBHUKOBY I1H(PAaCTPyKTYypy M CHPHAHHS e(QeKTHBHOMY
posropranHio TexHousorii V2X. OcHOBHUI HanpsMOK 3aCTOCYBaHHSI TEXHOJIOTT B 3abe3nedeHHi Oe3nexu
pyXy uepe3 TOCTiiiHe mepeaBaHHs iH(oOpMalii Bij Jimapy, paaapiB Ta Kamep TPaHCIOPTHHX 3aco0iB /0
HEHTpiB 00poOKH iH(hopMallii Ta IHIINX TPAHCIIOPTHHUX 3ac00iB.

LoRaWAN — wmae panpHii paagiyc nii, HU3BKY €HEpPro3aTpaTHICTh, NMPOCTOTY PO3TOPTaHHS Ta
JOCTATHIO INBMJKICTh Ta 3axMINCHICTh Nepefadl gaHuX. TEXHOJOris Mae€ aKTUBHHA pO3BUTOK B
TPaHCMOPTHIN rany3i. IleprioyeproBo naTuyuMKy 30MparOTh JaHi 31 CBOIO CEepEAOBHINA, Hamadl MPUCTPOI
BUKOPHUCTOBYIOTh MOAYJIsALi0 LORa myst mepenaui 3i0paHnx JaHWX MMaKkeTaMu, UTIO3M B pafiyci il KiHIeBUX
MPUCTPOiB NPUIMAIOTh MAKETH JAaHUX Ta IepeNaroTh OTPUMaHi JaHi Ha MEpEeKEBHI cepBep, IO CIIYKUTb
eHTpoMm kepyBaHHS Mepexeio LORaAWAN. Mepexesnii cepBep kepye mepexero LORaWAN, BukoHyroun
pi3Hi 3aBHaHHs: aBTeHTUdIKALiI0, MKU(PYBaHHS AaHUX 1 MapLIPyTU3aLilo.

BUCHOBKHU

Po3BHUTOK TeneMaTUKK JOBOAMTH MOXIJIMBICTH Ta JOLLIBHICTh OTPUMAaHHS JIarHOCTUYHOI iH(popMaIlil
BiJ] aBTOMOOLIIIB TiJ1 Yac pyXy 3 poO0oYnM HaBaHTaXeHHsM. J[iisi BHKOHaHHS 3aj1a4i mepejadi iHpopmMailii Bij
TPaHCHOPTHUX 3ac00iB B PI3HUX PEXHMax pyxy HaWOUIbII e(pEeKTUBHUM Ta €KOHOMIYHO AOLIIBHUM €
3actocyBaHHs TexHoJorii LORa uepes mepexxy LORaWAN. BukopucranHs 1i€l TexHOIOTIT 3a0e3neuye
MIBUIKY Iepeaady HeoOXigHOTro 00 eMy iH(opMallii mpH HU3bKOMY €HEPrOCIIOKHBAHHI Ta MiHIMaJbHUM
BUMOraM 110 iH(QpacTpykTypu. PosropranHs Ta o0OCIyroByBaHHS MEpeXi HE BHMAara€ BHCOKHX
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KalTaJOBKIAACHh IPU I[bOMY TEXHOJIOTiS Ma€ JOCTAaTHIA piBeHb 3axucTy iHdopmarii. I[Tpuctpoi 3
miaTpuMKkoro LORa MoxyTh mepenaTy MiHHI TaHi IS OIIHKK TEXHIYHOTO CTaHy aBTOMOOIIS.
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Sokolenko O. V. The possibility of using telematics for monitoring the technical condition of vehicles.

With the development of electronic equipment in cars, the role of telematics in the automotive industry is
steadily growing. According to various estimates, most of the innovations in the industry are related to electronics.
Increased safety in motor transport is achieved thanks to driver assistance systems (ADAS) - processing of vision data,
radar, visualization and sensors, as well as adaptive lighting systems, display and monitoring technologies for the user.
Environmental friendliness is ensured by engine control systems, highly efficient intelligent power electronics. Vehicles
are equipped with systems for determining position on the ground and exchanging information. The concept of
connected vehicles is being developed, which constantly provide information about themselves and receive information
about the surrounding environment. Today, automakers equip all important vehicle components with control sensors, as
a result of which a data flow is formed about the operation of key vehicle systems. Telematics represents a combination
of technologies for collecting and transmitting information from the vehicle. It integrates GPS tracking, on-board
diagnostics, sensor technologies and wireless communication systems into a single vehicle and driver management
system. Telematics optimizes operational activities through dynamic route planning, driver behavior monitoring and
fuel efficiency management.

To solve the problem of predictive maintenance and improve the life cycle of vehicles, it is necessary to choose
an effective method of remote communication. The selected technology must meet the requirements for information
transmission range, speed and security of data transmission. The transmitted information must be processed in a timely
manner and be meaningful for making management decisions by the management of transport companies.

Keywords: telematics, telematics system, diagnostic parameters, on-board diagnostics, intelligent transport
systems, wireless communication, technical condition prediction.
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BU3HAYEHHSA KOE®IINIEHTA OIIOPY BIYHOMY BIJIBEJAEHHIO

[IpoaHanizoBaHO ICHYIOWI METONWKHM Ta HABEICHO pPE3yJbTaTH EKCHEPHMEHTAJIbHHX JOCHIIKEHb IOI0
BU3HAYEHHs KoedillieHTa onopy 6iYHOMY BiiBeIeHHIO Ha HenedopMoBaHiil omopHiit moBepxHi. [lix gac mociimpKeHHs
BOT0 KoedirieHTa y poOOoTi po3risIaeThes MMHA, CKIAJ0BOI0 YaCTHHOIO IIITICHOTO MEXaHI3MYy SIKHM € elIacTHYHe
Koseco. BomHouac po3pi3HAETBCS pyX Kojleca O KPUBONIHIMHIN TpaekTopil Ta IUIOCKO-TIApaNeNbHAN pyxX 3
BigBeneHHsAM. [lig yac pyxy Kojeca O KpHBOJIiHIHIN TpaekTopii BiIOyBa€eThCSl OAHOYACHO OidHE 3MILIEHHS ANCKA Ta
HOro 3aKpydyBaHHS BiJHOCHO BiZOMTKa IIMHHU, IO CIPHYUHIOE OiUHY CHIIy Ta MOMEHT 3aKpydyBaHHS BiZHOCHO
BepTUKAIBHOI oci. [Imocko-mapanensHuil pyx Kojeca 3 BiABEICHHSAM 3YMOBIIO€ Oi4HE 3MIIlEHHsS TUCKAa BiIHOCHO
BiAOWTKA IIMHHU, IO COPUYMHIOE OiYHY CHIIy, sKa 3MillleHa BIIHOCHO IEHTpa BiAOMTKAa MmMHMHU. SIK pyX @O
KPHBOJIHIIHIN TpaeKkTOpil, TaK i IIOCKO-NapajeIbHIH PyX 3 BIABEACHHSM II0B’s13aHi 3 OIYHOIO CHIIOK0, SIKa 3aJIeXKUTh
Bix KoedimieHTa omopy OiYHOMY BiIBEIEHHIO. 3alPOITOHOBAHO BH3HAYATH EKCIIEPUMEHTAIBHO KOeQiLieHT omnopy
O0IYHOMY BIJIBEIICHHIO IIMH BAaHTA)XHUX aBTOMOOLIIB, BHKOPHCTOBYIOUM aBTOMOOIIL O€3MOCepPEeIHBO SK TecTep.
HaBezneHo aHaMITHYHI 3a€XHOCTI, SIKi HOB’S3yI0Th (QYHKIIOHAIFHO KOe]ilieHT ormopy OiYHOMY BifBEAEHHIO, OI4HY
KOPCTKICTh IIMHHU, KyTOBY >KOPCTKICTh BiIHOCHO BEPTHUKAIBHOI OCi Ta MO3JOBXKHIO BiCh KOHTAKTHOTO BimOwtka. Lli
3aJIeKHOCTI JO3BOJISIOTh BU3HAYATH IIel KoedilieHT moOiuHUM MeToaoM. [logaHo pe3yapTaTi eKCIIePUMEHTATBHUX Ta
PO3paxyHKOBHX JaHWX IBOro KoedimieHTa ans mupokonpodineHoi muman 1300x530-533 mon. BU-201, saxa
BCTaHOBIIOETHCS HA TIOBHONPHUBIAHMX aBTOMOOLIIAX KpA3.

PesynbraTy DOCTIKEHb MOKYTh CTaTH y HaroJi (axiBIisiM, SKi IPAIIOIOTh HaJl IOKPAIICHHSIM KEPOBAaHOCTI Ta
CTIHKOCTI pyXy aBTOMOOITIB.

KorouoBi cioBa: xoedimieHT onopy 0iYHOMY BiJIBEICHHIO, KYT BiJJBEACHHs, OiYHA JKOPCTKICTh, KOHTAKTHUI
BiZIOMTOK IIMHY, METOANKA, HeAe(hOPMOBaHa OIIOPHA TIOBEPXHSI.

BCTYII

KoeinienT onopy 6iYHOMY BiIBEIEHHIO XapaKTepHU3ye IIMHY ITiJ1 Yac pyxy KoJieca 1o KpUBOJiHIHHIN
TpaekTopii Ta MiJ Yac IIIOCKO-TIApaNeIbHOT0 PyXy 3 KyToM BifBeleHHs. OCKIJBKH MijJ 4ac eKcIuryararii
KOJIICHUH TPaHCIIOPTHUH 3aci0 pyXa€eThes 3 Pi3HUMHU pajiiycaMy KpUBH3HH 110 KPUBOJIHIMHIN TpaekTopii Ta
HaBiTh MiJ Yac pyXy MO NPSAMOJNIHIMHIA TpaekTopii, a y pas3i Ail Oi4HOI cuiM — 3 BIJBEACHHSAM, TOMY
3HauYeHHs KoedimieHTa oropy OiYHOMY BiZBEIEHHIO HEOOXiIHE JIs BU3HAYEHHsS] KEPOBAHOCTI Ta CTIHKOCTI
pyxy. Ockinbku koedilieHT onopy OiYHOMY BiJIBEJICHHIO ITOB’s3aHUI 3 OIYHOIO CHIIOIO IIij] 4ac pyxy IO
KpUBOIHIWHIA TpaekTopii abo mig dYac IUIOCKO-TIAPaNIEIbHOTO pPyXy 3 BIIBEACHHSAM, TOMY
EKCIEPUMEHTAIbHO MOXKe BH3HAYAaTHCh 332 LMX YMOB pyXy. Bunukae nmpoOrnema mono BU3HaYeHHS Ol4HOL
CHJIY TiJ] Yac PyXy OCOOJHBO KOJIIC BAHTAXXHUX aBTOMOOLIIB, SIKi MalOTh 3HAYHI HABAHTAXXKCHHS Ta ra0apuTH.
Bu3HaueHHIO METOMKH €KCIIEPUMEHTAIbHUX JOCIIKeHb KOedillieHTa Oropy Oi4HOMY BIJBEICHHIO IIUH 3
ypaxyBaHHSM X ra0apHTiB Ta HAaBaHTAXXEHb MPUCBSYEHA 115 pOoOOTa.

AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMH

XapakTepUCTHKA HMIHHU (QOPMYIOThCS 1i MPY)KHUMH BIACTHBOCTSMHU Ta MOJUISIOTHCS Ha CTaTHYHI,
BUMIpSHI Yy HEpYXOMOMY CTaHi, Ta KIHEMaTU4YHI — BUMIPSIHI [iA Yac il KoueHHs. 3 oAy Aii Ha WHHY 014HOT
CHJIM JI0 CTaTHYHUX XapaKTEPUCTHUK HAICKUTh OIYHA KOPCTKICTh MIMHH Kg, 10 KIHEMAaTHYHUX — KOE(DIlieHT
oropy 6iYHOMY BifiBeIEHHIO K,.

biyHy OpCTKicTh MIMHK Ks BU3HAYAIOTH SK MOXiAHY O0i4HOI cuii Fj; BiTHOCHO OIYHOTO 3MIllIEHHS ),
mpu y = 0:

dF,
ke =— . 1
2 a} }':D ( )

VY pobotax [1, 2] roBopuThCH, 110 GiTHA HKOPCTKICTH TICHO IMOB’s3aHAa 3 XapaKTEPUCTHKAMH IIMHU TIi T
yac KO4YeHHs 3 BimBeneHHsAM. JKOPCTKICTh MPOTEKTOpa HAa 3TMHAHHS 3HAYHO OuIbINA, HIXK JKOPCTKICTh
O0OKOBUHHU, TOMY Je(hOpMAIiEI0 T'YMH HPOTEKTOpPAa HEXTYIOTh. biuHe 3MIIIEHHS y B TOYI[ MONEPEYHOIO
HaBaHTaXeHHs F; € cyMOI0 TIOCTynanbHOro GIYHOTO 3MIMIEHHS y; Ta OIYHOTO 3MILICHHS V,, CIPHYMHEHOTO
MO3aIUIOIMHHUM TTOBOPOTOM. BidHY KOPCTKICTh IIMHU BU3HAYAIOTh TaK:

1

g o=2__f _ _ @)

Yoy ntw T4
TT ks Az

e rh — pamiyc koseca; K; — OiuHa OCHOBHA JKOPCTKICTh IIMHH HA OJWHUINO JOBXUHH HA MOBEPXHI
MpoTeKTopa; Ry, — KyToBa ®KOPCTKICTh ITUHH.
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KoedimienT omopy 6iuHOMy BinBeneHHIO K, BU3HAYarOTh K MOXiAHY OiuHOI cmim Fs; BiZHOCHO KyTa
BiBeaeHHS J, ipu 0 = 0:
aF
kg = — L 3)

dé o=0

3a Masoro KyTta BiIBeICHHS XapakTepucTuky F; = f(0) MoxHa armpokcuMyBaT JiHIHHOO 3aJISKHICTIO,
HaXMJI K0T 710 oci abciuc TopiBHIOE KoeillieHTy onopy OiYHOMY BifBEACHHIO K,.

Leit koedilieHT 3a1eKUTh Bi HOPMAJIbHOTO HABAaHTAXKEHHS Ha IIMHY, THCKY MOBITPs B mmHI [3, 4],
TUITY [IWHY, ii pO3Mipy, KiJIbKOCTI IapiB KOy, KyTa KOpIy, IMUPUHA Kojeca [5—7]. J[is KOHKPETHOI IHHA
OCHOBHUMHM UYWHHHMKAMH € HaBaHT&)KEHHA Ta THCK TIOBITpS B IIMHI. BIUIMB MIBHIKOCTI BBaXKa€ThCS
HE3HAYHHM.

VHacmioK 30i7bIICHHS HABAaHTAXXCHHs Ha I[IMHY Ta THUCKY B IIMHI 3HAa4eHHs KoedimieHra K,
301IBIIYETHCS. AHaNI3 Pe3ysbTaTiB CKCIIEPUMEHTAIBHUX OCITI/DKCHb K, IIHH JIETKOBHX Ta BaHTAKHHX
aBTOMOOUTIB [8] moOKka3zaB, MmO JJisi MPOTECTOBAHUX IIUH JICTKOBUX AaBTOMOOUTIB KOCSQIIIEHT IOCSTae
MaKCHMyMYy 3a HOMIHAQJbHOTO HaBAHTAKCHHS Ta 3MEHIIYETHCS 3 MOJAIBIINM 30LTBIICHHIM HOPMAJIEHOTO
HaBaHTAXEHHs. [ IMIMH BaHTQXHUX aBTOMOOUTIB KoedimieHT K, MpomoBxkye 301IbIIyBaTHCS TTOHA
HOMiHAJIbHE HABAaHTAXKEHHS, X04a TeMIT 301IbIICHHS 3MEHIITYEThCS.

V paaianbHUX mKHAX KoeilieHT onopy OiYHOMY BiJBEACHHIO OLTBLINIA, HIX Y IiaroHadbHHX [9].

3anexHicTh KoedimieHTa ormopy OGiYHOMY BiJBEACHHIO BiJf HOPMAIFHOTO HABAHTAXEHHS BHUPAXKAIOThH
MOJTIHOMOM JIpyroro abo BHIIOTO MOPsAKY [5]:

k, = a6, — bG2, (4)
ne a, b — koedinientn; G, — HOpMaJbHE HABAaHTA)KEHHS HA IMUHY. 3Ha4YCHHs KoedillieHTiB a, b y pobori He
3a3HAYAETHCS.

VY moneni muan H. Pacejka, «Mariuna ¢opmyna» [10], 3anexnicts koedirieHra omnopy GidHOMY
BiJIBEJICHHIO Bi/l HOPMAJILHOTO HABaHTA)KEHHS 3alIPOITOHOBAHO IMOIABATH SIK CHHYCOiJaJIbHA 3aJIeKHICTh:
by = oy sin[?ar'u:tg{t?m-’ai:]], (5)
Ie das, a4 — eMmImipu4Hi koediientu; G, — HOpMaJlbHE HABaHTAXXCHHS. THIIOBI 3HAYCHHS KOE(]IIi€HTIB:
as = 55 xH/pan, as = 4 xH [4].
Y pobori [11] koedimieHT omopy OIYHOMY BiZABEIECHHIO TMPOIOHYETHCS BH3HAYATH SK (DYHKIIFO
HOPMAJTPHOTO HABAHTAXXEHHS 3 ypaxyBaHHSIM THITY IITUH TaK:
ke = kGK! (6)
ne kK — koedirienT, BeaMUYMHA SKOTO 3aJICKUTh BiJl TUIY NIMHK; s pamiaapaux mmH K = 0,16 1/rpan, mis
miaronangpaux K = 0,128 1/rpan.

VY po6ori [12] koedilieHT onopy 6GiYHOMY BiJBEICHHIO PEKOMEHIYIOTh BU3HAYATH 32 BUPA30M:
_ 5730810 65102

g == — (7)

o
ne Kk, — xoeoirtient onopy 6iuHoMy BinBementHio, H/pam; a — mo3M0BKHSA BiCh KOHTAKTHOTO BiOWTKA HITHHH,

NPUBE/ICHA JI0 PIBHOBEIMKOTO MPSIMOKYTHHKA, M; Gy — HaBaHTa)XeHHs Ha KoJeco, H.

VY poborti [13] HaBeneHO pe3ynbTaTH EKCHEPUMEHTAJIBHUX JOCHIPKEHb OI4HOI >KOPCTKOCTI LIMHU
P215/75 R14, sixi npoBOAMIUCH HAa CTEHJII 3 TOPU30HTAILHOK OMOPHOIO MOBepxHeto. [Ipu HaBaHTaXCHHI Ha
kosieco Gy = 9100 H, Tucky nositpst p,, = 0,22 MIla Giuna )opcTKicTh mmHH ckiana K, = 559500 H/wm.

Jis aHamizy HaBeIEeHUX 3aJIeKHOCTEH MpOBENEeMO pO3paxyHKH KoedimieHTa omopy OigHOMY
BiJIBEJICHHIO 1151 upokonpodibHoi mman 1300x530-533 mox. BUJ1-201, pagiansHoi muan 9.00-20P Moz,
N-H142b, muan miauiieHoi npoxigHocTi 1200x440-530 mox. U-I1184. PesyibTatu po3paxyHKOBUX Ta
eKCIEpUMEHTAIbHUX JaHUX, SIKi OTPUMaHi Ha 3aBojax BUpoOHHKiB aBToM0O1iB KpA3 ta KamA3 HaBeneHo
y Tabm. 1.

I3 anmanizy Tabm. 1 BUIHO, MO PE3yNLTATH PO3PAXYHKOBHX JAHHX CYTTEBO DPI3HATHCS MK COOOIO.
Haii6inein mocToBipHi gaHi 3a0e3neuye 3anexHicTb (7).

Ha migcraBi mpoBeneHoro aHaiizy Ta BpaxOBYIOUM 3HayyIlicTh KoedilieHTa omopy OiuHOMY
BIJIBEJICHHIO ITiJ] 4aC JOCJIIHKSHHSI KEPOBAHOCTI Ta CTIMKOCTI aBTOMOO1Is, CHOPMYJILOBAHO METY POOOTH.

Tabmuns 1 — Pesyneratu nocnimpkeHHs KoedillieHTa ornopy OiYHOMY BiJIBEJICHHIO

[[una
1300x530-533 9.00-20P 1200x400-533
KoedirienT onopy 6iuHOMYy BigBeeHHIO K, mox. BUJI-201 mox. M-H142b mon. U-I1184
Gy =27 kH, Gy=21,5xH, Gy = 26 kH,
a=0,29 M a=0,24m a=0,295m
k, = 57.3x55 sin[2arctg(G, /4)], H/pan (5) 15955 19827 16538
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ks =57,3(0,128...0,16)G,, H/pax (6) 198028 197112 190694
T T ]
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HIb TA 3AJJAYI JOCTIAKEHHSA

Mera HOCTIIKEHHS — BH3HAYHTHCH 3 METOAMKOIO EKCIICPUMEHTAIIBHOTO BHU3HAYCHHSA KoedilrieHTa
oropy 01YHOMY BiJJBEICHHIO 3 YpaxXyBaHHSIM KOHCTPYKTHBHUX MapaMeTpiB €TacCTHYHHUX KOJIiC, MaTepialbHUX
Ta YaCOBHX BUTPAT.

PE3YJBTATHU JOCJJIIKEHb

Ha 3HauyeHHs koeoilieHTta K, BIUIMBaIOTh KOHCTPYKTHBHI OCOOJMBOCTI INWHHU, YPaxoOBYIOUH ii
MPU3HAYCHHS, HABAaHTA)XEHHs, THCK IOBITPS y IIMHI Ta KyT BiABEJCHHS, 32 SKOTO EKCIIEPUMEHTAJIbHO
BU3HA4YaBCsl Koe(illieHT omopy OidHOMY BimBemeHHIO. EKcriepuMeHTanbHe BU3HAYEHHs Koedimienta K,
MOB’s13aHe 31 3HAYHUMH TPYAHOIAMH BU3HAUYEHHS O1YHOT CHIIM i 4ac pyXy Kojeca 3 KyTOM BiJBeJCHHS Ha
IUIOCKIH OMOpHiM moBepxHi. AHami3 miteparypuux kepen [10, 13, 14] 3acBimuuB, moO BU3HAYCHHS
KoedimieHTa onopy 6i9HOMY BiIBEIEHHIO 31HCHIOIOTH IBOMA CITOCOOAMM:

— TIPSIMAM CIIOCOOOM, SIKHIH MOJIATAE B €KCIIEPUMEHTAILHOMY BU3HAYCHHI 3AJIEKHOCTI OI9HOT CHITH Bifl
KyTa BiJIBEJICHHS;

— TOOIYHUM CIOCOOOM, SIKMH BpaxoBy€ (YHKI[IOHANBHUI 3B’S30K MK PO3MipaMH KOHTaKTHOTO
BiIOMTKA, KYTOBOKO JKOPCTKICTIO IIMHHW BIJHOCHO BEPTHKAIBHOI OCi, OIYHOIO JKOPCTKICTIO IIMHHA Ta
Koe(illieHTOM OIopy OIYHOMY BiJIBEJCHHIO ITiJ] 4ac pyXy KoJjeca 3 BiIBSICHHSIM.

3a npsiMoro crnocoly sIK eKCIIepUMEHTANbHY YCTaHOBKY BUKOPHCTOBYIOTH CTEHII a00 aBTOMOOLUTB. Y
pa3i BHKOPUCTAHHSA CTEHAAa HOTO MOMIIMBOCTI IIOAO IIMH BAHTAXHUX aBTOMOOLTIB OOMEXEeHi, TOMY
TOCTIDKEHHS TPOBOJIATH i3 MIMHAMHM JIETKOBHX aBTOMOOLIIB. BogHOYac cTeHAN PIi3HATHCS OCOOTMBOCTAMU
OIIOPHOT TTOBEPXHIi.

Y ©OapabaHHOMY CTEeHII OMOPHOIO TMOBEPXHEI0 CIYTye MeTalieBUi OapabaH, miaMeTp SKOTO Mae
MEPEeBUIYBATH AiaMeTp IUHU mpudbmuzHo y 3,5 pasu. Kyt OidHOro BiIBENCHHS 3aJA€ThCA MUIIXOM
MOBOPOTY JHMCKa KoJieca BiTHOCHO BEPTHKAILHOI OCi. JIJIs IMH BaHTQXKHUX aBTOMOOLIIB CTBOPEHHS TaKOTO
CTeHJa NOTpedye 3HAYHUX MaTepialbHUX 1 4yacoBuX BHTpaT. OKpiM TOro, yMOBH KOHTaKTy IIWHH 3
METaJIEBOIO TIOBEPXHEI0 OapabaHa BiAPI3HSIOTHCS BiJl YMOB Ha TOPH3OHTANBHIN JOPO3i, IO MPU3BOANUTH O
3MiHHU TUCKY B 30HI KOHTaKTy Ta KOe(illieHTa 3YeTJICHHSI.

Crenmyu, y SKHX Ha TOPU3OHTAIBHY IMOBEPXHIO CIHPAETHCS KOJECO, PyX Koyeca BiAOYBa€ThCs IO
KPHUBOJIIHIHHUX TPAEKTOPISX 3 PI3HUMH pajiycaMd KpPHUBH3HHM Ta KyTramu Biaserenus [15, 16]. Pamiyc
KPHUBU3HH TpaekTopii moBuHeH Oyt R > /0,2, ne a — mpuBeneHa 0 PiBHOBEIUKOTO INPSIMOKYTHHKA
MOJIOBMHA TTO3/I0BXKHBOI OCl KOHTAKTHOTO BiIONTKa mHU. DikcyroThes GivHa cuia, cTabili3ylounii MOMEHT
IIMHH, TIPUKJIAJICHA JI0 CTeHIa CHJIa JUIs 3a0e3MeUeHHs pyXy Kojeca IPH Pyci 3 Pi3HUMH KyTaMH BiJBEICHHS
Ta paxiycaMud KpuBH3HU. BomHowac raGapuTu IIMH BaHTa)KHUX aBTOMOOUTIB Ta iX HaBaHTaKEHHS
00MEXYIOTh MOYKJIMBOCTI CTBOPEHHS TAKUX CTCH/IIB, @ TOMY JIOCIIIJKYIOThCS IIIMHU JISTKOBUX aBTOMOOLITIB.

Jnsi BHU3HAYeHHS XapaKTePHCTUK IIWH BAHTAXXHUX aBTOMOOITIB BUPOOHUKH BUKOPUCTOBYIOTh
aBTOMOOUIb SIK €KCIIEPUMEHTAIbHY YCTAHOBKY. JI IbOTO KIMHAMH MK OQJIKOI0 KEpOBaHOTO MOCTa Ta
pecopaMu YCTaHOBIIOETHCS HYJIBOBUI KYT TO3I0BKHBOTO HAaXWIy IIBOPHSA. 3a 3HATOI MONEPEYHOI TATU
(ikcyeThcs MpaBe KEpOBaHE KOJIECO CIEHialbHUM KPOHIITEHHOM, SIKMH 3aKpIIUTIOETBCS A0 OalKu MOCTY
OJHHMM KiHIIEM, a IHIIMM — 4Yepe3 IIapoBY OMNOpPY A0 MOBOPOTHOTO BaXKesl y KOHYCHHU OTBip KpiIUICHHS
3HATOI MOMEPEeYHOI TATH. 3MIHOIO JOBXKWHHM KpPOHIITEHHA YCTaHOBIIOETHCS (HiKCOBaHUM KYT BiIBEICHHS.
[psmoniHiiiHUA pyX aBTOMOOUIS 3a0€3MeUyETHCS MOBOPOTOM JIIBOIO KEPOBAHOIO KoJieca BOJIEM IIiJ Yac
pyxy. MeTo/loM TeH30MeTpyBaHHS BU3HAYAIOTh CTaOUTI3YIOUHH MOMEHT IIIMHH, 1[0 BUHUKAE TiJl Yac pyxy 3
BiJIBEICHHSIM NPaBOro KepoBaHOTro Koneca. Ll{ono 6iuHOT cuiy, sSiKka BUHUKAE MiJ 9ac PyXy 3 BiABEICHHAM, TO
MiXK OaKOW KEpOBAaHOTO MOCTa Ta TEpEeNHIMH PecopaMy YCTAHOBIIOIOTHCS TEH30METPHYHI MPOCTaBKH.
biuna cuna, moO BUHHMKAaE Ha KEpPOBAaHMX Kojecax IMiJ 4ac pyxy 3 BiJBEJCHHIM, CIPHAMAETHCS
TEH30METPUYHUMH TpocTaBKaMu. [lepeBarn — BUKOPHCTOBYETHCS iICHYIOUHMH aBTOMOO1Ib, AOCIHIIKYIOTHCS
LIMHY, SKI YCTaHOBJIEHI Ha aBTOMOOLII, Topora BiAIIOBia€ YMOBaM, y SIKUX €KCIUIyaTye€ThCsl aBTOMOOLIb.
OpHaue, sSIK IMOKa3aB aHali3 IMPOBEIACHMX aBTOPOM JOCII/DKEHb Ha BaHTaXHUX aBTOMOOUIAX KpA3 Ta
KamA3, BUHNKaOTh MpoOJIeMH 31 CTBOPEHHSM AATYHMKIB BU3HAYEHHS O14HOI CHJIM MiJl Yac pyxy, MIBUIKICTb
PYXy oOMexeHa.

[oGiunuit MeTo] TPYHTYEThCS Ha (PYHKIIOHAILHOMY 3B’SI3KY, SKHH iCHY€ MK KOe(illieHTOM Omopy
OIYHOMY BiZIBEICHHIO, O1YHOIO JKOPCTKICTIO IIIMHU, KYTOBOIO JKOPCTKICTIO IMMHU BITHOCHO BEPTHUKAILHOI OCi
Ta TO3J0BKHBOIO BiCCI0 KOHTAKTHOTO BiIOMTKa MiJ Yac pyxy MO KPHUBOIIHIHHIA TpaekTopil Ta mig uac
IJIOCKO-TIAPAICIEHOTO 3 BiIBENEHHSAM. biuHa >KOPCTKICTh IMMHHM Ta KyTOBa BiAHOCHO BEPTHKAIBHOI OCI
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BH3HAYAIOTHCS HA MICITi, 110 HE BHKJIMKAE TPYOHOIIIB. BomHowyac kKoedilieHT omopy OiYHOMY BiABEICHHIO
BH3HAYAETHCS ITi T 9ac pyXy, 10 BUKIUKAE 3HAYHI TPYIHOIIII.

uHy, 0 ckmamy sKOI BXOAMTH KapKac, Opekep, MpPOTEKTOp, OOKOBHHH, MPEACTaBIAIOTH SIK
LUTICHOTIIBHY MOJEb. BOHa € CKIaJoBOI0 YacCTHHOIO €JIaCTHYHOTO KoJieca, fKa BKIIOYAE TUCK, LIUHY,
KOHTAaKTHHH BIMOWTOK IIMHH, SIKHA OJHOYACHO HAIEKWUTH IMHWHI Ta OMOPHIA TMOBEPXHI. XapaKTECPUCTHKH
TAKOr0 MEXaHI3My BHU3HAYAIOTbCA 3a 3arajlbHUMM YMOBAaMH KJIACHYHOI MEXaHIKH. Y LbOMY BHIAIKy
PO3PI3HAIOTH PyX €NacTUYHOrO Kojeca IO KpPUBOJNIHIMHIA TpaekTopii Ta IUIOCKO-IapajelbHUN pyx 3
BIIBEICHHSM.

[lixg gac pyxy KoJeca 1o KPHBOJIHIHHIA TPAEKTOPIi JUCK KoJeca OAHOYACHO 3MIIIY€EThCSA y OIYHOMY
HaTpsIMKY, 10 CIOPUYHMHIOE HOTO PyX 3 KIHEMaTHYHMM KYTOM BiJIBEIEHHS, Ta MOBEPTAETHCS BiTHOCHO
BiOMTKA 3a 4ac MPOXOPKEHHS KOJIECOM MLUIAXY, IO JOPIBHIOE MOJOBWHI MO3I0BXKHBOI OCI KOHTaKTHOTO
BibuTKa mmHU. Y poboti [17] ycraHOBIEHO, IO MiABEACHA 10 KOJieca €HEpris s 3a0e3MeUeHHsT PyXy
Kojieca 3 KiHEMaTUYHUM KYTOM BiJIBE€JICHHS Ta OJHOYACHUM 3aKPYUCHHSM IIWHH PO3MOALISAETHCS B T
IIMHY OpiBHY. Takuii po3moAia eHeprii MOXKIMBHUI JHIIIe ga BUKOHAHHS TAKOI YMOBHU:

2Cg
Ke=—"", (8)
ne Cy — KyToBa JKOPCTKICTh IIMHHU BiJJHOCHO BepTHKaNbHOI oci, H-M /pan; K, — koediuieHT onopy 6iuHOMY
BiJiBe/IcHHIO, H/ paji; @ — mo310BKHS BiCh KOHTAKTHOTO BiIOMTKA IIUHYU PIBHOBEIUKOTO MPSAMOKYTHHKA, M.

[To310BXKHIO BiCh BiIOWTKA Ta KYTOBY JKOPCTKICTh IIIMHY BU3HAYAIOTh EKCIIEPUMEHTAIBHO.

KyToBy >KOpPCTKICTh HIMHM BH3HAYAIOTh EKCIEPUMEHTAIBHO IIiJi Yac MOBOPOTY 3a0JIOKOBAaHOTO
KEpOBAHOI'0 KoJieca Ha Miclli 3 (DiKkcalliero KyTa MOBOPOTY KOjeca Ta MOMEHTY BiJIHOCHO BEPTHUKAJIBHOI OCI.
Jus #ioro BU3HAYeHHA SK EKCIIEPUMEHTAIbHY YCTaHOBKY BHKOPHCTOBYIOTH aBTOMOOiNb. Bim emgHyroTs
MOTIEPEYHY TATY BiJ JIIBOTO KEPOBAHOTO KOJIeCa Ta YCTAHOBIIOIOTH KIMHAMH MDK OaiKol MOCTa Ta
pecopaMu HyJIbOBE 3HaYEHHS KyTa IMO30BKHBOT0 HaXuiy mBOpHs. KepMOBIUM KepyBaHHIM BOAIN MOBEPTAE
miBe 3a0yI0KOBaHE KepoBaHe Koiyieco. Jlnsi BH3HA4YEHHS TEpTS y MIAMHUIHMKAX IIBOPHEBOIO BY3Ja Ta
BaroBOro CTa0LTi3yl0uor0 MOMEHTY BiJ] TONEPEYHOTO HAXWIIy IIBOPHS KOJECO YCTAHOBIIOIOTH Ha
CaMOIICHTPYBAJIbHY IIOMIAJIKY.

BusHaueHHS JKOPCTKOCTI MIMHU TMPOBOAATH Mij 4yac MOBOpoTy y Mexkax no 0,08 pax Ha omopHiit
MOBEPXHI 3 BUCOKMM KOE(]ILi€HTOM 3YEIUICHHsS. Y PaxOBYIOTh, 10 Y KOHTAKTHOMY BiIOMTKY IIWHHM HasBHI
TIJIBKM 30HU 3YCIUICHHS, a 3aJIeKHICTh MK MOMEHTOM OIIOpPY IOBOPOTY IIMHHU Ta KyTOM IHOBOPOTY Y LIMX
MeXKax KyTa YMOBHO JIiHiliHa. BiTHOCHO KyTOBOT >KOPCTKOCTI IIIMHU, TO 3HAYEHHS KYTiB 3aKpy4yBaHHS IIUHHA
IiJ] 9ac BU3HAYEHHS KOPCTKOCTI MOBHOKO MIpOIO BiJIIIOBiNAlOTh KyTaM BiIBEACHHS IIiJ| Yac BU3HAYCHHS
KoedilieHTa onopy 6i9HOMY BiJIBEJIEHHIO.

3a BIJICYTHOCTI EKCIIEPUMEHTAJIbHUX JaHuX y poborax [3, 12] pexoMeHIyeTbCsl BH3HAYATH
KOPCTKICTh IIMHU 32 EMITIPUYHOIO 3aJICKHICTIO:

Cyp=57,309....11)G, - 107, 9)
ne Cy— KyToBa )OpCTKicTh muHu, H-M/pan; Gy — HaBaHTakKeHHS Ha KoJjieco, H.

I3 meBHOIO MOCTOBIpHICTIO Koe(illieHT omopy OIYHOMY BigBeACHHIO 3 ypaxyBaHHsaM (8), (9)

PO3paxoBYIOTh TaK:

57,309,115, 10~ %
k.= :}G" , H/pan.

Bumie posrnsHyTo (yHKIIOHaNBHHN 3B’S30K MDK KOE(IIiEHTOM oOmopy OiYHOMY BiJIBEJCHHIO 3
KYTOBOIO OPCTKICTIO IIMHU Ta MO3I0BKHBOIO BICCI0 KOHTAKTHOTO BiIOMTKA MiA Yac pyXy MO KPUBOIIHIAHIN
TpaeKToOpii.

PosriisHeMo II0CKO-TIapalieibHUi PyX Kojeca 3 BIABEACHHSM, SKAH II0B’A3aHUHA 3 OIYHUM
3MIIIEHHSAM JKMCKa BIAHOCHO BiIOMTKA IIMHU. Y pa3i Aii Ha HepyXoMe Kojieco OiuHOI CHJIM BOHA CIIPHUYUHIOE
3MillIeHHS BiJOWTKA UHHU BiAHOCHO JMcKa Koseca. [1ig gac pyXy 1is cujia 3yMOBIIIOE TIOBOPOT KOHTAKTHOTO
BiJIOMTKA BiJTHOCHO JTMCKa KOJieca Ha KyT BiJBeJIeHHs. BoHOYAcC MOBOPOT BiIOMTKA 3MIIHCHIOETHCS BITHOCHO
MMOYaTKOBOI TOYKU KOHTAKTy. CXeMy JUlsi BU3HAYCHHS 3MIIICHHS BiJIOWTKA IIMHU MiJ 4Yac il O14HOI CHJIH
HaBeJIeHO Ha puc. 1.
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Pucynok 1 — Cxema 111 BU3HAYCHHS 3MIIIEHHS BiAOMTKA i 9ac Aii OIYHOI CHin
a) Ha Micii; 0) mig yac pyxy

I3 ananizy puc. 1 BuaHO, IO BiAOWTOK IIMHU SIBIISE COOOIO MPSAMOKYTHHK 3 MTO30BXKHBOI0 CTOPOHOIO
a. CyuinpHOIO JTiHI€I0 300pakeHo HOTo MOJIOKEHHS 3a BicyTHOCTI nii OiyHOoi cvmm. [lig gac aii 6iunoi crmu
Ha KOJIECO IMOJIOKEHHS BiJIOUTKA BITHOCHO KoJieca 300payKeHO IITPUXOBOIO JIHIEFO.

VY pa3zi mii Ha Koneco O6iuHOi cumm P; Ha Mmicui (puc. la) BimOyBaeThCcsl BiZHOCHE OiYHE 3MIIIEHHS

BiJIONTKA IITUHY HA BEIMYNHY A, Ky BU3HAYHMO TaK:
Fg

"Ij'_ ’
ks

(10)
ne Ks — 6iuna sxopcTKicTs mmHu, H/M; A — OidHe 3MillleHHs BiIOMTKA ITij1 9ac il G19HOT CHIIM Ha MICIIi, M.
3MiLIeHHS KOHTaKTy KOJIeCa 3 OIOPHOI0 IMMOBEPXHEI0 300pakKEHO 3aIITPUXOBAHUM HPAMOKYTHHKOM
(puc. la), omHa cTOpOHA SKOTO — IMO3J0BXKHS BiCh BiJJONTKA, a HIIIA — 3MIIEHHS A.
[lig gac pyxy koiseca, Ha sike Jie OiuHa cuia Pj, BigOyBaeThCS MOBOPOT BiIOMTKA BiIHOCHO IOYATKY
KOHTaKTy, TOUKkH A (puc.l 0), Ha KyT BiiBeJIcHHS J. BennunHy bOro KyTa BU3HAYMMO 32 BUPA30M:
o Ps
8 =—, (11)
kg
ne K, — koedirtient omopy GiuHomy BinBeneHHto, H/pa.
VY oMy BUTIAJIKY 3MillEHHS KOHTAKTY KoJieca sIBJIsiE COOOI0 3alITPUXOBAHUIA TPUKYTHUK, OJTUH KaTeT
SIKOTO — I1€ TIO3/I0BXKHS BiCh KOHTAKTHOTO BiIOWTKA @, a IHIIUM, ypaxoByrouu 3aiexHIicThb (11), — aP4/Kk,.
[lin wac gaii Ha Kojeco OIYHOI CHIM BHKOHYETHCS pOOOTa, sIKA MPOMOPINHA 3alITPUXOBAHUM

3MIIIEHHSIM KOHTAKTHOTO BiIOMTKa. Ha MicIii 110 101y BU3HAYUMO TaK:
Py
Sy=p=a P
&
. . . 2
Iie Sy=g — III0IIIa 3MIIIEHHS BiONTKA Ha MICIIi, M",
[Tix gyac pyxy mioia 3MileHHs BiAOUTKA — [1¢ TPUKYTHHUK, KY BU3HAYMMO 32 BUPA30M:
a*Pg

Sve0 =

7€ Sy,o — TUIOIIA 3MileHHs BiIGUTKA T1i/1 9ac pyxy, M.
Ha mincraBi 3akoHy 30epeeHHs eHepril MOJKHA MPUPIBHSITH 111 /1Bl poOOTH:

= % (12)
I3 ananizy Bupasy (12) BuzHauuMo xoedilieHT onopy 0iYHOMY BiABEJEHHIO 32 BUPA30M:

k=22 (13)
I3 ananizy Bupasy (8), (13), BU3SHAYMMO KYTOBY OPCTKICTh IIMHHU TaK:

. (14)

ISSN 2313-5425 , 2025, Ne2 (25) XM



© Conryc A.IL., Knimos E.C., Tapangymxka JLA. 2025

Omxe, Koe(ilieHT Omopy OIYHOMY BIZBEACHHIO Ta KYTOBY JKOPCTKICTh IIMHH MOJKHA BH3HAYWTH,
3HAIOUM OIYHY YKOPCTKICTh IIMHU W TO3I0BXKHIO BiCh KOHTAaKTHOro BigOuTKa. OTpuMani 3anexHocTi (13),
(14) 103BOMNAIOTH BU3HAUMTH I1i MAPaMETPH ILIUHM 32 YMOBH BiJICYTHOCTI KOB3aHHS Y KOHTAKTHOMY BiIOUTKY.
Ha cyxomy ac¢anpToberoHi, i3 JOCTaTHBOIO ISl MPAKTHYHUX PO3PaxyHKIB TOYHICTIO, OEpyTh 3HAYEHHS
KoedilieHTa omnopy OIYHOMY BiJIBEICHHIO Ta KYTOBY MOPCTKICTh TOCTIHHMMH JUIS IIMH BaHTXHHX
aBTOMOOUITIB y Mexax nmo 5°. [lnsg Bu3HaueHHS Oi4HOI >KOPCTKOCTI LIMHM Ha CyXOMy ac(albTOOETOHI
MaKcUMaJlbHa O0iuHa cuiia He moBuHHA nepeuityBatu 0,1Gy, n1e Gy — HaBaHTaXKCHHS HA KOJIECO.

Jns migTBepaKeHHsT TocToBipHOCTI 3anexHocted (13), (14) Oynu mpoBeaeHi CTEHIOBI Ta AOPOXKHI
BunpoOyBanus. CTeHIOBI BHNPOOyBaHHS mNpoBOAWIM Ha creHai [18], Ha sKoMy ycraHOBIEHI
mpoxonpodineHi e 1300x530-533 mox. BUJI-201 Ta Ha moBHONpUBiAHOMY aBToMoOiTi KpA3-2556 i3
nuMH mrHaMu. CxeMy eKCIepUMEHTaTbHOr0 BU3HAYeHHS 019HOT dKOPCTKOCTI IIMHYA HaBeIeHO Ha puUC. 2.

Kouieco 3 mmHo0

[lepenHs Bich A b

CTCH/1a

Onopa

JlunamomeTtp
Tanpen-crsbkka

Pucynok 2 — Cxema BU3HaYeHHSI O19HOT )KOPCTKOCTI IITHHA

HaBanTaxxeHHs Ha kosieco ckianano 27 kH, tuck y muHi ycranosmoBascs 0,4; 0,2; 0,1 MIla. biune
3yCHJUISL CTBOPIOBAJIOCH TaJIPEM-CTSHKKOIO, OJMH KiHEIb SIKO1 KpIMUBCS 10 ITUHAMOMETpA, a 1HIIMH — A0
Hepyxomoi omopu. duramomerp 3 pomyctumuM 3ycwmism 10000 H 3akpirmmroBaBes mig 6onTu duraHIs
HamiBoci. 3MIlIEHHS TUCKa KOJieca BUMIPIOBAIOCH 1HAMKATOPOM TOAMHHUKOBOTO THITY 3 TouHICTIO 0,01 MM
Ta nianazoHoM BuMiproBaHHsa 0-10 MM. [HAKMKaTOp yCcTaHOBIIOBABCS Ha CTIHLI Ta ynupaBcs B IUCK KoJleca.

Pesynprati excrepuMeHTABHUX AOCHTIDKeHb 0iuHO1 kopcTkocti mmHM 1300%x530-533 mon. BUJI-
201 maBeneHo Ha puc. 3.

9
Pu= 0.4 Mlla
8 . v
*
; o ¢ T~ p,-02Mila
—-."\..

.= 0.1MIIa

Biuna sopcrkicts k,-10°, Hm

0 0.5 1 1.5 2 25 3

Biuna cuma P, kH

Pucynok 3 — 3anexnicts 0i4HO1 x0pcTKOocTi muHU 1300x530-533 mox. BU/I-201 Bix GiunOi crmu

I3 amamizy puc. 3 BHIHO, IO 3MEHIICHHS THUCKY y IIHHI 3MEHINYE OI4HY KOPCTKICTh. Y Mipy
301IbIICHHS HAaBAaHTAKCHHS O1YHA KOPCTKICTh IIMHU 3MEHIIYETHCS, 110 MOSICHIOETHCS MOSIBOIO 30H KOB3aHHS
Ha KpasX KOHTaKTHOTO BigOuWTKa. Y Mexax 3MiHu OiuHoi cwimu nmo 0,1G¢ cepenHe 3HayeHHs OigHOL
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KOPCTKOCTI ckmano: P, = 0,4 MITa ks = 748900 H/m; p,, = 0,2 MIIa ks = 654320 H/m; p,, = 0,1 MIla, ks =
558700 H/wm.

Bynmn mpoBeneHi ekcrnepuMeEHTanbHI IOCHIIPKEHHS Ta BU3HAu€Ha KyTOBa MOPCTKICTh IIWHH Ta
KoeilieHT onopy 6iuHOMY BifgBeneHHIO Ha aBToMo0im KpA3-2555.

PesynpraTti excriepuMeHTAIbHUX Ta po3paxoBaHuX 3a Bupazamu (13) ta (14) manux HaBeneHO Ha
puc. 4, 5 ra 'y Tabm. 2.

19

o
w

~1

17

BiunHa xopcTkicTs k,-105, H/m
o
i

o
w

15

=3
Kytosa xopcetkicTs mmHN Cy, KH-M/pan

0 0,1 0.2 0.3 0.4 0.5

PozpaxyHKoBi JaH1 ° ExcrnepHMeHTaIbHI JaHI

Pucynok 4 — 3anexHicTh 619HOT )KOPCTKOCTI K Ta KyToBOT %0pcTKOCTI MHU Cy BiJl THCKY MOBITPS P,

Ha puc. 4 HaBeIeHO EKCIIEPUMEHTAJIbHY KpPUBY OIYHOI JKOPCTKOCTI IIMHU K Ta po3paxoBaHy 3a
BupasoM (14) 3anexHicTh KyTOBOi )opcTkocTi Cy Biji THCKY MNOBITps p,. Excnepumentanbhi gani Cp
Npe/ICTaBIeH] JUCKpeTHO. I3 aHamizy puc. 4 BHIHO, IIO E€KCHEPHUMEHTAIBHI JaHi KyTOBOI >KOPCTKOCTI
30iraloThCs 3 PO3PAXYHKOBHMH, SIKI OTpHMaHi yepe3 OiYHy JKOPCTKICTh Ta MO3/J0BXHIO BiCh BiIOUTKA ITUHH.
HaBenene minTBepKye JOCTOBIPHICTH BUCYHYTOI TiMOTE3W MPO PIBHICTH POOIT, 3yMOBICHHUX Ai€t0 Oi4HOT
CWJIHM Ha MICIIi Ta Ti9ac pyxy.

I3 MOHWXEHHSAM THCKY TIOBITPS B IIMHI OiYHA XKOPCTKICTh IIMHUA 3MEHINYETHCS, & KyTOBA BiTHOCHO
BEPTUKAIBHOI OCi 301IBIIYETHCSI.
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Pucynok 5 — 3anexHicTh 619HOT )KOPCTKOCTI IUHU Ks Ta KoedilieHTa onopy OiYHOMY BiIBeACHHIO K, Bij
TUCKY TIOBITPSI Py,
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I3 anamizy puc. 5 BHAHO, IO 3 MIABUIICHHAM THCKY KO€(DIIi€HT omopy OiYHOMY BiABEICHHIO
30UTBIITY€ETHCSA, IO IMMIATBEPKYETHCS PE3yJIbTaTaMHA TPOBEICHUX JOCTIIKEHb MIHIMAJIBLHOTO pajiyca
noBopoty. byno ycraHOBIEHO, IO 3HIKEHHS THCKY MOBITps y IIMHaX Bi3ka Ha aBToMoOimi KpA3-255b
MPU3BEJIO /10 3MEHIICHHS MiHIMaTBbHOTO pajiyca MOBOpOTY. BiAmoBiaHICTs po3paxoBaHuX 3a Bupa3oM (13)
3Ha4YeHb Koe(illieHTa Oomopy OIYHOMY BiJBEACHHIO 332 €KCIEPUMEHTATFHUMH JaHUMU O19HOI KOPCTKOCTI Ta
MO30BKHBOI 0C1 KOHTAKTHOTO BiTOWTKA MiATBEPIKYE JOCTOBIPHICTH pO3POOIEHOI METOTUKH.

VY Tabn. 2 momaHO 3BelEHI pPe3yNbTaTH PO3PaXyHKOBUX Ta €KCIIEPUMEHTAIbHUX NAaHUX, OTPUMaHHUX
qutst mran 1300x530-533 mox. BUJI-201.

Tabmunss 2 — Pesympraté AOCHIKEHHS JTOCTOBIPHOCTI pO3POOJIEHOI METOAWKHA BH3HAYCHHS

KoedilieHTa ornopy 6iYHOMY BiABEJCHHIO

Pu» MIa 0,1 0,2 0,4
a, M 0,36 0,32 0,29
ks, H/M (excr.) 558700 654320 748900
ks, H/pan (13) 100556 104691 108590
ks, H/pan (excr.) 98683 104575 110640
Cy, H-m/pan (14) 18102 16750 15746
Cy, H-M/pan (excr.) 17763 16732 16044

I3 anamnizy Tabma. 2 BUIHO, IO MPH TUCKY MOBITPs y mmHi p,, = 0,4 MIla ekcniepuMeHTalbHe 3HAYCHHS
KoedimieHTa onopy 6iuHOMYy BigBeneHHI0 cTaHOBUTH 110648 H/pan, po3paxoBane 3a BupazoMm (13) 3HaUeHHS
— 108590 H/pan. [Toxubka cknagae 1,85 %.

OTxe, MiX TMPYKHAMHU XapaKTEPUCTHKAMHU €JIACTUYHOTO Koyieca icHye (YHKIIOHAIBHUH 3B’SI30K, Ha
SIKOMY IPYHTY€ETHCS PO3p0O0JIeHa METOIMKA BU3HAUCHHS Koe(dilieHTa onopy Oi4HOMY BiJIBEICHHIO.

OBI'OBOPEHHA PE3YJIBTATIB JOCJIAKEHHSA

3amporioHoBaHa B POOOTI METOJIWKA BU3HAUEHHS KoedillieHTa omnopy OIYHOMY BiJIBEACHHIO
IPYHTY€EThCSI Ha (YHKIIOHAJIBHOMY 3B’SI3Ky LbOTO KoedillieHTa 3 OIYHOIO JKOPCTKICTIO Ta MO3J0BKHBOO
BicCIO BiZIOWTKA IMWHH, SIKi BH3HAYAIOTHCS EKCIIEpUMEHTaNbHO. OTpUMaHI aHANITHYHI 3aJIEKHOCTI, IO
BU3HAYAIOTH 1€l QyHKIIOHATBHUIT 3B’ 130K, PO3IIAAI0YH IIUHY SK CKJIAJ0BY YAaCTUHY €IaCTHYHOTO KOoJeca.
Koueco MicTUTh JHCK, IIMHY ¥ KOHTAaKTHUH BiZIOWTOK Ta PO3TISIAETHCSA Yy POOOTI AK IUTICHUN MeXaHi3M,
SIKAH JOCIIKYETHCS 3 BAKOPUCTAHHSAM 3arajibHUX MOJIOKEHb KIIACHYHOT MEXaHIKH.

BUCHOBKH

Ha migcraBi npoBeIeHUX TOCIIKEHb OTPUMYEMO TaKi BACHOBKH:

1. 3ampornoHoBaHa y poOOTi MeTOAMKAa BH3HA4YeHHS KoedilieHTa omopy OIYHOMY BiJBEIECHHIO
MOOIYHUM CIOCOOOM IPYHTYETHCS Ha OTPUMAaHUX y pOOOTI aHAIITUYHHUX 3aJEKHOCTSX, SIKI MOB’A3YIOThH
KoedillieHT omopy OiYHOMY BiJBEJEHHIO 3 OIYHOK MKOPCTKICTIO IIUHHM Ta TO3[I0BXXHBOIO BICCIO BiJOWTKA
IIHHY.

2. llluna, ska cKJIagaeThes 3 Kapkaca, Opekepa, IpOTEeKTOpa Ta OOKOBHH, y POOOTI PO3IIIAETHCS K
LTICHE TUIO Ta € CKJIQJAOBOIO YaCTHHOIO €JACTUYHOro Kojeca. BomHodac enacTUuHE KOJIECO MOJAHO Yy
po0OTI K HUTICHUI MEXaHi3M, a HOro BJIIACTUBOCTI BM3HAYAIOTHCS 3a 3arajibHUMH IOJIOKESHHIMH KJIaCHYHOT
MeXaHiKH.

3. YcraHOBNEeHO, IO MiA Yac pyxXy HO KPUBOJIHIWHINA TpaeKTopii JUCK BIIHOCHO BiIOWTKA HIMHU
3MIIIYEThCSA Yy OIYHOMY HAmNpsIMKYy Ta IIOBEPTAEThCS BIAHOCHO BEPTHKAJIbHOI oOCi. bBiuHe 3MillleHHs
CIPUYMHIOE PyX KoJjieca 3 KIHEMaTHYHUM KyTOM BiJ[BEJICHHSI, @ TOBOPOT — MOMEHT 3aKpy4dyBaHHs [IMHU. Y
pasi MIOCKO-TapalieIbHOrO PYXY 3 BiJBEIEHHSM JIUCK KoJIeca 3MILIYeThCS BiTHOCHO BiIOWTKA IIMHH, IO
CIPUYHMHIOE O1YHY CHITY.

4. Busmayeno, mo Ha Micmi mmijg 9ac Iii Ha Kojeco OIYHOI CMJIM KOHTAKTHHN BiIOWTOK IIHHA
3MILIYETHCS Y O1YHOMY HampsIMKY. 3MIIIEHHS SIBIIsiE COOOI0 MPSIMOKYTHHUK 31 CTOPOHAMH: IOBKMHA KOHTAKTY
Ta OiYHE 3MIIICHHS, SKE 3aJICKUTh BiJl MPUKIAJCHOI CHIM Ta OIYHOI KOPCTKOCTI IIVHM. YHACIIIOK dii Ha
Kojeco OIYHOI CHIM IiJi 4ac pPyXy KOHTAKTHHH BIJOMTOK IOBEPTAETHCS BiJHOCHO IOYATKOBOI TOYKH
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KOHTaKTy 3 OTIOPHOIO TOBEPXHEI0. 3MIICHHS SBJISE COOOI0 TPUKYTHHK, OJIMH KATET SIKOTO € JIOBXKHHOIO
KOHTAKTHOT'O BiJIOWTKY, a IPYTHid 3aI€KUTh BiJ BEIMUMHHU IIPUKIIAZACHOI O1YHOI CHiIK Ta Koe(illieHTa Ormopy
OiYHOMY BiZBEIICHHIO.

5. Jlns BU3HAuUEHHS XapaKTEPUCTHUK EIaCTUYHOTO KoJieca PO3POOJICHO METOAUKY TMPOBEIACHHS
eKCIIEPUMEHTAIBHUX JOCTIKEHb, 3TIAHO 3 SKOI SK TEeCTEp BHUKOPHCTOBYIOTH aBTOMOOiUNE. Y IHOMY
BHIAJKYy BH3HAYAIOTHCS TPYXKHI XapakTepUCTHUKU IIWH, SKUMH OOJaJHAaHWUN aBTOMOOITH 3aBOJIOM-
BUPOOHUKOM.

6. YCTaHOBIIEHO, IO 3 TOHMKEHHAM THCKY y mwHI 1300x530-533 mox. BUJI-201 GiuHa ®OPCTKIiCTH
Ta KoedilieHT omopy OIYHOMY BiABEICHHIO 3MEHIIYIOTHCA. 3MEHIIEHHA KoedillieHTa ormopy OiYHOMY
BIJIBEJICHHIO MiJTBEP/PKYETHCA 3MCHIICHHSAM MIiHIMAJIBHOTO pajiiyca IOBOPOTY IOBHOIIPHUBIIHOTO
aBTomoOis KpA3-255B, oGnagnanoro mmuamu 1300x530-533 mon. BUJI-201, yHachmifok MOHMKEHHS
THCKY TIOBITpPSI y IIWHAX KOJIIC Bi3Ka.

7. llpoBeieHUH aHANI3 SKCIEPUMEHTAILHUX Ta PO3PaXyHKOBHX JIAHUX TIOKa3aB iX BIAMOBIAHICTB, M0
MIATBEP/DKYE  JOCTOBIPHICTh IPEACTABICHOI METOIWKHM BU3HAYCHHS KoOeillieHTa omopy Oi4HOMY
BiJIBEJICHHIO.
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Soltus A.P., Klimov E.S., Tarandushka L.A. Cornering stiffness determination

Existing methods are analyzed and the results of experimental studies on determining the cornering
stiffness on an undeformed support surface are presented. When studying the cornering stiffness, the tire is
considered as a component of an complex mechanism, which is an elastic wheel. At the same time, a
distinction is made between the movement of the wheel along a curvilinear trajectory and the plane-parallel
movement with slip. During the movement of the wheel along a curvilinear trajectory, the disk is
simultaneously displaced laterally and twisted relative to the tire contact patch, which causes a lateral force
and a twisting moment relative to the vertical axis. The plane-parallel movement of the wheel with slip
causes a lateral displacement of the disk relative to the tire contact patch, which causes a lateral force that is
displaced relative to the center of the tire contact patch. Both the movement along a curvilinear trajectory
and the plane-parallel movement with slip are associated with a lateral force that depends on the cornering
stiffness. It is proposed to experimentally determine the cornering stiffness of truck tires, using the truck as a
tester. Analytical dependencies are presented that functionally link the cornering stiffness, lateral stiffness of
the tire, angular stiffness relative to the vertical axis and the longitudinal axis of the contact patch. These
dependencies allow determining cornering stiffness by the indirect method. The results of experimental and
calculated data of the cornering stiffness for a tire size 1300x530-533 mod. VID-201, which is installed on
all-wheel drive KrAZ truck, are presented.

m . 2025, Ne2 (25) ISSN 2313-5425



https://doi.org/10.1080/00423110500140013

© Conryc A.IL., Knimos E.C., Tapangymxka JLA. 2025

The results of the research may be useful to specialists working on improving the handling and
stability of vehicles.

Key words: cornering stiffness, slip angle, lateral stiffness, tire contact patch, methodology,
undeformed support surface.
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MOJIEJIOBAHHSA T'EHEPAIIIL OMMUTY JIJIsI ABTOMOBLIBHUX BAHTAKHUX
NEPEBE3EHbB Y MICTI KPUBUH PIT

VY poboti po3pobIeHUH MiAXiJ O MOJENIOBaHHS TeHepamii MOmUTy (KUTBKOCTI IMOI310K) Ha BaHTaXXHOMY
aBTOMOOUIPHOMY TPaHCIOPTI y 4-eTamHiii Mozeni po3paxyHKy nomuty. JlaHuii miaxin monsrae y tomy, mo: 1.)
MICBKifi BaHTa)KHMI aBTOTPAHCHOPT PO3TIBINAETHCS Y CKIAAI TPHOX BIOKPEMIICHHX CHCTEM: JIETKMX BaHTa)KHHX
aBTOMOO1UIIB OBXUHOMW Bix 2,0 10 2,6 M 3 1BoMa abo Oijble ABOX OCed BaHTAXKOMITHOMHICTIO 70 2 T, CEpeiHiX
TPHOXOCHUX BaHTAXXHUX aBTOMOOLTIB JIOBXKHHOK OLTbIIEe 2,6 M BaHTaKOIMIIHOMHICTIO Bil 2 10 8 T Ta TPhOXOCHHUX
CaMOCKHJIIB BaHTaXOMiAHOMHICTIO Ounpiie 8 T. 2.) y mpolenypax yTBOPEHHS Ta NPHUTATHEHHSA MOI3MO0K y AKOCTI
CTPYKTYPHHX ITOKa3HHMKIB BUKOPHUCTOBYETHCS KUIBKICTH POOOYMX MICHb SIK aTrpuOyT TPaHCIIOPTHHX palOHIB
po3moninieHa BiAMOBITHO 10 KOHKPETHOTO UL KOXHOI i3 CHCTEM BaHTaXHOTO aBTOTPAHCIOPTY HAaOOpY BUIB
€KOHOMIYHOI aKTHBHOCTI. JIJI1 TepeBipKkH IaHOTO IMiAXOXy IIPOBEICHO MOJENIOBAHHS TIeHepalii IONUTy Ha
BaHTAXXHOMY aBTOTPAHCIIOPTi y TpaHCHOPTHii Moxem micta Kpusnii Pir y nporpamuomy 3a6e3neuenni PTV Visum.
Pesynbrati MopemOBaHHS MOKa3adH, WI0 KUIBKICTh MOI3J0K, SIKi YTBOPIOIOTBCS Ta IPHUTATYIOTHCS PI3HUMH
TPaHCHOPTHUMHU paifOHAMH MiCTa, 30ira€Thcs, IO MiATBEPIKYE KOPEKTHICTH OOpPAaHOTO MiIXOIy IO PO3PaXyHKY
reHeparii moi310K JuIsl BU3HAYEHUX CUCTEM BaHTa)KHOTO TpAaHCHOPTY. BeTaHOBNIEHO, 0 popMyBaHHS Ta MOTJIMHAHHS
MOi3JI0K Ha MICBKOMY BaHTaXXHOMY aBToTpaHcnopti B KpmBomy Po3i 3HayHO mepeBakae B MOPIBHSHHI 3 IHIIMMH
TPaHCHOPTHUMHU paiOHAMH MOJENi B IIECTH palOHaX, J€ PO3TAallOBaHI MiJIPHEMCTBA TipHHYO-METATypriiHOTO
KOMIUIEKCY, SIKI OTPHMajHM Ha3By TipHHYOIPOMHCIOBUX IPH HOIEPEAHIX MOCHIIKEHHAX MICBKOI MOOUIBHOCTI
Kpusoro Pory (aa macaxupcbekomy TpaHcropTi). [loganemn gocmimkeHHsT OyAyTh MPUCBSYEHI iHIIUM MPOLEnypam
PO3paxyHKy TPaHCIIOPTHOT'O MOIIMTY B paMKax 4-eTarHoi TpaHCIOPTHOT MOJIelTi.

KiouoBi cjioBa: TpaHCHOPTHHIA IMOMUT, BaHTAXHUN aBTOMOOINBHUI TPAHCHOPT, TPAHCIOPTHA CHCTEMA,
TpaHcropTHe MojemoBands, PTV Visum, reHepallis MONHTY, YTBOPEHHS IOI3[0K, IMPUTATHEHHS IMOi3/I0K,
TPaHCIOPTHHUH palioH, TIPHUYOIPOMHUCIOBUH PaioH.

BCTYII

EdexTrBHa MichbKa cHCTeMa BaHTaXHOTO TPAHCHOPTY 3a0e3leduye CBO€YAcHE IMOCTadaHHS TOBapiB,
JI03BOJISIE 3HIKYBATH BUTPATH Ta MMOKPAIyBaTH PiBEHb TPAHCIOPTHOTO OOCIYTOBYBaHHS SIK JUIsS Oi3HECY, TaKk
1 ans kiHmeBux criokuBadviB [1]. PO3BUTOK MiCEKHMX TEpHUTOpIN 3a3BHYAil CYMPOBOIKYETHCS 30UTBIICHHM
00CSTiB BaHTXXHUX IEPEBE3CHb, 110 CTBOPIOE BUKIHMKH JIsi TPAHCIOPTHOI cucTeMu. HeonrumizoBaHi
TPaHCHOPTHO-JIOTICTHYHI TPOLIECH TPHU3BOJATH JO BTpaT 4Yacy, MiJBHUINEHOTO CIIOXHBaHHS MaJbHOTO
TPaHCIIOPTHUMH 3aCO0aMH, TIOTIPIICHHS €KOJIOTIYHOI CHTYaIlil Ta MiJIBUIIEHHS BUTPAT Ha TPAHCIIOPTYBAHHS
[2, 3]. TakuM YHMHOM, y CYYacCHHX YMOBax Ta 3pOCTAHOUMX BHIKJIMKIB MiChKa MOOUIBHICTH 1 BaHTaXKHi
MepeBe3eHHs] BUMAraloTh HOBHX IiJIXOJ[iB Ta TEXHOJOTiH JJs BHBUYCHHS, CIPSIMOBAHHUX HA JIOCSATHEHHS
e(eKTUBHOCTI Ta CTAJIOr0 PO3BUTKY.

AHAJII3 JIITEPATYPHUX JIZKEPEJI TA IOCTAHOBKA ITPOBJIEMUA

3akoHOMIpHOCTI (POpPMYyBaHHS TOMUTY Ha IEPEBE3CHHsS BaHTaXIB aBTOMOOUILHHUM TPAHCIIOPTOM Y
CYYaCHUX YMOBaX BU3HAYAIOTHCS HA OCHOBI pe3yJbTaTiB TPAHCIIOPTHOTO MOJICITIOBaHHS [4].

Hnst ontumizanii BAaHTQXKHUX MEPEBE3EHb BXKIIMBE 3aCTOCYBAaHHS CYYaCHHUX METOAIB MOJAEIIOBAHHS,
30KpeMa ajJrOPUTMIYHUX MOJIeNiell MAIllMHHOTO HaBYaHHs [S5], miHiHUX [6, 7] Ta iMiTamiiHUX MomeneH [8].
BukopucTaHHS IITYYHOTO IHTENEKTY, aHATITUKH BEIMKUX JIAaHUX [9] TaKoX BiIKpUBA€E HOBI MOMJIMBOCTI JIJIS
YIpaBIIiHHS CUCTEMaMH BaHTa>KHOT'O aBTOTPAHCIIOPTY.

Bararo koHuemnmiii MoseI0BaHHsI, 3aCTOCOBYBAHUX AJIsl IPOTHO3YBAHHS BAHTA)KHUX IIEPEBE3CHb, OyIIN
CIIOYaTKy PO3pOOIICHI JUIsl MacaXUPCHKHUX IepeBe3eHb. 30KpeMa, 3HaXOAHTh MiaTBepmKkeHHs miaxin [10],
SAKHHA TIOJIATa€ y TOMY, IO 4-eTalHa TPAHCIOPTHA MOJENb Ul MAaCaKUPCHKUX IepeBE3eHb MOXKE OyTH
e(eKTHBHO aJlalTOBaHa Uil MOJENIOBAHHS BAaHTAXHHUX IE€pPEBE3CHb. BaHTaXKHI MepeBE3eHHSI MAlOTh IEBHI
CIUTBHI PUCH 3 TACAXUPCHKIMH, 30KpeMa 4epe3 BUKOPHCTAHHS CITUTBHOT JIOPOKHBO-TPAHCIIOPTHOT MEpexi
SK JIIS TIACRKUPCHKHUX, TaK 1 JIISl BAaHTQXHUX aBTOTPAHCHOPTHUX 3ac00iB, IIO JI03BOJISIE 3aCTOCOBYBATH
Mo U(iKOBaHI MOAENTI MACAKUPCHKUX TIEPEBE3CHB sl aHAITi3y BaHTaKHUX I1EPEBE3CHb.

OnHak BapTO 3a3HAYUTH, IIO ICHYIOTh CYTTEBI BIIMIHHOCTI MK NMACaKUPCHKUMH Ta BaHTaXHUMHU
MEepeBEe3CHHAMH, SIKi BIUIMBAIOTh HA T'€HEPAIil0 TPAHCIIOPTHOTO MOMNHTY, IO Ma€ BPAaXOBYBATUCH IIPH
po3po0Ii  BIAMOBIAHUX TpaHCHOPTHHX Mojeneld [11]. BaHrtaxHi nepeBe3eHHS BKIOYAIOTh OLUIBIINES
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3aIliKaBJICHUX CTOPiH (BiAMPaBHUKHY, MTEPEBI3HUKH, BOii, orepaTopy). THIT BaHTa)Xy BapilOETHCS BiJl MAIHX
ITOCWJIOK IO BEJIMKHMX TAPTiid, 10 BUMAarae pi3HUX MiIXOIIB A0 TPAHCIIOPTYBAaHHA, Yepe3 KOH(IACHIIHHICT
gacTo Opakye MAeTaIbHUX JAaHUX IS MOJETIOBAHHS BaHTAXHUX IIE€PEBE3CHb, BaHTaXi MOTPEOYIOTH
crnenianbHoi iHpPaCTPYKTYpH [T HABAaHTKCHHS 1 BUBAHTAXKEHHS, BAHTAXKHI TPAHCIIOPTHI 3ac00U MOXYTb
OyTH cremiaaizoBaHUMH, TOOTO PO3POOJICHUMH TSI KOHKPETHUX THIIB BaHTaXiB, HA MapuIpyT BaHTaXy
BIUTMBAIOTH KiJTbKa YYACHUKIB MEPEBI3HOTO MPOIIECY BiJl BiAMPaBHHUKA IO OTPHIMyBada, MEpPeKa BAaHTAKHOTO
TPaHCHOPTY MOKE BKJIIOYATH BJAacHI By3MM (JIOTICTWYHI UEHTPH, CKJIaAM), L0 MAlTh OKpeMi
XapaKTePUCTUKH OO0 IPOIYCKHOI 3IaTHOCTI Ta 9acy 3aTPUMKH, YMOBHU IIE€PEBE3CHb XapaKTEPU3YIOTHCS
BHCOKHM CTyleHeM HeBu3HadeHocTi [10, 11].

VY pobotax [10, 11] Big3HauaeThCs, MO MOJAETIOBAHHS MPOLECY MPUNAHATTS PIllICHb NMPH 3AiHCHEHH]
BaHTAKHUX IE€PEBE3CHb YCKIAAHAETHCA TIOPIBHAHO 13 MOJCTIOBAHHAM IIONHTY Ha MACaKUPCHKOMY
TPAHCTIOPTI B3aEMOMIEI0 MK YYaCHHKaMH IEPEeBI3HOrO TMporecy. B mesknx BHIafKaX BpaxOBYETHCA
MPOXO/UKCHHS! BaHTAXHUMH TPAaHCIIOPTHUMHU 3aco0amMH BY3JOBHUX TOUOK MEpEXi, IO BIUIMBAaE Ha BUOIp
MapuipyTy Ta Nepepo3nOALT TPaHCIOPTHOTO monuTy. Y podoti [11] 3a3HadeHo, U0 HA OCTAHHBOMY €Tami
Mepepo3MNOiTy TPAHCIIOPTHOTO IMOMHUTY HA BaHTa)KHI TepeBe3eHHS (MPU3HAYEHHS) TOIIIBHO 3aCTOCOBYBAaTH
Ti ) METOIM TepPepo3MOIiTy, MO W IS MOJAEN MacaKUPCHKOTO TPAaHCIOPTY, OCKIIBKH OOWIBI CHCTEMH
TPAHCHOPTY BUKOPHCTOBYIOTH OJHAKOBY AOPOXKHIO iH(QpacTpykTypy. OcTaHHE OOYMOBIIOE HEOOXiJHICTH
OJTHOYACHOTO PO3PaxXyHKY MOMUTY Ha BAaHTAXKHI Ta MACAXKUPCHKi TIEPEBE3CHHS B MEXKaX OHI€T MOJIETI.

Astopu [12] Bif3HAYaAIOTH, IO MOJIEIIOBAHHS TOMUTY Ha BaHTAXKHI NEPEBE3CHHS 3aBXKIU Ma€ UiTKy
MPUB’SI3KYy 0 KOHKPETHHX YMOB JOPOKHBOI MEpeXi, PYXJIUBOCTI HACEJCHHS, EKOHOMIYHOI aKTHBHOCTI,
TOMY ICHYIOUI MiAXOJM Ta QJITOPUTMH JI0 BH3HAYCHHS 3aKOHOMIpHOCTEW (OpMyBaHHS IONMUTY Ha
nepeBe3eHHs BaHTQ)KHUM TPAHCIIOPTOM MAlOTh BPAaXOBYBATH JIOKAIBHI (akropu BIuuBy. [Ipn MoaenroBaHHi
TeHepallii MOMHUTY Ha BaHTa)KHI MEpPEeBE3CHHS MAalOTh OyTH BpaxoBaHI HE TUIBKH CIIOCTEPEKYBaHI BUXigHI
JaHi, a # HECNOCTEPEXKyBaHI JIaHi MIOJI0 XAPAKTEPUCTHK JAHIFOTIB IOCTa4aHb y CHUCTEMax BaHTaKHOTO
TpaHcmopty [13].

VY 3B’A3Ky 3 BHIICHABEICHUM, AKTYaJbHHM 3aBIAHHSAM € DPO3POOJICHHS MIIXOLY A0 PO3paxyHKY
reHepalii monuty (KUTBKOCTI MOI3A0K) SIK MepuIoro eramy 4 KpoKOBOI MOJENi MOMUTY 13 pealtizalliero Ha
MpUKIaIi TpaHcopTHOI Mojeni Micta Kpuswuii Pir.

JI71st BUKOHAHHS ITOCTAaBJICHOTO 3aBJaHHS HEOOX1THO pO3B’sI3aTH TakKi 3a1ad4i:

— pO3pOOUTH MiAXiJ A0 NPOUEAYpPH pO3paxyHKy TeHepallii IMONMUTY Ha BaHTAXHI NEepeBE3CHHS
ABTOMOOUILHIM TPAHCIIOPTOM JIJIsl PI3HUX CHCTEM BAaHTa)KHOTO TPAHCIIOPTY;

— peani3zyBatu po3po0IIeHi IPOoIIeTypH 3a JOIOMOT 00 TpaHCTIOPTHOT Mozeni micta Kpuswuit Pir;

— BUKOPHCTATH pe3yJbTaTH TPAHCIIOPTHOTO MOJEIIOBAHHS, NPOBIBIIM OIIHKY OTPHMaHHX
3aKOHOMIpHOCTEH reHepallii MONMuTy Ha BaHTaXKHI repeBe3eHHs y MicTi Kpuswuii Pir.

PE3YJIbTATHU JOCJILIKEHHSA

['enepariisi TIONMMUTY Ha MiCBKOMY BaHTa)KHOMY aBTOMOOUIEHOMY TPaHCHOPTI PO3TIISAAETHCS IS TPHOX
CHCTEM TPAHCIIOPTY:

FT1 — nerki BaHTaKHI aBTOMOOLM moBxkuHOMO Bix 2,0 mo 2,6 M 3 gBOoMa abo Oinmblie ABOX Ocei
BaHTaKOIIIHOMHICTIO 110 2 T;

FT2 — cepenHi TphOXOCHI BaHTaXXHI aBTOMOO1III JOBXKUHOKO OLIbIINE 2,6 M BaHTaXKOMIIHOMHICTIO Bif| 2
J0 8 T

FT3 — TppoXoCcHi cCaMOCKHIH BaHTAKOIiAHOMHICTIO OinbLie § T.

I'eneparmisi TpaHCIIOPTHOTO MONMTY TMependadae B3a€MO3ANEkKHI NPOLECH YTBOPEHHS IOI3J0K 3
BiJITIOBIJTHUX PaiiOHIB TPAHCIIOPTHOT MOJIENI Ta MPUTATHEHHS MOT3/I0K Y JlaHi paionu [7].

Ha erami yTBOpeHHS TPaHCIOPTHOIO MOMUTY HPOXYKYBaHHS KIIBKOCTI MOi3OK JJIsl BiIMOBiTHOTO
TPaHCHOPTHOTO palOHy 3aJIEXITh BiJl CTPYKTYPHUX MOKa3HHUKIB, SIKi OMUCYIOTh IHTEHCUBHICTh €KOHOMIYHOT
JUSTBHOCTI B TAaHOMY paiioHi:

Q. = Z V -a

iftl Il pi

0. =2V b

ift2 m o omi pi

Q =2V ¢

ift3 h hi  pi (1)

Qitr, Qife, Qirs — KUIBKICTh TOT3/I0K, SIKi YTBOPIOIOTHCS BAHTAXKOBIAMPABHUKAMH TPAHCIIOPTHOTO
paiioHy I Ui cucTeM BaHTakHOTO TpaHcopTy FT1, FT2 ta FT3 BianosinHo;

ISSN 2313-5425 , 2025, Ne2 (25) m




© Cictyk B.O. 2025

Vi, Vi, Vhi — 00car TeHepallii B TpaHCIIOPTHOMY paioHi | OMuHMII P, SKa 3aJI€XKITh BiJl CTPYKTYPHOTO
mokaszauka |, m, h y pisuux cucremax tpancmopry FT1, FT2 ta FT3;

api, Dpi, Cpi — KOEIIIEHTH YTBOPEHHS, SIKi ONUCYIOTh KiIbKICTh MOI3/10K, 110 NPHIAaI0Th HA OJUHHUIIIO
BiJIMIOBIZTHOTO CTPYKTYPHOTO TIOKa3HUKA.

[TpUTATHEHHS TOT3/I0K Y TPAHCIIOPTHOMY PaiOHi ] MOYKHA BU3HAYNTH HACTYITHUM YHHOM:

Ajfil - Zf Pﬁd\;
A_jf’.! - Zm ij ’ e.\j
A= Ly Pyt

2)

Ajti1, Ajreo, Aifts — KIIIBKICTb HOT3/10K, SIKI IPUTATYIOTHCS BAHTaKOO0AEPKyBauaMU TPAHCIIOPTHOI'O pailoHy
J ns cuctem BaHTaxkHoro Tpadcmopty FT1, FT2 ta FT3 BianosiaHo;

Pij, Pmj, Prj — 00CsATH IPUTATHEHHS MOI3/I0K B TPAHCIIOPTHOMY PaiOHi j OJUHHMII S, SIKi 3aJeXaTh BijJ
CTPYKTypHOTro mokasuuka |, m, h y pisaux cucremax tpancrnopry FT1, FT2 ta FT3;

dg, ey, f§ — KoedilieHTH NPUTATHEHHA, SAKi OMUCYIOTh KUIBKICTh IOI3AOK, LIO MPHUIIAJAOTh HA
OJIMHUITIO BIAIOBITHOTO CTPYKTYPHOTO TIOKa3HUKA.

BanancyBaHHS yTBOPEHHS Ta NMPUTATHEHHs KUTBKOCTI MOI3M0K IMependadae, 10 cyMa MOi3/0K, sKi
TCHEPYIOThCS, JIOPIBHIOE CyMi IMOI3JIOK, SKI MPUTATYIOTHCS. B SKOCTI OCHOBM JjIs OajlaHCYBaHHS JOLIIBHO
BUKOPHCTOBYBATH iTepallifHy HpoIenypy, B AKiii BUKOPHCTOBYIOTHCSA CEpeHI 3HAUYEHHS KiTBKOCTI MOi3I0K
YTBOPEHHS Ta MPUTATHEHHA. [Ipy TakoMy MmiIXo/1i BAHTaKOMOTIK BU3HAYaTUMEThCS:

Q. A G
ik Jk k
+ = . - -
F’_ﬂ_(n ]) F{ﬂ_(n) A o, G_(n)
T F — Pom
ii 1 iy i !
] if Aﬂ((n) k
Q;‘k(”) Aﬂ‘_(n) | |
——1|<E; A_—ISE; g=——F—; §=—F—
Qy jk I\ Fo A J 3

Fij — po3paxoBaHa KiJIbKiCTb IOI310K i3 paifoHy i B paifoH j y cucTeMi BAHTaKHOTO TPAaHCIOPTY K;

Fij (N) — po3paxoBaHa KiJbKiCTh TOi3I0K 13 palioHy | B paiioH j Ha iTepamii N y CHCTEMi BAaHTa’KHOTO
TpaHcnopty K;

Qik— O6axkaHa KiJIbKiCTh MOI3/I0K i3 TPAHCIIOPTHOTO PaiOHy | B CHCTEMI BAHTAKHOTO TpaHCIIOPTy K;

Qi(n) — KUIBKICTh MOI3M0K 13 TPAHCHOPTHOTrO paifoHy | Ha iTepaimii N B CHUCTEMi BaHTAXKHOTO
TpaHcmnopty K;

Aj— OaxaHa KiJbKICTb IOi37I0K B TPAHCIIOPTHUI PaifOH | B CHCTEMi BAHT)XHOTO TPAHCIIOPTY K;

Ajc (N) —xUIBKICTB MOI3JJ0K B TPAHCHIOPTHUH PaloOH | Ha iTepamii N B CUCTEMi BaHTa)KHOTO TPAHCIIOPTY

Gy — cymapHa KUIBKICTh TOT3/I0K B CHCTEMI BAHTaXKHOTO TPAHCHIOPTY K;

Gk (n) — cymapHa KUIBKICTB TOT3/I0K B CHCTEMI BAHTAXKHOTO TPAHCTIOPTY K Ha iTeparii N;

& — rpaHUYHA BETMYUHA MOi3/0K YTBOPEHHS-IPUTITHEHHST

fq — Koedimient sxocti 3a MetogoM Jlo3’e (mpuitmMaeTbes piBHEM 3) [14];

N — HOMeEp iTeparii;

k — HOMep cuctemu Tpancmiopty FT1, FT2, FT3.

st MoJiemoBaHHSI BUKOPUCTAHO Mepexky TpaHcnopTHoi mojeni micta Kpusuit Pir, ctBopeny 3a
JOTIOMOT0I0  TiporpamMHoro 3abesneueHus PTV Visum [14]. OnucaHHS TpaHCIOPTHOI Mepexi, Mojesi
MONMUTY Ha TMACAKUPCHKUU TPaHCIOPT Ta MOZET B3aeMOJii, SIKi po3poOJeHi B paMKax MOJENIOBAaHHS,
HaBeJIeHO y po0oTi [15]. V sikocTi miapiB MOMUTY Ha €Tari po3paxyHKy MOJIEN, O PO3TIISAAETCS, BUCTYIIAE
B3aeMOJis KokHOI cuctemu TpaHcmopty FT1, FT2 Tta FT3 i3 BHyTpillHIMH WiIsIMH MOi310K, TOOTO
BHYTPILLIHIA MOMUT.
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YTBOpeHHS Ta TPHUTATHEHHS TO3J0K y MOJENl BaHTaXHOTO TpaHcmopty Micta Kpwueuit Pir
3MIMCHIOBAJIOCH 3 BUKOPHUCTAHHAM TaKUX IMIXOMIB. Y SKOCTI CTPYKTYPHOTO MOKa3HWKA MPUIHATA KiTBKICTh
po0OYMX Miclb Yy BiANOBIJHOMY TPaHCIOPTHOMY paiioHi BIAMOBiAHO A0 Kiacudikalii BUAIB €eKOHOMIYHOI
aktuBHOcTi (KBEJI) [16]. V sxocti koe(ilieHTIB yTBOPEHHS &y, Dpi, Cpi Ta mpursarHeHHs dg, €, fy B
piBHsAHHSX (1-2) HACTYIHI BETUYHHU:

Q{'m =A‘g'n =0,115" W, +0,07- w, +0,05- Wy
Qifrz = AjfrZ

= = Cw V& s .
Qf_',r‘;z Ajf.f? 0,04 u]+0,0-5 w2+0,002 W,

=0,015" W, +0,05‘w,}+0,02‘1-v%

(4)

W; — cyMapHa KiUTbKiCTh POOOYMX MiICILlb Y TPAHCIOPTHOMY paioHi | (Ul yTBOPEHHS MOTOKY) abo j
(mns motokiB nputsaraenns) 3a KBEJl A, B, F;

W, — CyMapHa KiJTbKiCTh POOOYHX MiCIlb Y TPAHCIIOPTHOMY paioHi i (I yTBOPEHHS MOTOKY) abo j
(mns motokiB mputsaraenns) 3a KBEJ] C, D, E, I, G, H;

W3 — cyMapHa KiIbKiCTh POOOYHX MiCIlb Y TPAHCIIOPTHOMY paiioHi | (I yTBOPEHHS MOTOKY) abo j
(mns motokiB mputsaraenHs) 3a KBEJ[ J, K, L, M, N, O, P, Q.

3HaueHHs Koe(imieHTIB BU3HAYAIOCh HA OCHOBI OalaHCyBaHHS TIOMUTY 32 (hOPMYIIOHO (4).

YTBOpeHHS 1000BOi KiJIbKOCTI MOi3I0K TPaHCIOPTHHUX PalOHIB Uil CUCTEM BaHTAKHOTO TPAHCIIOPTY
FT1, FT2 ta FT3 mus micta Kpusnii Pir moka3zano Ha Pucynky 1, a npuTATHeHHS MOi3M0K — Ha PucyHKy 2.
KinpkicTh MOI370K, sIKi yTBOPIOIOTHCS Ta MPUTIATYIOTHCSI B TPAHCIOPTHHUX paioHax [HrymeIist 3a moOy, st
3pYYHOCTI TOKa3aHi Ha okpeMux mgiarpamax (Pucynok 3, PucyHok 4), OCKiAbKM OaHMH MiKpopaiioH
reorpaiyHO BiJJIaJICHHI BiJl IHIIWX YaCTHH MICTa.

OTtprMaHi pe3ynbTaTi MOKa3yIOTh, 0 Y TPAHCTIOPTHIM MOJENI TOTPUMYETHCS OaaHC YTBOPEHHS Ta
MPUTATHEHHS KUTBKOCTI TMOI30K BaHTAXKHAM aBTOMOOITBPHMM TPaHCIOPTOM IS BCIX TPUHHATHX
TPaHCHOPTHUX cucTeM. LleHTpaMu reHeparii Moi3MOK MO BCIM CHUCTEMaM € TipHUYOIPOMHCIIOBI palloHU
micra (Tabmums 1) [15], sxi po3ramoBaHi ab0 MPUMHUKAOTH A0 MIiANPHEMCTB TipHUYO-METAIYpPTiiHOTO
kommiekcy: [IpAT Iaryneupkuii ripanuoz6arauyBansauii komOinat (I'3K), IIAT Apcenop Mirran Kpuswuii
Pir, TIpAT Uentpansuuit ['3K, TIpAT IliBniunwmii ['3K. Jlani pafioHn i3 moka3HWKaMH TeHepalii Mmoi3Iok
npeacTasieHi y Tabmumi 1.

Tabnuus 1 — Llentpu reHeparii (YTBOPEHHS/IPUTITHEHHS ) MOT3/I0K BAHT)KHOT'O aBTOTPAHCIIOPTY

Nes3/m | AamiHicTpaTHBHUIA [TignpuemcTBo Crucrema BaHTaXHOIO TPAHCIIOPTY Ta
paiioH micTa TiPHAYOIIPOMUCIIOBOTO KIJIBKICTB ITOI370K 3a 00y, OMMHULIb
paiiony FT1 FT2 FT3
1 [Hrynenpkuii [pAT Inrynenpkuii 3K 768 116 250
2 [arynenpkuii AT Apceﬂﬁ’p MlTTaH 286 41 102
Kpusnii Pir
3 [arynenpkuii AT Apcencv)p MlTTan 564 76 194
Kpusuii Pir
4 Meranyprifismit AT Apcenop Mirran 637 01 228
Kpuswuii Pir
5 [TokpoBCHKMIA IMpAT Uentpansawmii 3K 603 81 209
6 TepHIBCHKHIA [pAT IliBriuamii 3K 875 115 305
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PucyHok 1 — YTBOpeHHsI 0O1310K TPAHCIOPTHUMU Pucynox 2 — [IpuTsrHeHHs noiziok
paiionamu micta Kpuswuii Pir TpaHCHOPTHUMH palioHamu micta Kpusnii Pir

Yuwoan| noaasomst

Pucynok 3 — YTBOpeHHs NOi310K TpaHCIOPTHUMH Pucynok 4 — IIpuTsarHeHHs N0i310K
paiionamu IHrybLs TPAaHCIOPTHUMU pailoHaMu [HTynbLIsS

Haii6inbIma KiTbKICTh MOT3/10K BaHTQXKHUM aBTOTPAHCIIOPTOM T'€HEPYETHCH Y TiPHUUOIPOMHUCIOBOMY
paiioni [TAT Apcenop Mirtran Kpusuit Pir — mo TppomM TpaHCIOPTHUM paiioHaM BOHA CTAHOBUTH 1487
MOT3/I0K 32 OOy JJIsl JIETKUX aBTOMOOLIIB BAaHTaXOMIIHOMHICTIO 710 2 T, 208 moi3n0K 3a 100y — /s CepeHixX
TPHLOXOCHUX aBTOMOOLITIB BaHTaXKOMIAHOMHICTIO Bifg 2 mo 8 T, 558 moi3mok 3a 100y — Ui TPhOXOCHHX
CaMOCKH/IIB BaHTaXKOITi JMOMHICTIO OUIbIIE & T.

OBI'OBOPEHHS PE3YJIBTATIB

Pesynpratn mpoBemeHOTO MOJENIOBAaHHS TEHEpalii MOMUTy Ha BaHTAXHOMY aBTOMOOUILHOMY
TpaHcmopTi A micta Kpuswuii Pir mokasanu, 1Mo mo K0>KHOMY TPaHCIIOPTHOMY paliOHY MOJENI Ta CUCTEeMI
BAaHTKHOTO TPAHCIIOPTY BUKOHYETHCS PIBHICTH MOI3IOK 3a A00y, SKi JaHWUN paiioH TeHEepy€e Ta OJHOYACHO
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nputarye. OCTaHHe 103BOJISIE CTBEPDKYBATH, IIO:

- npuiiaataid po3noain KBEJliB 3a cucremamu BanTakHoro tpaHcmopty FT1, FT2 ta FT3 mua
BU3HAYEHHsI KUIBKOCTI pOOOYMX MiICUb Yy TPAHCIOPTHOMY paiOHI y SKOCTI CTPYKTYpHHX IOKa3HHUKIB €
0OTPYHTOBaHUM;

- iTeparmiitamii miaxia 0 6aJaHCyBaHHS YTBOPEHHS Ta MPUTATHEHHS KUTBKOCTI MOI37I0K Yepe3 CHCTEMY
PiBHSIHB 3 € OOTPYHTOBaHHM;

- miAiOpaHi YMCIOBI 3HAUEHHS KOe(iLlieHTIB yTBOPEHHS 8y, Dpi, Cpi Ta mpHUTArHEHH dgj, €y, f5; (cuctema
piBHSHB 4) MO3BOJIATH MOJAETIOBATH TeHEPAIli0 MMOTOKIB BAaHTAXKHOTO TPAHCIIOPTY 13 TOTPUMAHHIM OallaHCy
MDK YTBOPEHHSIM Ta MPUTITHEHHSM.

Haii0inpma KinbKicTh MOI3MOK 3a A00y JIETKUMH, CEPEeIHIMH TPHOXOCHUMH BaHTaXHUMHU
aBTOMOOUIIMH Ta CaMOCKHAAMH YTBOPIOETbCS Ta TMPHUTATYIOTHCS TPAHCIOPTHUMHU paioHaMu, sKi
BITHOCATBCA IO TipHHYONpoMHCIOBHX [15] 13 KOHIEHTpali€ro TipHHY030aradyBaIbHUX KOMOIHATIB 3
BUAOOYTKY 3ali3HOT PyIW BIAKPUTHM CIIOCOOOM Ta METalIypriifHOro 3aBOAy i3 CHPOBHHHOIO 0a3010, sKa
3HaXOAUTHCS B aaMiHicTpaTHBHUX Mexxax KpuBoro Pory. JlaHy 3aKOHOMIipHICTE MOKHA MOSICHUTH THUM, IO
OCHOBHUMH BHJIaMH €KOHOMIYHOI aKTHBHOCTI y MiCTi € JTOOyBHA MPOMICIIOBICTb, PO3POOIECHHS Kap’ €piB
(KBEJ B) Ta nepepo6na npomucnosicts (KBE]] C). Came nani KBE]] BUKOpHCTOBYBaUCH Ha TIOTIEPEIHIX
eTanax JOCHTiDKEHHS TpaHCIOpPTHUX cucTeM Micta Kpusuit Pir [15] y pomi knmacudikamiiiHoi o3HaKu
CTOCOBHO BiJTHECEHHSI KOHKPETHOTO TPAHCIIOPTHOTO PAHOHY 10 TPy TipHUYOIPOMHUCIIOBUX, Y TOMY YHCII,
y MOJIETI MTaCaKUPCHKOTO TPAHCIIOPTY.

BUCHOBKH

VY po0GoTi po3B’s3aHi akTyalbHI 3ajadi, sSKi MPEICTABISAIOTh HAYKOBHU Ta MPAaKTUYHUH iHTEepec —
po3pobneHHs Ta ampolamis TAXOMy A0 TPOUEAYpPH pPO3paxyHKy TeHepamii TOi30K aBTOMOOITHHHM
BaHTKHUM TPAHCIOPTOM Y MICBKIH TPaHCIOPTHIM MOAENi A CHUCTEM JIETKHX, CepelHiX aBTOMOOITIB Ta
CaMOCKH/IB.

Kinpkicte pobo4nx Miclb y TPaHCHOPTHHUX paiioHaX MOJENI PO3MOAiIEHa 32 BiNOBIIHUMHU TPyHaMH
KBEJ/l, xokHa 3 SKHX BIiJIOBiJla€ OKpeMill CHCTEMi BaHTAXXHOTO TPAHCIOPTY, NPHUHHITa B SKOCTI
CTPYKTYpPHOTO TMOKa3HHWKA Ul BU3HAYCHHS YTBOPEHHS Ta MPUTSATHEHHS MOI3A0K. bamaHcyBaHHs reHepaiii
TPaHCHOPTHOTO TOMUTY BUKOHYETHCS 32 IOTIOMOT OO ITEPaIlifHOTO alrOpUTMY.

JIst mepeBipKH MPEACTaBICHOTO MiIX0y BUKOHAHO MOJEITIOBAaHHS IeHepallii TpaHCIIOPTHOTO MOHTY
Ha BaHTa)XXHI aBTOMOOIIbHI TIepeBe3eHHs y MicTi KpuBuit Pir 3a 1ormoMororo TpaHCIOPTHOT MOZETII.

PesynpTatn MojeNIOBaHHS MOKa3aid, IO KUTBKICTh MOI3A0K, SIKI TEHEPYIOThCS Ta TPUTITYIOTHCS
PI3HHMHU TPaHCIIOPTHUMH paiioHaMU MicTa, 30iraeThcs, MO MiATBEPIKYE MPABUIBHICTE OOPAHOTO MiAXO0Ty
70 PO3paxyHKy I'eHepallii TpaHCTIOPTHOTO MOMHTY JUISl NPUHHATHX CUCTEM BaHTa)KHOTO TpaHCcHopTy. Takox
BCTaHOBJICHO, IO IIEHTpaMy (POPMYyBaHHS Ta MOTJIMHAHHS MOT3/I0K HA MiICbKOMY BaHTQ)KHOMY TPaHCIIOPTi y
KpuBomy Po3i € miicTh TpaHCIIOPTHUX PaiiOHIB, B SKUX PO3TAIIOBAaHI MiAIPUEMCTBA TipHUYIOAO00YBHOI Ta
MeTalypriiiHoi ramyseil. [[ms maHux paiioHIB XapakTepHO, IO KIUIBKICTh MOI3A0K, SKi 3IHCHIOETHCS
TPHOXOCHUMHU CaMOCKHUJIaMU BaHTAKOMIAMOMHICTIO OUIbIIEe 8 T MEPEBHUINYE KUIBKICTh MOI370K CepeaHIMH
TPHLOXOCHUMH BaHTAKHUMH aBTOMOOUISIMH BaHTaKOMIIHOMHICTIO BiJl 2 710 8 T.

[TpoBeneHe MOCHiIKEHHS OOMEXKYETHCS TUIBKH MEPIIOI0 MPOLEIYPOI0 PO3paxyHKy MONHTY y 4-
eTaIHiil TPaHCIOPTHIN MOZAENI /Ui BAHTQXKHOI'O aBTOMOOUIBLHOTO TpaHcopTy Mmicta Kpuswmii Pir. Hactynsi
JOCIIJPKEHHsT OyIyTh 30Cepe/PKeH] Ha 1HIIUX MPOolenypax po3paxyHKy TPaHCIIOPTHOTO IOMHUTY B paMKax
JTaHol MOJEIII.
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V.Sistuk. Modelling trip generation for road freight transportation in Kryvyi Rih.

The paper proposes a method for modelling demand generation (number of trips) in road freight
transport within a four-stage demand model. This methodology is structured as follows: 1) urban freight
transport is categorized into three distinct systems: light trucks (2.0 to 2.6 m in length, with two or more
axles and a maximum carrying capacity of 2 t), medium three-axle trucks (over 2.6 m in length, with a
carrying capacity ranging from 2 to 8 t), and three-axle dump trucks (with a carrying capacity exceeding 8 t).
2) In the procedures for trip generation and attraction, the number of jobs within transport districts is
employed as a key structural indicator, which is then distributed according to the specific set of economic
activities relevant to each freight transport system. To validate the proposed approach, a modelling of
demand generation for freight transport in the transport model of Kryvyi Rih was conducted using the PTV
Visum software. The results of the modeling demonstrated that the number of trips generated and attracted
by different zones of the city matched, confirming the accuracy of the chosen method for calculating the trip
generation for specific freight transport systems. It has been established that the production and attraction of
trips by urban freight transport in Kryvyi Rih in the six zones where enterprises of the mining and
metallurgical complex are situated is notably higher than in other zones within the model. These zones,
referred to as mining areas in previous studies on urban mobility in Kryvyi Rih (specifically concerning
passenger transport), exhibit distinct patterns in freight transport demand. Future research will focus on
further procedures for calculating transport demand within the four-stage transport model.

Keywords: transport demand, road freight transport, transport system, transport modelling, PTV
Visum, demand generation, trip production, trip attraction, zone, mining area.
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BIIJIMB BUJY ITAJIMBA HA ITAJIMBHY EKOHOMIYHICTD TA EKOJIOI'TYHI IOKA3HUKHA
ABTOMOBIJIBHOI'O IBUT'YHA

ABTOMOOUTPHUI TPaHCIIOPT € OJHHMM 3 HAWOUIBIIMX CIIOXKMBAdiB HaJIWB HA(TOBOrO IMOXOKCHHS Ta
3a0pyIHIOBaYiB HABKOJHMIIHHOTO CEPEHOBHINA. TOMY aKTyaJbHHUMH € IOCIHI/UKEHHS CHPSMOBAaHI Ha PO3IIHPEHHS
TIaJIMBHOI 0a3M A1 aBTOMOOUIEHOTO TPAHCHOPTY 1 parlioHanbHe BUKOPUCTaHHS albTepHATHBHIX ITanuB. Ha nanmii yac
B YKpaiHi HaliOUTBII MOIIMPEHNMH aJTbTEPHATHBHUMH NaJMBAMH € CIHHPTOBMICHUH OCH3MH 3 00’€MHUM BMiCTOM
6ioetanomy 1o 50 % Ta 3pimkeHnit HadTOBHI ra3. [lepeBaroo JaHUX MajaMB € Te, IO iX MOXHA BUKOPUCTOBYBATH B
IBUTYHaX aBTOMOOLUTIB Oe3 BHECEHHS 3HAYHMX KOHCTPYKUIMHMX 3MiH. B maHiil crarTi HaBeoeHO pe3yibTaTH
JNOCHI/PKEHb TMAJUBO-€KOHOMIYHHX Ta EKOJOTIYHHMX ITOKa3HHWKIB aBTOMOOUIPHOTO JBUTYHAa 3a pOOOTH Ha
TpaguuidHoMy OeH3uHI A-95 Ta TakuX anbTEpPHATUBHUX MajHMBaxX, K CIUpTOBMicHUH OeH3nH E40 Ta 3pimxeHuit
Ha(TOBMIA Ta3. B pe3ysnbTaTi AOCHIIKEHb BCTAHOBIICHO, IO 32 POOOTH JBUTYHA Ha CHHPTOBMicHOMY OeH3uHi E40
IiIBUIIYEThCS TOAMHHA MacoBa Ta MUTOMAa e(eKTHBHA BUTpaTa NayiuBa B cepequboMy Ha 12 %. O6’emHa BUTpaTa
IajMBa 3a poOOTH JABUTYHA Ha CIIMPTOBMICHOMY OCH3MHI BHINA B cepefHbOMY Ha 8,5 %. 3HIKYIOThCS KOHLCHTpAii
Hesropinux ByrineBoaniB CpH, B cepennromy Ha 10,4 %, xonnentpaitii NOy 3MEHIIIYIOTbCS B cepeqHboMy Ha 3,5 %.
3a poborn nmBuryHa Ha 3HI' 3HIKYIOThCS TOAWHHA MacoBa Ta MHTOMAa e(EeKTHBHA BHUTpaTa MalWBa. 3HIKECHHA
BUTpATH MajKMBa CTAHOBUTH B cepeanboMy 16,35 %. O6’emHa BuTpara manmusa 3a poboru asuryna Ha 3HI' Buma B
cepenHboMy Ha 12 %. 3pocraloTh KOHLIEHTpalii Hesropinux ByraeBoaHiB CH, y BI' n1BuryHa nopiBHsHO 3 po60TOO
Ha GeH3uHi A-95 B cepennboMy Ha 36 %. 3HIKYIOThCs KOHIEHTpalil okcuaiB a3oty NOy y BI' nBuryHa. 3HmKxeHHs
NO, ctanoBuTh B cepeaabomy 11,6 %.

KiawuoBi cioBa: manuBHA EKOHOMIYHICTh, CKOJIOTIYHI TOKA3HHWKH, I[ajJWBO, CIHHPTOBMICHUIA OCH3MH,
3pimkeHnit HadTOBHIA Ta3.

BCTYII

OmHMM i3 BaXJIMBUX 3aBIaHb Teped JOCTINHWKAMH B Taly3i aBTOMOOUTRHOTO TpPAaHCIOPTY €
po3mupeHHs mnanuBHOI ©0asu. BoHO o0OyMoOBIeHE OOMEXKEHHMMH CBITOBUMH 3amacaMd HadTH Ta
EKOJIOTTYHUMH TpoOiieMaMH CHPUYMHEHHMH BHKHJIAMH 3a0pyIHIOIOYMX PEYOBHH, IO yYTBOPIOIOTHCS IMPH
3ropaHHi MajuB HAPTOBOrO MOXO/KEHHS B MUJIIHApaX ABUTYHIB BHYTPIITHBOTO 3ropaHHS aBToMoOimiB. Ha
JaHWH Yac OCHOBHMMHU NajlMBaMHM Ha aBTOMOOUIBHOMY TPaHCHOPTI € OEH3WH 1 Ju3eibHE MaIUBO, SIKE
OTPHUMYIOTH TiJI 4ac mepepoOKH HAPTH.

VY CBiTI aKTUBHO NPOBOJASATH NOCTIJUKEHHS 10 BHKOPHUCTAHHIO TaK 3BaHMX HU3BKOBYIJICLIEBUX Ta
0e3ByrIieneBux nanuB. /[0 HU3bKOBYTJICIEBHX TAJMB HAJIEKATh Pi3HI BUIM OiOManuBa, a TAKOK CHHTETHYHI
nanuBa oTpuMani merogom Dirrepa-Tpormira. Tannii METO MOJISATAE B CHHTE31 PiAKKMX TaauB i3 rasis [1-2].
B nanuii yac BeqyThCs JOCHIHKEHHS 110 CTBOPEHHIO Ta BUKOPUCTAHHIO TaK 3BAHOTO “€JIEKTPOHHOTO MajiuBa’
(e-fuel), cupoBHMHOIO JUIS SIKOTO € BYIJIEKHCIHH ra3 3 arMOC(EpHOro MOBITPs i BOJECHb, OTPUMAHHUH 3
BUKOPUCTAHHSIM EJIEKTPOSHEPTii 3 BiJHOBIIOBAHMX JKepes (eHeprisi COHI, BiTpY 1 T.1.) [3]. Aje moku
BHUKOPHUCTAHHS TaKOTO MallMBa HEe HAOYJIO TIOMIMPEHHS, Yepe3 HOro BUCOKY cobiBapTicTh. [lo Ge3ByrieneBux
najguB HayuexaTh BojxeHb (Hy) i amiak (NHs3). Bukopucrantst BogHIO B IBUTYHAX BHYTPIIIHBOTO 3rOpPaHHs
oOMeKeHe CKIIQJHICTIO Horo 30epiraHHs Ha OOpTy aBTOMOOIS 1 BiJICYTHICTIO HA JaHHH Yac eEeKTHBHUX
KOHCTPYKI[if IBUT'YHIB aalTOBaHUX J0 3rOpaHHs BOAHIO. Jl0 HEIOJIKIB aMiaKy HaJleXaTh HOTO TOKCHYHICTh
1 MeHIIIa, TOPiBHSHO 3 TPAAULIHUMH MaTUBaMH, TEIJIOTa 3TOPaHHS.

VY nanuit yac 10 HAWOUIBII MEPCIIEKTUBHUX 3aMiHHUKIB TPAIUIIHHUX MAJIWB HAJIEKATh Ti, AKi MOXKHA
OTPHMaTH 13 TIOHOBIIOBAHOI CHUPOBMHM a00 TMOOIYHUX TMPOAYKTIB TMepepoOKH B PI3HUX Trary3sx
MpOMHCIOBOCTI. Jlo MaJMB 3 MOHOBIOBAHOI CHPOBUHH HAJIeXKaTh CIIUPTH, OTPHMaHI BHACIIZOK OpOIiHHS
Oiomacu, Oioras, edipu pocnuHHUX OJil. Jlo anbTepHATUBHUX MAINB TAKOXK HAIEKHUTH 3PiKEHUH HAQTOBUIMA
ra3 (3HI") noOyTwuii 3 ra30KOHAEHCATHUX POIOBHIIL [4].

B VYkpaini B sSKOCTI anbTepHATHBHUX MAJIWB JJIsl JIBUTYHIB JIETKOBUX aBTOMOOLUIIB HaiOLIBIIOrO
MOLIMPEHHS Hal0yJ0 BHUKOPHCTaHHS 3piJLKEHOr0 Ha(TOBOrO razy Ta CHMPTOBMICHOTO OCH3MHY 3 BMICTOM
6ioetanomy 10 50 %. Lli nanuBa B aHuii yac MokHa MpUAOATH HA aBTO3ANpPaBHUX CTaHLIAX YKpainu. Pazom
3 THM, aKTyaJbHUMH € JOCHIJDKEHHS MO iX pallioHaJbHOMY BHKOPHCTAHHIO B JIBHI'YHaX aBTOMOOLTIB, IO
nepe0yBarOTh B €KCILTyaTaIlii.

AHAJII3 JITEPATYPHUX JAHUX TA IOCTAHOBKA IMTPOBJIEMU

Pe3ynmbraTi MOCHIKEH, BUKOPUCTAHHS CIHPTOBMICHUX OCH3WHIB Ta 3pIHKEHOr0 Ha(TOBOTO Ta3y B
SIKOCTI TIajguBa ISl aBTOMOOUTRHHX JIBUTYHIB TIPEACTABIICHO B Psli HAYKOBHX pOOIT BITYM3HSHHUX 1
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1HO3eMHHUX BUYCHHUX. B po0OTi [5] HaBeneHO pe3ynbTaTh JOCTIHKCHb CHEPTETUIHHX, CKOJIOTTYHHX Ta TaJINBO-
CKOHOMIYHMX MOKa3HUKIB 1BUryHIB BA3-2103 Ta Volkswagen BBY B mupokomy miana3oHi HIBUAKICHUX Ta
HAaBaHTAXXYBAIBHUX PEXHMIB IpH BHUKOpucTaHHi OensuHy 3 10 Ta 20% mobGaBkoro OioeTaHOMy.
BunpoOyBaHHSI IPOBENIEHO 3 Pi3HUM PEryJIOBaHHSIM CHUCTEMH >KMBJeHHs. llepmunii TWm peryiroBaHHS —
301AHEHUM, IPYTUil TUI PEryIIOBaHHA — ONTUMAJIBHUNA. 3a pe3yJlbTaTaMi NPOBEACHUX €KCIEPUMEHTATbHUX
JIOCTi/DKEHb y poOoTi [6] BCTaHOBIEHO, MO 3a HAsBHOCTI B EKCIUTyarTallii aBTOMOOITIB 3 pPIZHUMH
pEryJIIOBaHHAMHU JOLITBHO OOMEXKHUTH po3Mip N00aBKH OioetaHodmy 1o OeHzuHy B KijmbkocTi 10% 3a
00’emoM. TakoX BCTaHOBJIEHO, IO IOJaBaHHA OioeTaHoly 10 OeH3uHY B KijmbkocTi 20% 3a 00’eMoM He
MpHU3BEA€ 10 TOTIPIIEHHS EeKOJOTIYHMWX [MOKa3HWKIB KapOIOpaTOPHOTO Ta [BUTYHA 13 CHCTEMOIO
BIIOPCKYBaHH;I NanrBa 0e3 BHECEHHS 3MiH 40 KOHCTPYKIIIi.

Jns momonaHHs HETaTHMBHOTO BIUIMBY MiJBULICHOI TEIJIOTH BHUIIAPOBYBAaHHA cyMimield OeH3uHY 3
no0aBkoio OioetaHoy Ha poboTy B3 mpuifHATO 3aCTOCOBYBAaTH JOAATKOBUH MiAirpiB ABUryHa. B po6oTi
[7] na aBiamiiiHomy 12-TH HMITIHAPOBOMY OEH3MHOBOMY JABHMIYHI BXiJHE MOBITPs MiAIrpiBad 3a paxyHOK
TEIUIOTH BiINpAIbOBAaHKUX Ta3iB. BOyCKHUI MOBITPONPOBig BUKOHAHO Y BUIIIAAI TPyOH OiIbIIOTO AiaMeTpy,
pO3TamoBaHOi HAaBKOJO BHITyCKHOTO KOJIEKTOpYy. TemmepaTypy MiIirpiBy TMOBITpS perymoBalud 3a
JOTIOMOTOI0 ApoceNbHUX 3aciiHok. Ilig gac BumpoOyBaHHS BCTAaHOBIEHO, IIO MiHIMaJbHA TEMIIEpaTypa
MiAIrpiBy BXiJHOTO TOBITPs MPU BUKOPUCTaHHI OeH3MHYy 3 JoOaskoto crmpty 20% ta 40 % 3a 00’eMom
cranoBuTh 15 ta 30°C BimmorimHo. KoHcTpykiiis mimirpiBada maBaja 3MOTY pETYJIIOBATH TEMIIEPaTypy
BXIJJHOTO TIOBITPs B mUpoKoMy aiarasoHi (o 90 °C).

[lpu BUKOpHCTaHHI CIUPTOBMICHOrO OeH3MHY 3MeHIIyroThes KonueHTpauii CO ta CnH, Takox
CIIOCTEPIra€Thcsl He3HAUHE 3MCHIICHHS OKCH/IIB a30TYy B TIOPIBHAHHI 3 poOOTOI0 JBUTYHA Ha OeH3uHi [7].

JochimKkeHHs MOKa3HUKIB TPAHCMOPTHHUX 3ac00iB, IO MPAIIOIOTh Ha 3pimkeHoMy HadTOBOMY Tasi,
mokasai, 1o 3a poooru Ha 3HI" 3umwkyrothes Bukuad CO, ta CO, mOpiBHAHO 3 poOOTOIO Ha OeH3uHi [8-
12]. Pa3om 3 tum, pizuuls y Bukuaax NOy ta CyH, He Taka diTka, pUUOMY B ICSKUX JOCIIPKSHHSIX MCHIII
3HAa4YeHHsI BUKHIIB OTPUMaHi 3a podoTr Ha OeH3nHi. YacTWHA MOCIIIHHUKIB HATOJOMIYIOTh HA HEOOXITHOCTI
BpaxyBaHHs KOHCTPYKIIi ABUTYHa aBTOMOOINS Ta HOro TEXHIYHOTO CTaHy NpPHU OIUHII EKOJOTIYHHX
noka3HukiB npu Bukopuctanui 3HI. Hampukman, BcraHoBieno, mo BukopuctanHs 3HIT mpuBoguth 10
3MEHIIICHHSI BUKH/IIB TBEPAMX YACTHHOK B JBHI'YHaX HOBOT'O TOKOJIHHA 3 Oe3MocepeHiM BIIOPCKYBaHHIM
nanuBa [13-15]. V crapimmx ABUryHaX 3HIDKCHHS BHKHIIB TBEPIMX YACTHHOK He BusBieHO [16-17]. Y psni
poGit [18-20] 3a3nayeno npo 3HWwKeHHA BUKHIIB CO mpu pyci aBTOMOOINS B MICBKMX yMOBax Ta poOoOTi
neuryna Ha 3HIT B pexumax xomnoctoro xofy. Jleski aBTOpW MOBiIOMISIOTH MPO HE3HAYHE 30UIBIICHHS
BukuzaiB NOy npu Bukopuctanti 3HI', yepe3 Buli TemiiepaTypu 3ropsiHHs Ta OibIn paHHe 3aiimanHg [11],
TOJI SIK 1HII JOCTI/DKEHHS BKa3YIOTh Ha 3HaUHE 3HIKEHHS - 10 41% y 9OTHpUTAKTHUX MBUTYHaX Ta 64% y
NBOTAKTHUX jauryHax [18, 21]. Lli BiAMIHHOCTI TOJIOBHUM YMHOM 3YMOBJICHI OCOOJIMBOCTSIMH IPOTIKAHHS
npolecy 3ropaHHs, Pi3HUMH KoeQillieHTaM1 HaJJUIIKy NOBITPsI, HAJIAIITYBaHHIM CUCTEMH 3alalllOBaHHA Ta
KOHCTPYKTUBHUMU NapaMeTpaMu JBUTYHA [22].

Hlono BUKHIIB HE3TOpUIMX BYIJICBOJHIB, CyYacHI TPaHCHOPTHI 3acobu, mo npamoots Ha 3HI 3
e(eKTUBHUMH CUCTEMaMU HEWTpaJIi3allii BiANpalbOBaHUX Tra3iB, 3a3BMUYaii MalOTh HUXKYiI 3HAYCHHS, HIXK
aBTOMOOUII 3 OensuHoBuM nBuryHom [10, 21, 23]. Pasom 3 TuMm, mpu Bukopuctansi 3HI' y crapimmx
JIBUTYHAX a00 MpH HEONTHUMAJIbHOMY pETYJIIOBaHHI CHUCTEMH KHMBICHHS 1[I BUKHIM MOXYTb OyTH
MOpiBHSHHUME 200 HaBiTh BHIIMMU [16, 24]. BaxknmuBuM € Takox SIKICHWH CKJaj| BYIJIEBOJHIB. 30KpeMa,
npu 3ropanHi 3HI' yTBoproerbcs Ounbliie JIeTKUX ajKaHiB, TOAI SK NpH CIAJIIOBaHHI O€H3MHY - Oiiblue
apOMAaTUYHUX CIIOJIYK Ta oJe]iHiB 3 BUIIMM MOTEHLIAIOM YTBOPEHHs 030HY, mo poouts 3HI' Ginbmn
KOPHCHHM 3 TOYKH 30py BTOPHHHOTO (POTOXIMIYHOTO cMOTy [25].

HIJIb TA 3AJAYI JOCJIIJIKEHHSA

Jns BU3HAueHHA BIUIMBY BHJy MalMBa Ha MNAIWBHY EKOHOMIYHICTH Ta EKOJIOT1YHI TOKa3HUKHU
ABTOMOO1JILHOTO JIBUT'YHA OYJIO MTPOBEJACHO CTEHIOBI €KCIIEPUMEHTAIbHI JOCIPKEHHS CY4acHOIO ABUTYHA 3
CHCTEMOIO BIIOPCKYBaHHSI Ta 3BOPOTHIM 3B’SI3KOM 3a poOOTH Ha ToBapHOMY OeH3UHI A-95, ciupTOBMiCHOMY
OeH3uHi Ta 3piKeHoMy HadToBOoMy Tasi. JlocmimkeHHs: mpoBeaeHi B JabopaTopii BUNPoOyBaHHs JBUTYHIB
kadenapu «JlBuryHu 1 TerutorexHika» HarioHaneHOro TpaHcHmopTHOro yHiBepcureTy. O0’€KTOM
EKCIIEPMMEHTAIbHUX JIOCIHII/DKeHb € JIBUI'YH 3 iCKpoBUM 3anamoBanusm 44 7,65/7,56 (VW BBY), sxuii
1000TaJHAHO CHCTEMaMU JKUBJICHHS 3p1[UKEHUM HA(TOBUM Ta30M i MPUEAHAHUH A0 TajJbMIBHOI MallMHU
(Puc. 1).

JIBUTYH 1000TaHAHO CHCTEMOIO BIOPCKYBAaHHS 3piKEHOT0 HAQTOBOTO razy 4eTBEPTOrO MOKOJIIHHSA
STAG-4, no cknamy skoi BXomiaTh: peaykrop Tomasetto Nordic, ¢popcynku AC W-02, MyabTHKIanaH
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Tomasetto 3 B3I1 R67-00 kinacy A Ta 6anon Novogas 42 i1. CucreMa KMBJICHHS IaHOTO JIBUT'YHA 3a0e31euye
Horo po0oTy sk Ha OeH3uHi, Tak 1 Ha 3HI.

<. i ".: - .
Pucyno

N & o S 4 .
— O0’€eKT eKcrIepUMEHTAIIBHIX JTOCTILKeHb - ABuryH 44 7,65/7,56 (VW BBY) i3
CY4acHOIO CHCTEMOIO BIIOPCKYBAaHHS ITaJIMBa

cl

BumMiproBaHHs BUTpaT TOBapHOro i cnupToBMicHOTO OeH3uHiB A95 i E40 mpoBomwnu BaroBum
METOJIOM 3a JIOTIOMOT010 elneKTpoHHuX Tepe3iB MEPA BM 2/3 (Puc. 2).

Pucynok 2 — Enextponsi tepesu MEPA BM 2/3

Butpaty 3pimkeHoro HadTOBOTO Ta3y IIiJi 4ac CTEHJOBHX BUNPOOYBaHb BHMIPIOBAIA MAacOBUM
BUTpaToMipoM manuBa kopiomicoBoro tuny FIeXCOR (puc. 3), sikuii Oyio MiIKIIOYEHO B PO3PUB MATUBHOL
MaricTpaii BUCOKOIO THCKY MiX Ta30BHM OalOHOM Ta PEAYKTOPOM 3 SIKOTO BiOyBajoCs )KUBJICHHS JABUI'YHA
i1 Yac BUNPOOYyBaHb.
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Pucynok 3 — Macogwuii Butpatomip nanmsa kopioxicoBoro tuiry FlexCOR

06’ emuwmii BMicT mkiamuux pedouH y BI' (CO, CO,, CrHp, NOy) i koedinieHTy HaaMipy MOBITps
BU3HaYaM razoanaiizaropom Bosch BEA 060.

PE3YJbTATHU JOCIIIKEHDb

Y naHOMY JIOCIiPKEHHI BUKOPUCTAHO CIIUPTOBMICHUIM OeH3uH E40 3 BMicTOM OioetaHoiy Onm3bko 40
%. Ilepen mpoBeAEHHSIM CTEHAOBUX IOCITIHKEHb OyJIO MPOBENCHO aHAJi3 JaHOTO MajvBa B HE3aJIC)KHOMY
BHIIPOOYBaIbHOMY TeHTpi manmuBo-MacTminbHUX MatepianiB TOB «BILl [IMM» (macmopt sikocTi Ne 5856).
Pesynbraru ananizy HaBeneHo B Tabuili 1.

Tabmuns 1 — PesynpraTnl aHanizy cnuproBmicHoro 6ensuny E40

No HaiiMmenyBaHHS TIOKa3HUKIB Opnuaunm Pesynbratu Meroan
/o BUMIpYy aHaizy BUTIPOOYBaHHS
1 | I'ycruna 3a Temneparypu 20 °C Kr/M° 749.7 I'OCT 3900-85
2 O06’eMHa yacTKa apOMaTHIHUX % 11.7 ASTM D 6733-01
BYTJIEBOJIHIB
3 O6’emHa yacTka OEH30ITy % 0.97 ASTM D 6733-01
4 O6’eMHa yacTKa KUCHEBMIiCHUX % ASTM D 6733-01
CTIOYK:
- METaHOJI <0.1
- €TaHOoJI 34.3
- 130TIPOIIIOBUI CIUPT 0
- 1300y THIIOBHUI CIUPT 0
- TPeTOYTHIIOBUI CITUPT <0.1
- MTBE 2.3
- H-OyTaHon 1.9

Ak BuAHO 3 TaOaMIl | OCHOBHOK KHCHEBMICHOIO CIIOJYKOIO B JaHOMY MajHMBI € eTaHoi, 00’€éMHa
yacTka sikoro ckianae 34,3 %. 3 BpaxyBaHHSM 1HITMX KUCHEBMICHHX KOMIIOHEHTIB 3arajibHa 00 €MHA YacTKa
CIMPTOBUX CHOIYK CTaHOBUTH 38,5 %.

BuKopHCTOBYIOUM KOMIOHEHTHUH CKJaJl CIMPTOBMICHOTO OCH3MHY 1 HWXKYI TEIUIOTH 3TOpaHHS
OKPEMHUX KOMITOHEHTIB PO3Pax0BaHO HOro HMXKUY TEIUIOTY 3ropaHHs 3a 3aJIeXKHICTIO:

HuCyM = Zm:Huigi
i=1 , (1)
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ne Hyi — Hibkda TeTuroTa 3ropaHHs OKPeMUX CKIIAJOBUX CyMIIIIi.

B pesynbTaTi po3paxyHKy BCTAaHOBIICHO, IIIO JJIT 0OPaHOTO IS TOCIIKEHb CITUPTOBMICHOTO OCH3MHY
E40 mmwkya Teruora 3ropaHHs craHoBUTH 37,3595 MJDx/kr. Jlns toBapHOro OeH3uHy A-95 mpuiiHATO
TaOJIMYHE 3HAYCHHS HIKYOI TerioTu 3ropanns 44,0 M/lx/kr, s 3HI — 46,0 MJ1x/xr [].

Jlnst BU3HAUEHHS BIUIMBY BUJTy MaJHBa HA MAJMBHY €KOHOMIYHICTh T4 €KOJIOTIYHI MOKa3HUKH JBUTYHA
3 ICKpOBHUM 3alaIlOBaHHSAM BH3HA4Y€HO MOPIBHAJIbHI HABaHTaKyBaJbHI XapaKTEPUCTHKH 32 POOOTH JABUTYHA
Ha ToBapHOMY OeH3mHI A-95, cuproBmicHoMy Oens3uHi E40 ta 3HI'. HaBantaxyBanpHI XapaKTepHCTUKA
BH3HAYEHO 33 4ACTOTH 0OEpTaHHs KoJTiHuacToro Bama 2200 xB™, sika BiANOBiIa€e yacToTi 0GepTaHHS MPH pyci
aBToMoO11s VW LUPO 3 1aHMM ABUTYHOM B PEXHMi CEpeAHbOI TOUKM €BPONEHCHKOT0 MICHKOTO i370BOTO
LUKITY.

Ha puc. 4 mokazani HaBaHTa)XyBaJbHI XapaKTEPHCTUKH IBUTYHa 3a poboTHM Ha OeHsmHI A-95 i
cnuptoBMicHOMY OeH3uni E40.
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Pucynok 4 - HaBantaxxyBanbHa XapakrepucTuka 6ensuHoBoro asurysa 44 7,65/7,56 (VW BBY) za
poGortn Ha Gersuui A95 Ta crmproBMicHOMy Gersuni E40 (n=2200 x8™)

Sk BuaHO 3 puc. 4, 3a poOOTH ABUTYHA Ha CIHPTOBMicHOMY Oen3uHi E40 migBuinyeTbcsi ronuHHA
MacoBa Ta uToMa e()eKTUBHA BHTPATa MATUBa B YChOMY Jiala30Hi HABAHTAXKEHb JUIS JTAHOTO MIBUIKICHOTO
pexxuMmy. 30KpeMa, BHTpaTa MaliiBa MiJBUIIYEThCS B cepeanbomy Ha 12 %. [limBuimeHHs BHUTpaTH
cnupToBMicHOro O0eH3nHy E40 Mo)kHa MOSICHUTH MEHIIOK HOT0 HIKYOKO TEIJIOTOI0 3rOpaHHs MOPIBHIHO 3
TOBapHUM OeH3MHOM A-95. Pazom 3 THM, SKIIO BpaxyBaTy, 10 aBTO3allPaBHi CTaHLii peasi3yloTh NalruBo B
00’€MHHX OJMHHUIIAX, TO JIOLIJIBHO OLIIHUTH 3MiHY 00’€MHOI BUTpATH MajuBa. SIK BHUIHO 3 puUC. 2, 00 eMHa
BUTpaTa NajuBa 3a poOOTH JBUTYHA Ha CIIMPTOBMICHOMY O€H3MHI BHIIA B cepegHboMy Ha 8,5 %. Jemo
MEHIIE MiABUIICHHS 00’€MHOi BHUTpPAaTH CHUPTOBMICHOTO OCH3MHY MOXKHA MOSCHUTH OLIBLIOI0 HOTO
ryctudoro (0,75 kr/n mias E40 1 0,726 xr/n s A-95). Ockiibku AaHWN JBUTYH OOJIaJHAHHMKA CHCTEMOIO
KEpyBaHHA 31 3BOPOTHIM 3B’S3KOM, TO KOCQIIli€HT HAAMIPy IOBITPS O MiATPUMYETHCS OMM3BKAM 10 1 3a
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pobotn Ha 000X manmBax. KpiM Toro, 3a poOoru Ha OeH3uHi A-95 Ta crnuproBMicHOMy OeH3uHi E40
JIOCSTAEThCS OJJHAKOBA MaKCUMalIbHA TIOTYXKHICTh JIBUTYHA.

Ha puc. 5 mnokazaHo 3MiHy NaJUBO-CKOHOMIUYHUX IIOKAa3HHWKIB JBUTYHa B 3aJCKHOCTI Bij
HaBaHTa)XKEHHS 3a poboTH Ha Oen3uHi A-95 1 3HI.
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Pucynok 5 - HaBantaxyBanbHa xapaktepuctuka apuryda VW BBY 3a po6ortu Ha O6en3uni A95 ta
3pimKkeHoMy HadToBOMY rasi (n=2200 xB™)

Sk BugHO 3 puc. 5, 3a pobotu nBuryna Ha 3HI' 3HIKYIOTBCS TOMMHHA MacoBa Ta MUTOMa e(EeKTHBHA
BUTpaTa MaIMBa. 3HWKECHHS BUTPATHU MaJMBa CTAHOBHUTH B cepeaHboMy 16,35 %. Lle MoxxHa MOsACHUTH OibLI
BHUCOKHMM 3HAUYEHHSIM HM)KYOI TEIJIOTH 3rOpaHHS 3piIKEHOro Ha)TOBOro ra3y NopiBHAHO 3 OeH3uHOM. Pazom
3 TUM, SIK BUJHO 3 PUCYHKY, 00’ €MHa BUTpaTa najiusa 3a poootu nsuryna Ha 3HI Buiia B cepennromy Ha 12
%, 10 BIAMOBia€e pe3yabTaTaM paHille MPOBENEHUX TOCTIHKEHb 3 BUKOPUCTAHHS 3piIKEHOro HadhTOBOTO
ra3y Ha TpaHcnopti [26]. KoediuieHT HaaMipy HOBITps o HiATpUMY€EThCs OM3bKUM A0 1 3a poOoTH Ha 000X
naymBax. Pa3zom 3 TuM, sk BUIHO 3 puc 5, 3a podotr Ha 3HI" menio 3HMKYEThCS MaKCUMaJbHA TTOTYKHICTb
JBUT'YHA. 3HUKCHHS MaKCUMAaJIbHOT MOTY)KHOCTI CTaHOBUTH 1,4 % (3 24,88 no 24,53 xBrt), mio He npussene
710 3HAYHOTO TMOTiPIIEHHS TATOBO-IMIBUIKICHUX BJIACTUBOCTEH aBTOMOOLNSA npu BukopuctanHi 3HI™ B sixocti
MaJINBa.

Ha puc. 6 moka3aHo eKoJIOTiuHiI TTOKA3HUKH JIBUTYHA 3 ICKPOBUM 3allIFOBaHHIM 3a poOOTH Ha OCH3HHI
A-95 ta ciuproBmicHoMy Oen3uHi E40.
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Pucynok 6 — Exosorivyni mokasuuku 6ensuHoBoro asuryHa 44 7,65/7,56 (VW BBY) 3a po6otu Ha
6ensuni A95 Ta crmproBMicHOMy Gersuni E40 (n=2200 xB™)

SIKk BHIHO 3 PHCYHKY, 32 pOOOTH JBHI'YHAa Ha CIUPTOBMICHOMY O€H3HMHI y BiANIpanbOBaHUX ra3zax
JBUTYHA 3HIDKYIOTHCS KOHIIEHTpamii Hesropimmx ByrieBoaHiB CpH,. Konnentpamii CH, 3HMXylOTBCS B
cepenuboMy Ha 10,4 %. Konnenrpamii CO 3a poboth Ha 000X MajMBax MPAKTHYHO HE BIAPI3HAIOTHCS.
Konnenrpariii okcuzis azory NOy 3a po0oTH 1BUTYHA HAa CMPTOBMICHOMY OeH3uHiI E40 3 HaBaHTa)KeHHSM
no 10 kBt mpakTudHO He 3MIHIOIOTHCS MOPIBHSIHO 3 poOoTOr0 Ha OeH3uHI A-95. Pazom 3 Tum, 3a pobotu
JBUTYHA 3 BHUIIUM HaBAaHTAXXEHHSM TP BHUKOPHUCTAHHI CIUPTOBMiCHOrOo OcH3uHy KoHmeHTparii NOy
3MEHIIYIOTHCS B CepeHROMY Ha 3,5 %.

Ha puc. 7 nokazaHo 3MiHy KOHIIEHTpaliil 3a0pyJHIOIOYHX PEYOBUH Y BiINPAIlbOBAHUX Ta3aX ABHI'YHA
B 3aJIEXKHOCTI BiJl HABAHTXXEHHS 3a poOOTH Ha OeH3uHi A-95 Ta 3HI.
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Pucynox 7 - Exosoriuni nokasuuku 0en3unoBoro asuryna 44 7,65/7,56 (VW BBY) 3a po6oTu Ha
Gensuui A95 Ta 3pimKkeHoMy HadToBOMY rasi (N=2200 xB™)

Sx BUAHO 3 pHC. 7, 32 POOOTH JBHI'YHA Ha 3pi/KEHOMY HAa(pTOBOMY ra3i 3pOCTaroOTh KOHIIEHTpaIlii
Hesropinmmx ByraeBonHiB CyH, y BI' nBuryna nmopiBHsSHO 3 pobororo Ha 6eH3uHi A-95. Konnenrpamii C\H,
3pocTaioTh B cepegHboMy Ha 36 %. Konuenrpauii CO 3a po6oru Ha 3HI' mpakTHUHO HE 3MiHIOIOTHCS
MOPIBHIHO 3 PoOOTOIO JABUTYHA Ha OeH3uHi A-95. Pasom 3 Tum, 3a poboTu nuryHa Ha 3HI 3HMKYyIOTBCS
koHieHTpari okcuais a3oty NOyy BI' neuryna. 3umwkenns NOy ctanoBuTh B cepenabomy 11,6 %.

OBI'OBOPEHHA PE3YJBTATIB JOCJJIIAKEHHSA

B pesynbraTi A0CHIIKEHb BCTAHOBJICHO, IO 3a POOOTH Ha HAHOUIBII MOIIMPEHMX B YKpaiHi
IbTEPHATHBHUX TaJMBax: CIUPTOBMICHOMY OCH3WHI Ta 3piPKEHOMY HAa(TOBOMY Ta3i JIOCATAIOTHCS TaKi XK
CHEepPreTHUYHI TOKAa3HUKM JBWUTYHa, K 1 3a poOoTM Ha TpaguuiiHoMmy OeH3uHi. Lle mo3Bomse
BUKOPUCTOBYBaTH iX Ha aBTOMOOUIBHOMY TpPaHCIOPTi, 3aMicTh TpaauLiiiHOro OeH3uHy, 0e3 MOripLIeHHS
TATOBO-JIMHAMIYHUX TTOKa3HUKIB. Pa3oM 3 THM, MainBO-€KOHOMIUHI MOKa3HUKHM JBUTYHa 32 pOOOTH Ha
pi3HUX TanuMBax BiAPI3HAIOTbCA. 30KpeMa, HalWHWKYa BHUTpara NajdBa B MAacCOBUX OJMHHIIAX
croctepiraerbes 3a podoru apuryna Ha 3HI, B 00’eMHUX OquHUIIIX — 32 poOoTH Ha OeH3uHi A-95. Tomy
JUIS BUOOPY PpAalliOHAJBLHOTO BUIY IajiiBa 3a KPUTEPIEM MaJUBHOI €KOHOMIYHOCTI HEOOXIAHO MPOBECTH
JIOJIATKOBI JIOCTI/IPKSHHS 10 BU3HAYCHHIO EKCIUTyaTalliifHOI BUTPATH MAJIWBa aBTOMOOLIEM 3 JBUTYHOM, IIIO
MPaLIOE HA PiI3HUX BUAAX MaJKBa 3 BpaXyBaHHIM BapTOCTi KOJKHOTO ITaJIMBA.

JocnipkeHHsT eKOJOTIYHHX TOKa3HUKIB IMOKa3aJid, 10 3a poOOTH JIBUTYHA Ha CIIMPTOBMICHOMY
0en3uni E40 3HMKYIOTHCS KOHIICHTpALlil He3ropiInX BYIJIEBOAHIB. L{e MOYKHA MOSCHUTH HAsBHICTIO KUCHIO B
CIHMPTOBMICHOMY O€H3MHI, IO NPHUBOAWUTH 10 3MEHIICHHS YTBOPEHHs IMPOAYKTIB HEMOBHOTO 3TOPaHHS.
Takox 3a poOotu nBuryHa Ha OeH3uHi E40 memo 3HMKYIOTbCS KOHLEHTpamlii OKCUAIB a30Ty. 3a poOOTH
neuryHa Ha 3HI 3pocTaroTh KOHIIEHTpAIil HE3TOPUTHX BYTICBOAHIB 1 3HIKYIOTHCS KOHIICHTPAIli OKCHIIB
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azoty. PazoM 3 THM, Ciif 3a3HAYNTH, IO B paHIMIe MPOBEACHUX MOCTIIKEHHSIX HE OYyJI0 BCTAaHOBJICHO
onHo3HayHMH BrumB BukopuctanHsa 3HI Ha yrBopenHs NOy, TOMy € ITOLTBHUM HPOBEACHHS MOAAIBIINX
JOCHIPKEHb €KOJIOTTYHNX MOKAa3HUKIB JBUTYHA B PI3HUX pexXUMax poOOTH.

Hnst 00’ekTHBHOI OLIHKM BIUIMBY BHIy NajiBa Ha €KOJOTiYHI MOKAa3HWKW JBUTYHA 1 aBTOMOOLISL
JOLIIBHO BU3HAYWTH MAaCOB1 BUKHIH 3a0pyAHIOIOUMX PEYOBUH B PI3HUX IIBUAKICHUX TA HABAHTA)KYBAJIBHUX
peXuMax, K XxapaKTepHi Ul eKCIUTyaTallii aBTOMOOLIIS.

BUCHOBKH

1. B pe3ynbraTi JOCTiKEHh BCTAHOBIICHO, 110 32 POOOTH ABUTYHA Ha CIUpTOBMicHOMY Oer3uHi E40
MiABUIIYETHCS TOAMHHA MacoBa Ta MMTOMa e(peKTHBHA BUTpaTa MajKBa B yChbOMY Jialla30HI HABAHTAXXEHb 3a
poboTH JABUTyHa 3 YacTOTOK OOepTaHHS KosliH4acToro Bama 2200 xs ™. 3okpema, BUTpaTa MajuBa
MiABHIIYETHCS B cepenHboMy Ha 12 %. O0’emHa BUTpaTa majauBa 3a poOOTH ABHI'YHA HA CIIUPTOBMICHOMY
OeH3uHI BUIIa B cepeHbOMYy Ha 8,5 %.

2. BcTaHoBneHO, 1m0 3a poOOTH JABHIYHa Ha CHUPTOBMICHOMY O€H3MHI y BiANpambOBaHUX Ta3ax
JBUTYHA 3HIDKYIOTHCS KOHIEHTpalii He3ropinux ByrieBoaHiB CnH,. Konumentpanii CyH, 3HmKyroThCS B
cepenqapoMy Ha 10,4 %. Konmenrtpamii CO 3a po6oTn Ha 000X ManwBax MPAaKTHYHO HE BiIPI3HAIOTHCS.
Konnenrparii okcuziB azory NOy 3a po6oTu nBuryHa Ha cnupToBMmicHOMY OeH3uHi E40 3 HaBaHTa)KeHHSM
10 10 kBt npakTH4HO HE 3MiHIOIOTHCS MOPIBHSHO 3 poboTor0 Ha OeH3uHi A-95. Pasom 3 Tum, 3a pobotn
IBUTYHA 3 BUIIMM HaBaHTAXCHHAM IIPH BUKOPUCTAHHI CHUPTOBMIcCHOTO OeH3mHy KoHIeHTparii NOy
3MEHILIYIOTHCS B cepeqHboMy Ha 3,5 %.

3. BcranoBneHo, mo 3a pobotu apuryHa Ha 3HI 3HWKYIOTbCS TOAMHHA MacoBa Ta MuToMa eheKTHBHA
BUTpaTa MajvMBa. 3HWKEHHs BUTPATH NalliBa CTAHOBHUTH B cepeaHboMy 16,35 %. O0’eMHa BUTpaTa maiuBa
3a pobotu apuryHa Ha 3HI Bumia B cepeanpomy Ha 12 %.

4. BcraHOBJIEHO, 1O 32 pOOOTH JBUTYHA Ha 3piIKEHOMY HAaTOBOMY ra3i 3pOCTar0Th KOHICHTpAIil
He3ropinux ByrieBonHiB CyH, y BI' nBuryHna mopiBHsiHO 3 po6oToto Ha 6ensuni A-95. Konuentpanii CpH,
3pocTatoTh B cepegHboMy Ha 36 %. Konuenrtpauii CO 3a po6oru Ha 3HI' mpakTH4HO HE 3MiHIOIOTHCS
MOPIBHAHO 3 POOOTOIO ABUTyHA Ha OeH3uHI A-95. Pasom 3 TuM, 3a pobotu auryna Ha 3HI' 3HIKYIOTBCS
koHIeHTparii okcuais a3oty NOyy BI' neuryna. 3umwkennss NOy ctanoBuTh B cepenabomy 11,6 %.
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Y. Shuba, O. Dobrovolskyi, O. Marynych. Influence of fuel type on the fuel economy and
environmental performance of an automotive engine.

Road transport is among the largest consumers of petroleum-based fuels and one of the main
contributors to environmental pollution. Therefore, research focused on expanding the fuel base for vehicles
and promoting the efficient use of alternative fuels is of significant importance. Currently, in Ukraine, the
most widespread alternative fuels are alcohol-gasoline blends containing up to 50% bioethanol by volume,
as well as liquefied petroleum gas (LPG). A key advantage of these fuels is that they can be utilized in
internal combustion engines without major structural modifications. This paper presents the results of an
experimental investigation into the fuel economy and environmental performance of an automotive engine
operating on conventional gasoline A-95 and alternative fuels such as alcohol-gasoline blend E40 and
liquefied petroleum gas. The results indicate that when operating on E40, the engine demonstrates an average
increase of 12% in hourly mass and specific effective fuel consumption. The volumetric fuel consumption
rises by approximately 8.5%. In terms of exhaust emissions, the concentration of unburned hydrocarbons
(CmHn) decreases by an average of 10.4%, while nitrogen oxides (NOy) concentrations are reduced by about
3.5%. When operating on LPG, both hourly mass and specific effective fuel consumption decrease, with an
average reduction of 16.35%. However, the volumetric fuel consumption increases by approximately 12%.
The concentration of unburned hydrocarbons (C,H,) in the exhaust gases rises by an average of 36%
compared to gasoline A-95 operation, whereas NOx emissions are reduced by about 11.6%.

Keywords: fuel economy, environmental performance, alternative fuels, alcohol-gasoline blend,
liquefied petroleum gas.
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RESEARCH OF TEMPERATURE PROCESSES DURING DRILLING OF HOLES

The paper addresses an axisymmetric thermophysical problem occurring during deep-hole drilling, based on a
proposed mathematical model for temperature calculation using the heat source method and the principles of spatial-
temporal correspondence and local influence. The dependencies of the thermal process were determined, taking into
account the mutual positioning of the cutting tool and the part, the material of the workpiece, the presence of cooling
with cutting fluid, cutting conditions, chip removal, and the duration of the drilling operation itself. This is particularly
important for deep drilling, where the heat source is continuously displaced.

It was established that the calculation of the temperature field in the workpiece depends on the action of a ring-
shaped heat source with a uniform heat release intensity distribution. Theoretical analysis showed that the maximum
temperature should not exceed 300 °C (without lubricating and cooling fluid) and 180 °C (with lubricating and cooling
fluid), respectively. Standard chromel-alumel thermocouples (temperature range —100 °C to +1000 °C) were used for
temperature measurement.

Deep-hole drilling experiments were performed on parts made of Steel 45 (analogous to C45E and Ck45
according to the EU standard EN 10083-2) with diameters of 10 mm and 20 mm, using special deep-drilling tools. The
machining was carried out on a universal lathe model 16K20, modified for deep drilling. The temperature in the tool-
workpiece contact zone and the temperature distribution within the workpiece (temperature gradient) were calculated.
The adequacy of the proposed mathematical model was confirmed, as the calculated temperature values corresponded
well with the experimental data.

Keywords: heat source, deep drilling, thermal conductivity, heat source method, principle of spatial-temporal
correspondence.

INTRODUCTION

Parts with deep holes are manufactured across all areas of mechanical engineering and instrument
making. Deep holes are primarily associated with moving parts of machines and mechanisms, determining
their performance characteristics, reliability, and operational durability.

A hole is considered deep if the ratio of its length to diameter exceeds 10. However, in practice, when
machining a hole to a depth greater than three diameters, difficulties arise with chip removal, reduced drill
stability, and decreased machining productivity.

Deep-hole drilling technologies differ from conventional hole machining and require the use of
specialized equipment and technological tools — namely special cutting, auxiliary, measuring tools and
devices. During deep drilling, a lubricating and cooling fluid (LCF) is supplied to the tool, which defines not
only the specific features of the process but also those of the equipment and tools used [1].

When drilling holes, an axisymmetric thermophysical problem arises, associated with calculating the
temperature field of the workpiece from the action of a heat source in the form of a ring with a uniform
distribution of heat release intensity.

ANALYSIS OF LITERATURE DATA AND STATEMENT OF THE PROBLEM

Representation of the thermal process makes it possible to use the fundamental solution of the heat
conduction equation for axisymmetric thermophysical problems, for example, the expression for calculating
the temperature field in an infinite body with an instantaneous source of power g, J/m in the form of a circle
with radius r', acting in the plane z'=0 at time t=0 [2]:

80r.2.6) = ] sexp [_ vt +I:rrj=+iz—xrj=] I (E), (1)

ecplmat) T sat 2ar

where O=2zr'g; Iy (%) — Bessel function of zero order from the imaginary argument;

a=;—ﬂ — thermal conductivity coefficient; Cp — volumetric heat capacity; 4 — thermal conductivity

coefficient.

According to the method of images, the thermal regime in a body with an opening of radius r,, on the
adiabatic surface of which an annular heat source with power O = 2zr, q is located, will be equivalent to the
thermal regime in an infinite body in the region » > ry, if, in the latter, a ring source of double power Qy=2Q
is placed at r = ry, and a heat sink with power Oc =-Q is placed atr = 0.
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In the adopted schematisation of the thermal regime, heat transfer to the environment, the workpiece
and the tool is not taken into account, since these heat exchange conditions can be taken into account through
the corresponding coefficient when solving the balance problem. During drilling, about 75% of the heat is
transferred to the workpiece.

According to the principle of local influence [3], it is permissible to consider the temperature field in
the part as the sum of two components: the general field, located far from the source, and the local field,
directly in the source space. In this case, when determining the general field, the heat source may be
schematized in various ways, while more accurate heat dissipation conditions should be taken into account.
When calculating the local field, the heat dissipation conditions may be simplified, but the intensity
distribution of the local source must be represented as accurately as possible.

In this regard, when calculating the local temperature field in a part, the following simplification can
be made. The workpiece can be conditionally represented as an unlimited body with a cylindrical hole of
radius ro. Further, considering that the circumferential speed of the source is several orders of magnitude
greater than the feed rate, according to the Peclet criterion e = % = 10, such a fast-moving local source can,

within one revolution of the part, be regarded as an instantaneous spatial ring [4] with an intensity
distribution along the radial direction r and coordinate z following to the normal Gaussian law:

467,20 = ey [k o) ®

A

According to the principle of space-time correspondence [5], to transition from the solution describing
the temperature field in an infinite body with an instantaneous ring source (1) to the corresponding solution
with a normal toroidal source (2), it is sufficient to introduce a time constant:

to="7

where R is the characteristic size of the heat source m; k is the concentration coefficient of the source
intensity.

PURPOSE AND TASKS OF THE RESEARCH

The purpose of this work is to experimentally investigate the temperature factors in the tool-workpiece
contact zone. The objective is to develop a mathematical model for heat accumulation in the cutting zone
during deep hole drilling and to verify its adequacy.

RESEARCH RESULTS

It is known that for small time intervals, i.e., for large values of the Bessel function argument, in
relations (1) the following substitution can be made:

TT
[rrr] X3P | oar
- 2ztd

D ™
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After the transformations for small time intervals, the solution describing the thermal regime in an
infinite body with an opening of radius r, with a normal toroidal source, at r' = ro, z' = 0, is obtained in the
following form:

lr—rg)+52
E{T,ZJ f:] = - '_Q mIs Bxp | — .." Eu B (3)
glm?, g |..r+E__I 4 |._t+E__I

If the local field takes into account the process of heating the part over a time interval corresponding to
one revolution of the source, then the total field must take into account the accumulation of heat over the
entire processing time, as well as for the additional heating caused by it.

In accordance with the principle of local influence, it is reasonable to assume that each individual
revolution of the source preceding the last one, which determines the local field, represents an instantaneous
heat impulse maximally concentrated along the radial and generatrix directions. Based on this, the process of
heat accumulation in the body can be represented by the following diagram.
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Let us assume that the heat source J, (Fig. 1), which determines the local field in the area near the
diametral cross-section z=0, appears at time t=0. Accordingly, the previous revolution of the source, rotating
with an angular velocity o and having a feed rate S per revolution (shown in the diagram as the
instantaneous ring source J;), ended before the moment of time t;=27/w, at a distance z;=S from the source

A\ ees

|
= (0 nla]a] ;ﬂg
A W 9 S YA

Zm

y

Figure 1 — Diagram for calculating heat accumulation in a body with an opening

Even earlier, at time t, = 2t; 1land at a distance z,=2z,, the ring source J, was active, and so on, until
the first instantaneous ring pulse J,, occurred at time t,=2zm/w at position z,=mS. According to the adopted
scheme, the accumulation of heat in the part can be represented as an increase in the temperature of the local
field due to the contribution of each instantaneous ring source, i.e.,

By = %46 (o).

Since the increase in the temperature of the local field from each source is determined over a relatively
short period of time, the temperature of the general field can be calculated using relation (3). By setting r=r,,
ti=2zm/w, and z;=mS, we obtain the following expression:

e

v/
o 16mEAry

m @ e [—9
Ei:lm[ exﬁ[ Bma mi]' (4)

The effect of heat flow, which is taken into account when modelling the process in an infinite body,
can be considered using relation (1). In this case, we should set »'=0, r=r¢, z=2;, t=t;, and 1,(0)=1. As a result,
it follows that the decrease in the temperature of the local field over m revolutions of the heat source
(t;=2zm/w, zi=mS) is determined by the following relation:

B

6, =—2 57, (-2 ) exp [-wmd ] ©)

Beplmalz 2mm; Smam;

Thus, in accordance with the imaging technique for a body internally bounded by an opening, the local
field in the region affected by a normal toroidal source is calculated using formula (3); the increase in the
temperature of the local field due to heat accumulation is determined by the ratio of the total temperature
field (4), while the decrease in the temperature of the local field caused by heat flow for each of the m; ring
sources is calculated using formula (5).
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Figure 2 — Dependence of the temperature on the surface of the hole on time during drilling of steel 45

z
(1260 —— a=0,08-10* = cp=5,02-10°—2— R=2,5-10°m;

m2-a’

Po=2174 H; k=2x; z=0)

Fig. 3 and Fig. 4 show the level of heat accumulation in the part and the effect of heat flow for the
following process parameters: r,=0,01 m; V = 25 m/s; S = 0.25 mm/rev during the processing of steel 45.

As the calculations show, a slight increase in the local field temperature is influenced by slightly more
than 6 revolutions of the source (Fig. 3). As can be seen from Fig. 4, concentrated heat flow does not affect
the machining of a 10 mm diameter hole; the effect appears when r, < 5mm.
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Figure 3 — Effect of heat accumulation on the surface temperature of the hole
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Figure 4 — Effect of heat flow on the temperature at the centre of a normal toroidal source depending
on the radius of the ring source (r,=0.01 m, r,=0.005 m, r,=0.004 m)

As part of the scientific work, deep holes with diameters of 10 and 20 mm were drilled using special
deep drilling bits. The processing was carried out on a universal lathe model 16K20, which was modernised
for deep drilling. During drilling, an experimental study was conducted on the temperature in the tool-
workpiece contact zone, as well as the heat distribution in the workpiece, since, according to [6, 7], during
drilling, about 75% of the heat is transferred to the workpiece.

The features of various methods of experimental study of thermal phenomena (the pyrometric method
[8], the method of artificial and natural thermocouples, the method of heat-sensitive paints, the method of
melting pure metals, and others [9, 10]) were analysed, and it was proposed to measure the temperature using
the artificial thermocouple method.

Hole for thermocouple

Machined hole A . . ‘
: : installation \ installation

Hole for thermocouple

Lry
g ¢

—%

Machined hole

|
Figure 5 — Layout of channels for installing thermocouples in the workpiece
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Figure 6 — Temperature change graphs for points located at different distances from the end of the
workpiece
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Figure 7 — Temperature change graphs for points located at different depths from the surface of the
hole

Since theoretical research has shown that the maximum temperature should not exceed 300 °C
(without CLF cooling) and 180 °C (with CLF cooling), standard chromel-alumel thermocouples were used to
measure the temperature. The thermocouples were inserted through holes with a diameter of 2 mm into the
processing zone in accordance with the developed scheme (Fig. 5), which made it possible to monitor the
temperature variation in the material along the axis of the hole, as well as in the plane perpendicular to the
axis of the hole. The temperature in the tool-part contact zone could then be theoretically determined based
on the experimentally obtained temperature gradient (Fig. 6 and Fig. 7).

CONCLUSIONS

The method of imaging an axisymmetric temperature field in a body internally bounded by a
cylindrical hole as an adequate thermal regime in an unbounded body using fictitious (reflected) heat sources
has been substantiated.

It is shown that the thermal regime in a body with an opening that arose during mechanical processing
can be conditionally divided into local and general temperature fields, with the local field determining the
temperature directly in the area of action of the local source, and the general temperature field determining
the increase in the thermal stress of the local field due to the accumulation of heat in the processed part.

The adequacy of the proposed mathematical model has been experimentally verified.
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IHloninkesuu P., 3ybooeeuvka H., Peovko P., Yemeseporcyx T., 3anema O., Baneyvxuii b., Ilununeys
M. JocaigxeHHs TeMIIEPATYPHUX NPOLECiB PH CBePAJTiHHI 0TBOPIB.

VY crarTi BUpilIEHO OCEeCMMETpUYHE Teryio¢i3ndHe 3aBAaHHS NPU CBEPATiHHI IMTUOOKUX OTBOPIB Ha
OCHOBI 3aIpONIOHOBAHOT MaTeMaTHYHOI MOJENi PO3pPaxyHKy TeMIlepaTypu 3a METOJIOM JDKepel Terla 3
BUKOPUCTAHHSIM MPUHLMIIIB IPOCTOPOBO-YACOBOI BIiANOBIAHOCTI Ta MICHEBOrO BIUIMBY. Bu3HaueHO
3aJIeKHOCT] TEIJIOBOTO MPOIECY, SIKi 3ajieXaTh BiJl B3aEMHOI'O PO3TAllyBaHHS PLKYyYOro iHCTpYMEHTY Ta
0o0poOJIIOBaHOT JieTalli, Marepially 3aroTOBKH, HAsSBHOCTI OXOJIO/DKCHHS MAaCTHJIBLHO-0XOJIOKYBaJIbHOO
PiAMHOIO, PEXUMIB pi3aHHS, BIIBEJCHHSM CTPYXKH Ta 4acy Mepediry camMoi TEXHOJIOTIYHOi omeparii
cBepuTiHAA. Lle 0coOIMBO BaXKIIMBO IS TITMOOKOTO CBEPIUITIHHS, JIe JDKEPEJIO Terlla MOCTIHHO 3MIIy€EThCS.
BcranoBieHo, 1m0 po3paxyHOK TEMIIEpaTYpPHOTO MoJisi 00poOIoBaHOl JeTaii 3aleXuTh Bill Jii JpKepesa
TEIIOTH Y (hopMi KiJIbIISI 3 PIBHOMIPHHAM PO3IO/iJIOM IHTEHCUBHOCTI TEIUIOBUIICHHS.

TeoperuuHe noCiKEHHS MOKa3alo, 10 MaKCUMallbHa TeMIlepaTypa He IOBUHHA niepeBuryBati 300
°C (6e3 oxomomxennss MOP) i 180 °C (mpu oxonomxenHi MOP), BiANoBiAHO i BUMIipIHOBaHHS
TEMIepaTypd BUKOPHCTOBYBAJIUCS  CTAaHAAPTHI TepMONapud THIy XpOMElb-alloMelb  (Jiarma3oH
BUMiproBaHHS Temneparypu Bix -100 °C mo +1000 °C).

ExcniepuMeHTanbsHO POBEIACHO CBEPIUTIHHS IIIMOOKHUX OTBOpiB Aiamerpamu 10 Ta 20 MM B geraii 3
Mmatepiany Cranpb 45 (ananoru C45E ta Ck45 3rigno cranmapty €Bpocorody EN 10083-2) cnemianbHUME
CBepIIaMHu JUTsl TIIHOOKOTO cBeptiHHsL. OO0poOKa 3ificCHIOBaNlacs Ha YHIBepCaIbHOMY TOKApHOMY BEpPCTATi
mozeini 16K20, monepHizoBaHOMY JUIsl IITHOOKOTO CBepAiHHA. Po3paxoBaHo TeMIiepaTypy B 30HI KOHTaKTy
THCTpYMEHT-JIeTallb, a TAaKOXX PO3IMOJII TEMIIEpaTypH B Tl 3arOTOBKU (TeMIIEPATypHHN T'PAJi€HT).
JloBeieHO aJIeKBaTHICTh 3alPOIIOHOBAHOT MaTEMaTHYHOI MOJIENi, a PO3paxOBaHi 3HAYECHHS TeMIIEpaTyp
BiJINIOBial0Th OTPUMAHNUM €KCIIEPUMEHTAIBHUM JaHKM.

KirouoBi ciioBa: teriose mxepeno, TIM00Ke CBEpAIIHHS, TEIUIONPOBIAHICTE, METOJL JUKEPEN Terla,
MIPUHITUT TIPOCTOPOBO-YACOBOI BiATIOBITHOCTI.
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HEPEJIK PEIIEH3ETIB

Baprosomeiiuuk  MukoJait,
Ionitexnika I'nanceka (I[onbima).

JIOKTOp  1HXKEHepii,

I'padoBens Biraniii BanepiiioBu4, K.T.H., JOIICHT,
JoueHT  Kadeapum  aBTOMOOUTB 1 TPaHCHOPTHHX
texHoorii JIHTY.

JdemoOinbkuii Banepiii MukoJsaiioBu4, K.T.H., JOLEHT
Kadenpu aBTOMOOUIIB 1 TpPAaHCHOPTHUX TEXHOJIOTIH

JIHTY.

dynapes Irop MukoaaiioBu4, 1.T.H., mpodecop,
npodecop  kKadeApu  TEXHOJOTIH 1  oOmagHAHHS
nepepooHux BupooHunTs JIHTY.

3axapuyk Bikrop IBanoBMY, n.T.H., mpodecop,
npodecop kadeapu aBTOMOOLTIB 1 TPAHCIOPTHHUX

texnouorii JJHTYVY.

KpaBuenko Ouexkcanap IlerpoBud, TOKTOp TEXHIYHHX
Hayk, npodecop, YHiBepcute Kuninu, CropayurHa

Mareitunk Bacuab IleTpoBHY, JOKTOp TEXHIYHHX
Hayk, nmpocdecop, HamioHanpHHE  TpaHCHIOPTHUI
YHIBEpCHUTET

MypoBanuii Irop CepriiioBu4, K.T.H., JOLIEHT, JE€KaH

(bakympTeTy TPAHCIOPTY Ta MEXaHIUYHOI IHXEHepil
JIHTY.

Hano6ina Onena OnaexkcanapiBHa, IOKTOp TEXHIYHHX
Hayk, mpodecop Kadenpu OyHiBETbHHUX, TOPOXKHIX,

METOpaTHBHHUX,  CUIBCBKOTOCIOAAPCHKUX  poOiT i
oOnmamHaHHsA, HamioHanbHHN  YHIBEPCHTET BOIHOTO
rOCIoJIapCTBa Ta MPUPOAOKOPHCTYBAHHSI.

Hyctionera Cepriii IBaHoBHM4Y, 1.T.H., mpodecop,

npodecop kadeapu apxitektypu ta auzany JIHTY.

Camocrsn Bikrop PyciaanoBu4, K.T.H., TOLEHT, JOLEHT
kadenpu aBTOMOOUIIB 1 TpPaHCIOPTHUX TEXHOJIOTIH
JIHTY.

Camuyk Bosiomumup IlerpoBuy, K.T.H., JOIEHT, TOIEHT
kadenpu OyaiBHULTBA Ta IUBIIBbHOT iHkeHepil JIHTY.

Caxno Bosaogumup IInpoxopoBu4, JOKTOp TEXHIYHHX
Hayk, npodecop kadeapu «ABToMo0Oimi», HarfionansHuit
TpaHCIOPTHUI1 yHiBepcuteT, Kuis, Ykpaina.

CiroBcbknii Ouier IInaMnmoBuY, K.T.H., IOICHT, JOIEHT
kadeapu aBTOMOOITIB 1 TPAHCTIIOPTHUX TEXHOJOTIH
JIHTY.

Creabmamyk Basnepiii BiraailioBu4, Kk.T.H., JOICHT,
JOIEHT Kadenpu  aBTOMOOITIB 1  TPaHCIOPTHHX
texHosorii JIHTY

Tapan Irop OnexkcaHapoBHY, JOKTOP TEXHIYHHUX HAYK,
npodecop, Pxenriecbka [lomitexHika, [Tompmia

Toacrymko Mukona MukoJjaioBu4, K.T.H., JOLEHT,
JoteHT Kadenpu ramyseBoro MammHoOyyBanHs JIHTY.

Hu3s Irop €BreHoBuY, K.T.H., JOICHT, AOICHT Kadeapu
arpapsoi imkeHepii iM. mpod. I'.A. Xaitrica JIHTY.

Mumuyk Cepriii IlerpoBu4, K.T.H., JOIEHT, IOICHT
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