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THE AVERAGE VEHICLE SPEED IN A DENSE TRAFFIC FLOW WITH THREE  

SLOW-MOVING VEHICLES ON A ROAD SECTION WITH LIMI TED 

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 ï 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 peopleôs 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 ï road surface and geometry, 

vehicle technical characteristics, driving style, driverôs awareness of a particular road section, traffic 

conditions (lighting, weather, etc.) ï 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 ï the books by F.A. Haight [8] and D.R. 

Drew [9] ï 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 ï from congested to free-

flowing ï and considers type I and type III 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 ï a leader and a car-follower that does 

not have the opportunity to overtake ï the bookôs 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 ómoving queuesô [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. Haightôs 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. Drewôs 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 

question 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 óspeed-densityô 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 ï 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 ï a carriageway narrowed to one lane and a signalised entry to 

a road section with only one lane available for traffic ï 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 (3N> ) 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 [0; 1]N-  (i.e., [0; 1]x NÍ - ) with 

probability 1 N ; 

- let all but three drivers want to drive at the maximum permitted speed maxV ; 

- let the driver of the first SV (SV1) travels at speed sV , max0 sV V< < , the driver of the second SV 

(SV2) travels at speed 2V , 2 maxsV V V< < , and the driver of the third SV (SV3) travels at speed 3V , 

2 3 maxV V V< < ; 

- let max( )s sV VD = -  be the deviation of SV1ôs speed from the maximum permitted speed, 

2 2( )sV VD = -  be the deviation of SV2ôs speed from the SV1ôs speed (the speed of the slowest vehicle), and 

3 3( )sV VD = -  be the deviation of SV3ôs speed from the SV1ôs 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 

 

 ( )
1 1

max2
0 0

1 1
( )

N N

x s

x x

V V x V N x V
N N

- -

= =

= = Ö + - Öä ä , (1) 

 

where x  is the in-flow position of the single SV which drives at speed sV ; 

xV  is the average speed of the vehicles in the flow when the single SV takes position x  with 

probability 1 N ; 
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max[ ( ) ]sx V N x VÖ + - Ö 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 sD , the 

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

overtaking opportunities: 

 

 
1

.
2

s s

N
V V

N

-
= + D (2) 

 

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 2V , 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 ( 1)N x- - vehicles behind position x  in the TF, the above 

situation with one SV occurs, but with a maximum speed equal to 2V . The equation for the average speed of 

these vehicles xV , where x  denotes the SV2ôs position in the flow, was derived taking into account Eq. (2) 

and the number of vehicles behind the position x  [29]: 
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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: 

 

 1 2

1 1

2 2
V V V= + , (4) 

 

where the terms represent the average vehicle speed which takes into account the possibility of a SV to take 

the position [ ]0; 2x NÍ -  in the flow (the presence of two SVs reduces the number of possible positions for 

each of them to ( 2)N- ) ï 1V  is the average speed if SV1 takes the position x , and 2V  is if the SV2 [29]. 

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

formula for 1V  for the case of two SVs in the flow was obtained: 1

2

3

s
s

N
V V

N

D -
= + Ö . Then, using Eq. (3), 

the sum of speeds of all vehicles in the flow when SV2 takes position x  ahead of SV1 was written down: 

 

 2( ) ( ) ( 1)s s s xx V V N x VÖ +D + +D + - - Ö. (5) 

 

Based on this sum, the formula for 2V  for the case of two SVs in the flow was derived: 

2
2 1

2
1

3

N
V V

N

D -å õ
= + Ö +æ ö

ç ÷
 [29]. 

Substituting the obtained equations for 1V  and 2V  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]: 

 

 22 1

3 2 3

s
s

N N
V V

N N

D D- +
= + Ö + Ö

Ö
. (6) 

 

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 

( 3)N-  vehicles, which want to travel at speed maxV , 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 sV ; if they follow SV2, they will exit at speed 2V ; if 

they follow SV3, they will exit at speed 3V ; and vehicles ahead of all the SVs will exit at speed maxV . 

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 ( 1)!N-  times, i.e., the variants for 

positioning of SVs are invariant with respect to the SVôs 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 SVsô 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 Eq. (1) and concerning Eq. (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: 

 

 1 2 3

1 1 1

3 3 3
V V V V= + + , (7) 

 

where 1 2 3, ,V V V  represent the average flow speed when SV1, SV2 or SV3 is ahead of the other SVs, 

respectively. 

If SV1 travelling at speed sV  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 

! 3N , 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 ( 2)N-  positions in the platoon since SV2 and SV3 must necessarily be behind SV1. 

 

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

 

With the same probability 1 3, both SV2, which wants to drive at speed 2V , and SV3, which wants to 

drive at speed 3V , 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 maxV , SV2 will drive at speed 2V , and the vehicles behind it will either drive at speed 2V  if there is no 

SV1 ahead of them (Fig. 2a) or at minimum speed sV  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 ï when there are three SVs in the flow ï the sum limit 

will depend on the position of SV2 in the flow. 

If SV3, travelling at speed 3V , 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 maxV , SV3 will drive at speed 3V , and the 
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vehicles behind it will drive at speed 3V  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 2V  if SV2 travels in the tail of the 

platoon behind SV3 and ahead of the SV1 (Fig. 3a) or at speed sV  if in the tail of the platoon (behind SV3) 

SV1 travels ahead of the SV2 (Fig. 3b). 

 

 
Figure 2 ï 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 

 

 
Figure 3 ï 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 1V  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 ( 2)N-  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 

 

 
!

( 1)!
N

N
N
= - , (8) 
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i.e., the number of permutations of all other vehicles ï fast and slow ï 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 ( 0x= ), this condition is met automatically, and the number of situations when 

SV1 can take this position is always equal to Eq. (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 ( 1 )Q N x= - -. The number 

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

 

 
!

( ,2) ( 1) ( 1 ) ( 2 )
( 2)!

Q
A Q Q Q N x N x

Q
= = Ö - = - - Ö - -

-
.  

 

At that, the fast vehicles (FVs) can take ( 3)N-  remaining positions, and the total number of variants 

for placing them in the TF equals( 3)!N- . 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 ( 1 ) ( 2 ) ( 3)!N x N x N- - Ö - - Ö -. The correctness of this expression is confirmed by the fact 

that under 0x= , it transforms to the right side of Eq. (8). Also, under ( 2)x N= -  or ( 1)x N= -, 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 1V  can be written down: 
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In the numerator and denominator of this formula, it is reasonable to take the multipliers ( 3)!N- , 

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: 

 

 

3

0
1 3

0

( [ ] [ ] )
( 2 ) ( 1 )

( 2 ) ( 1 )

N
s s s

x

N

x

x V N x V
N x N x

N
V

N x N x

-

=

-

=

Ö +D + - Ö
- - Ö - - Ö

=

- - Ö - -

ä

ä
, (9) 

 

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

SV1 in a flow 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, Eq. (9) can be 

simplified to 

 

 

3

0
1 3

0

( )
( 2 ) ( 1 )

( 2 ) ( 1 )

N
s s

x

N

x

x N V
N x N x

N
V

N x N x

-

=

-
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- - Ö - -

ä

ä
.  

 

Dividing the parenthetical expression ( )s sx N VÖD + Ö on the right of the numerator into two separate 

terms ï sxÖD and sN VÖ  ï allows for taking the speed sV  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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N

s x
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N x N x x

V V
N

N x N x

-
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-
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- - Ö - - Ö
D

= + Ö

- - Ö - -

ä

ä
. (10) 

The multiplier at s

N

D
 can be simplified by removing the brackets in its numerator and denominator 

and applying the formulas for the sum of series 
1

( 1)

2

m

x

m m
x

=

Ö +
=ä , 2

1

( 1) (2 1)

6

m

x

m m m
x

=

Ö + Ö Ö +
=ä  and 

2

3

1

( 1)

2

m

x

m m
x

=

Ö +å õ
=æ ö
ç ÷

ä  [30]. Putting a zero term under the summation sign in these formulas, which will not 

change the sum totals since this term will be equal to zero, and substituting ( 3)m N= -  to bring the sum 

limit into compliance with the one used in Eq. (10) allows for obtaining the following: 

 

 
3

0

( 3) ( 2)

2

N

x

N N
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-
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- Ö -
=ä , (11) 

 

 
3
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6

N

x

N N N
x

-
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=ä , (12) 

 

 

2 2 23
3

0

( 3) ( 2) ( 3) ( 2)

2 4

N

x

N N N N
x

-

=

- Ö - - Ö -å õ
= =æ ö
ç ÷

ä . (13) 

 

Removing the brackets in the numerator of the multiplier at s

N

D
 in Eq. (10) and collecting like terms 

results in 

 

 

3 3
2 2

0 0

3 3 3
2 2 3

0 0 0

( 2 ) ( 1 ) ( 3 2) (2 3)

( 3 2) (2 3) .

N N

x x

N N N
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- - -

= = =

è ø- - Ö - - Ö = Ö - Ö + - Ö Ö - + =ê ú

= - Ö + Ö - Ö - Ö +

ä ä

ä ä ä

 (14) 

 

Substituting Eqs. (11)-(13) into Eq. (14) allows for simplifying this numerator as follows 

 

 

2 2
2

3 2

( 3) ( 2) ( 3) ( 2) (2 5) ( 3) ( 2)
( 3 2) (2 3)

2 6 4

( 6 11 6) ( 1) ( 2) ( 3)
.
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N N N

N N N N N N N N
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- Ö + Ö - Ö - Ö + =
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 (15) 

 

Removing the brackets in the denominator of the multiplier at s

N

D
 in Eq. (10) and collecting like 

terms results in 

 

 

3 3
2 2

0 0

3 3 3
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N N
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N N N

x x x

N x N x N N x N x

N N N x x

- -

= =

- - -

= = =

è ø- - Ö - - = - Ö + - Ö Ö - + =ê ú

= - Ö + Ö - Ö - Ö +

ä ä

ä ä ä

 (16) 
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Substituting Eqs. (11), (12) and [ ]
3

0

1 1 ( 3) 0 1 ( 2)
N

x

N N
-

=

= Ö - - + = -ä  [30] into Eq. (16) allows for 

simplifying this denominator as follows 

 

 

2

2

( 3) ( 2) ( 3) ( 2) (2 5)
( 3 2) ( 2) (2 3)

2 6

( 3 2) ( 1) ( 2)
.

3 3

N N N N N
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N N N N N N
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= =

 (17) 

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

in the final expression for the multiplier at s

N

D
 in Eq. (10), which can be simplified as follows: 

 

 

3

0

3

0
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N

x
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ä

ä
. (18) 

 

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: 

 

 1

3

4

s
s

N
V V

N

D -
= + Ö . (19) 

 

The derivation of the formula for the second term in Eq. (7) is similar to the case of two SVs in a TF 

(Eq. (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 

latterôs 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 ( 3)N- 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): 

 

 2( ) ( ) ( 1)s s s xx V V N x VÖ +D + +D + - - Ö.  

 

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 ( 2 ) ( 1 )N x N x- - Ö - -. Then, by analogy with Eq. (9), 

the following equation for 2V  can be written down: 
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0
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0
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( 2 ) ( 1 )

( 2 ) ( 1 )
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s s s x

x

N

x

x V V N x V
N x N x

N
V

N x N x

-

=

-

=

Ö +D + +D + - - Ö
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=

- - Ö - -

ä

ä
.  

 

In multiplier 2[ ( ) ( ) ( 1) ]s s s xx V V N x VÖ +D + +D + - - Ö, which is on the right of the numerator, the 

term in the middle, which contains only the constants sV  and 2D , 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 

xV  can be substituted with Eq. (3), that will result in the following: 
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 2
2 1

3 ( 1)

8
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V V

N

ÖD Ö +
= +

Ö
. (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 ( 2)N x- -  vehicles behind position x  in the flow. The maximum speed for these ( 2)N x- -  

vehicles should be taken equal to 3V . By analogy with Eq. (5), the sum of vehicle speeds in the flow will be 

as follows: 
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 3( ) ( ) ( 1)s s s xx V V N x VÖ +D + +D + - - Ö, (21) 

 

where xV  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 (xV ) can be obtained from Eq. (6) by 

replacing N  with ( 1)N x- - and proper changing of subscripts at designations D: 

 

 3 23 3
1

1 3 2 ( 1) 3
x s

N x N x
V V

N x N x

D D- - - -å õ
= + Ö + Ö +æ ö

- - Ö - -ç ÷
. (22) 

 

Unlike the case of only two SVs in a TF, to obtain the formula for 3V  in Eq. (7), it is necessary to use 

the average speed of the vehicles behind SV3 represented by not the Eq. (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 3V  based on the analogy with Eq. (9): 
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In multiplier 3[ ( ) ( ) ( 1) ]s s s xx V V N x VÖ +D + +D + - - Ö on the right of the numerator, the term in the 

middle, which contains only the constants sV  and 3D , 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 xV  can be 

substituted with Eq. (22), that will result in the following: 
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where 3 23 3
1

1 3 2 ( 1) 3
s

N x N x
Y V

N x N x

D D- - - -å õ
= + Ö + Ö +æ ö

- - Ö - -ç ÷
. 

Removing the inner brackets in expression [ ( ) ( 1) ]s sx V N x YÖ +D + - - Ö in the numerator allows for 

eliminating the repetition of the value of the speed of SV1 in the flow: 
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After that, it is possible to take out the constants that do not depend on the summation index beyond 

the summation sign: 
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Now, it is possible to divide the large fraction in the numerator into several terms: 
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The simplification of the first fraction among those showing the ratio of the sums is presented in 

Eq. (18), and the following fractions of this type can be factorised to extract index x : 

 

 

3 2
3

3 3

3 0 3 0

3 3

0 0

3

02 2

3

0

3

2 4

( 2 ) ( 1 ) ( 3) ( 2 ) ( 1 )

3 3
( 2 ) ( 1 ) ( 2 ) ( 1 )

( 2 ) ( 1 ) ( 3)

6 6
( 2 ) ( 1 )

s
s

N N

x x

N N

x x

N

x

N

x

N
V V

N N N

N x N x N N x N x x

N N
N x N x N x N x

N x N x N

N N
N x N x

- -

= =

- -

= =

-

=

-

=

D DD -
= + + + Ö +

Ö

- - Ö - - Ö - - - Ö - - Ö
D D

+ Ö - Ö +
Ö Ö

- - Ö - - - - Ö - -

- - Ö - - Ö -
D D

+ Ö - Ö
Ö Ö

- - Ö - -

ä ä

ä ä

ä

ä

3

0

3

0

( 2 ) ( 1 )

.

( 2 ) ( 1 )

N

x

N

x

N x N x x

N x N x

-

=

-

=

- - Ö - - Ö

- - Ö - -

ä

ä

  

 

Based on Eq. (18) and the fact that certain sums contain an index-independent value ( 3)N- , it is 

possible to simplify these sums as follows: 

 

 3 3 32 2 2
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Now, it is reasonable to rearrange the terms in the following way: 

 

 3 3 32 2 2
3

( 3)( 3)3 3 3

4 2 6 6 4 3 3 4

s
s

NNN N N
V V

N N N N N N N

D D D Ö - DD D Ö - D- - -
= + Ö + + - Ö + + - Ö

Ö Ö Ö Ö Ö
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After that, proper terms can be substituted with 1V  from Eq. (19), and the equation for 3V  can be 

finalised as follows: 
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.  
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3 1

1 1

2 4 4

N N
V V

N N

DD + +
= + Ö + Ö

Ö
. (23) 

 

Thus, all the terms in Eq. (7) are deduced ï these are Eqs. (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: 

 

 32 2
1 1 1

3 ( 1)1 1 1 1 1

3 3 8 3 2 4 4

N N N
V V V V

N N N

DÖD Ö + D+ +å õå õ
= Ö + Ö + + Ö + Ö + Öæ ö æ ö

Ö Öç ÷ ç ÷
.  

This substitution allows for finalising the formula for the average speed of a dense TF with three SVs: 

 

 323 1 1

4 6 12

s
s

N N N
V V

N N N

D DD- + +
= + Ö + Ö + Ö. (24) 

 

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 sV  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 maxV , the lower the effect. 

This effect can be characterised as follows: when N­¤, the average platoon speed will not exceed sV  by 

more than 2 3( 4 6 12)sD +D +D . 

 

 
Figure 4 ï 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 10sD =  km/h, 2 7D = km/h, 3 5D = km/h) 

 

It is also worth noting that when N­¤, the coefficients at terms 2 3, ,sD D D in Eq. (24) follow the 

reciprocals of the rectangular (pronic) numbers (1/4 = 1/2 Ā 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 (
1

1
1

( 1)q q q

¤

=

=
Ö +

ä  [30, 31]) just as the sum of 

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 ï this is a normal distribution which is beyond question in the scientific and 

engineering community ï 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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ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʧʦʪʦʢʫ, ʷʢʘ ʷʚʣʷʻ ʩʦʙʦʶ ʩʪʘʪʠʩʪʠʯʥʦ ʚʩʪʘʥʦʚʣʝʥʠʡ ʟʚôʷʟʦʢ ʤʽʞ ʡʦʛʦ ʧʘʨʘʤʝʪʨʘʤʠ, 

ʟʦʢʨʝʤʘ, ʤʽʞ ʰʚʠʜʢʽʩʪʶ ʽ ʱʽʣʴʥʽʩʪʶ. ʌʫʥʜʘʤʝʥʪʘʣʴʥʘ ʜʽʘʛʨʘʤʘ ʧʦʢʘʟʫʻ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ 

ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʡʦʛʦ ʱʽʣʴʥʦʩʪʽ, ʽ ʩʝʨʝʜ ʧʦʷʩʥʝʥʴ ʮʴʦʤʫ ʻ ʚʠʤʫʰʝʥʝ ʧʽʜʣʘʰʪʫʚʘʥʥʷ ʚʦʜʽʾʚ ʧʽʜ 

ʰʚʠʜʢʽʩʪʴ ʧʦʚʽʣʴʥʽʰʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʧʦʧʝʨʝʜʫ. ʎʝ ʙʝʟʫʤʦʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʢʦʣʠʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʽ ʚʢʘʟʫʻ 

ʥʘ ʜʦʮʽʣʴʥʽʩʪʴ ʾʾ ʨʦʟʛʣʷʜʫ ʷʢ ʚʠʧʘʜʢʦʚʦʾ ʚʝʣʠʯʠʥʠ ʟʽ ʩʚʦʾʤ ʩʝʨʝʜʥʽʤ ʟʥʘʯʝʥʥʷʤ ʪʘ ʨʦʟʧʦʜʽʣʦʤ ʧʨʠ 

ʨʽʟʥʠʭ ʫʤʦʚʘʭ ʨʫʭʫ. ɼʣʷ ʚʽʣʴʥʦʛʦ ʧʦʪʦʢʫ ʟʘʛʘʣʴʥʦʚʠʟʥʘʥʠʤ ʻ ʥʦʨʤʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ ʰʚʠʜʢʦʩʪʝʡ 

ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ, ʚ ʪʦʡ ʯʘʩ ʷʢ ʧʠʪʘʥʥʷ ʧʨʦ ʪʝ, ʷʢʠʡ ʨʦʟʧʦʜʽʣ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʦʧʠʩʫ 

ʰʚʠʜʢʦʩʪʝʡ ʫ ʱʽʣʴʥʦʤʫ ʧʦʪʦʮʽ, ʟʘʣʠʰʘʻʪʴʩʷ ʚʽʜʢʨʠʪʠʤ. ʇʦʪʦʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʚʥʝʩʢʦʤ ʫ 

ʧʨʦʷʩʥʝʥʥʷ ʜʘʥʦʛʦ ʧʠʪʘʥʥʷ ʽ ʚʠʙʫʜʦʚʘʥʝ ʥʘʚʢʦʣʦ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʩʝʨʝʜʥʴʦʛʦ ʟʥʘʯʝʥʥʷ 

ʰʚʠʜʢʦʩʪʽ ʦʜʥʦʪʠʧʥʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʫ ʥʘʡʙʽʣʴʰ ʱʽʣʴʥʦʤʫ ʪʨʘʥʩʧʦʨʪʥʦʤʫ ʧʦʪʦʮʽ ʥʘ ʜʽʣʷʥʮʽ 

ʜʦʨʦʛʠ, ʜʝ ʥʝʤʦʞʣʠʚʽ ʦʙʛʦʥʠ ʽ ʚʠʧʝʨʝʜʞʝʥʥʷ. ʇʦʰʫʢ ʮʴʦʛʦ ʩʝʨʝʜʥʴʦʛʦ ʟʥʘʯʝʥʥʷ ʙʫʚ ʨʦʟʧʦʯʘʪʠʡ ʟ 

ʨʦʟʛʣʷʜʫ ʥʘʡʧʨʦʩʪʽʰʠʭ ʩʠʪʫʘʮʽʡ ʨʫʭʫ ʧʘʯʢʠ ʘʚʪʦʤʦʙʽʣʽʚ, ʜʝ ʚʩʽ ʘʚʪʦʤʦʙʽʣʽ ʙʘʞʘʶʪʴ ʾʭʘʪʠ ʟ 

ʦʜʥʘʢʦʚʦʶ ʥʘʡʙʽʣʴʰʦʶ ʥʝʟʘʙʦʨʦʥʝʥʦʶ ʰʚʠʜʢʽʩʪʶ, ʦʢʨʽʤ ʦʜʥʦʛʦ ʪʘ ʜʚʦʭ ʇɸ, ʷʢʽ ʦʙʤʝʞʫʶʪʴ 

ʰʚʠʜʢʽʩʪʴ ʽʥʰʠʭ. ɼʘʥʘ ʩʪʘʪʪʷ ʻ ʾʭ ʣʦʛʽʯʥʠʤ ʧʨʦʜʦʚʞʝʥʥʷʤ ʽ ʧʨʠʩʚʷʯʝʥʘ ʦʪʨʠʤʘʥʥʶ ʬʦʨʤʫʣʠ ʜʣʷ 

ʨʦʟʨʘʭʫʥʢʫ ʩʝʨʝʜʥʴʦʾ ʰʚʠʜʢʦʩʪʽ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʧʦʪʦʢʫ ʜʣʷ ʚʠʧʘʜʢʫ ʪʨʴʦʭ ʧʦʚʽʣʴʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʫ 

ʥʴʦʤʫ. ɺʩʝ ʨʘʟʦʤ ʮʝ ʩʪʚʦʨʶʻ ˇʨʫʥʪʦʚʥʫ ʦʩʥʦʚʫ ʜʣʷ ʫʟʘʛʘʣʴʥʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʟ ʤʝʪʦʶ 

ʚʠʚʝʜʝʥʥʷ ʬʦʨʤʫʣʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʩʝʨʝʜʥʴʦʾ ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ ʟ ʙʫʜʴ-ʷʢʦʶ ʢʽʣʴʢʽʩʪʶ ʧʦʚʽʣʴʥʠʭ 

ʘʚʪʦʤʦʙʽʣʽʚ. ɿʥʘʥʥʷ ʪʘʢʦʾ ʟʘʣʝʞʥʦʩʪʽ ʧʦʩʣʫʞʠʪʴ ʚʽʜʧʨʘʚʥʦʶ ʪʦʯʢʦʶ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʩʧʨʠʯʠʥʝʥʦʾ 

ʱʽʣʴʥʠʤ ʧʦʪʦʢʦʤ ʟʤʽʥʠ ʷʢ ʩʝʨʝʜʥʴʦʛʦ ʟʥʘʯʝʥʥʷ, ʪʘʢ ʽ ʨʦʟʧʦʜʽʣʫ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ, ʢʦʪʨʘ ʫ ʚʽʣʴʥʠʭ 

ʫʤʦʚʘʭ ʦʧʠʩʫʻʪʴʩʷ ʥʦʨʤʘʣʴʥʠʤ ʟʘʢʦʥʦʤ. 
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ʩʤʫʛʘ ʨʫʭʫ, ʫʤʦʚʠ ʨʫʭʫ, ʘʥʘʣʽʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ, ʪʨʘʥʩʧʦʨʪʥʘ ʩʠʩʪʝʤʘ. 
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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 ownerôs 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). 

 
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 [3ï9]. 

The authorsô 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 ï 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. 

 
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: 

 ʈnet = f(ʊann, Sann, Ɇʊʉʊann), UAH, (1) 

where: ʊann ï tariff cost of transporting annual cargo flow, UAH;  

Sann ï annual transportation cost, UAH;  

Ɇʊʉʊann ï 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. 

ʊann ï 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 ï annual 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. 

Ɇʊʉʊann ï taxes of transport enterprises. Letôs 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 Sann. 

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) driversô 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: 

 
w w ʊ lq

drivers

dwh

D d ɸ
C

F

aÖ Ö Ö
= , peoples, (2) 

where: Dw ï number of days of operation of the transport enterprise per year, days;  

dw ï duration of the working day, hours;  

Ŭʊ ï coefficient of technical readiness;  

Alq ï registered number of vehicles of the transport enterprise, units;  

Fvod ï annual fund of driversô working hours, hours. 

Fdwh ï 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% ï single social contribution + 5.0% ï 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 enterpriseôs 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: 

 
100 1000

gwt

t t t t t t

LR
ʉ N ʈ k ʈ n= Ö + Ö Ö Ö Ö, UAH, (3) 

where: Nt ï annual tire wear, units;  

ʈt ï price of one set of tires (tyre, tube, rim tape), UAH; 

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

kt ï tire mileage adjustment factor, which takes into account the operating conditions of the rolling 

stock and tire mileage;  

nt ï number of tires on cars, units;  

Lg ï 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]: 

 ɆS = (SLU + SPʉʊ + S + Ss)ĿWQ + R1 + R2+ R3+ R4+ R5+ R6+ R7+ R8+ R9+ R10, UAH, (4) 

where: WQ ï transportation volume, t;  

SLU ï costs of loading and unloading operations, UAH/t;  

SPʉʊ ï costs of preparing cargo for transportation, UAH/t;  

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

Ss ï costs of storing cargo, UAH/t;  

R1 ï costs associated with increasing the distance of transporting cargo, UAH; 

R2 ï costs associated with the mismatch of rolling stock with the type and nature of the cargo, UAH;  

R3 ï costs associated with damage and loss of cargo, UAH;  
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R4 ï costs associated with performing additional loading and unloading operations, UAH;  

R5 ï costs associated with additional storage of cargo, UAH;  

R6 ï costs associated with the inertia of the transport process, UAH;  

R7 ï costs associated with increasing the cost of transportation, UAH;  

R8 ï costs associated with an increase in the cost of loading and unloading operations, UAH;  

R9 ï costs associated with an increase in the cost of preparing cargo for transportation, UAH;  

R10 ï costs associated with an increase in the cost of storing cargo, UAH. 

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

 S = SF + SlM + SMR + STWR + SD + Sʆ + Sʊ, UAH, (5) 

where: SF ï fuel costs, UAH;  

SLM ï costs for lubricants and other operating materials, UAH;  

SMR ï costs for maintenance and repair, UAH;  

STWR ï costs for tire wear and repair, UAH;  

SD ï depreciation costs, UAH;  

Sʆ ï overhead costs, UAH;  

Sʊ ï costs for taxes, UAH. 

These operating costs for freight transportation by car can be divided into conventionally technical 

(variable) ï SF, SlM, SMR, STWR and conventionally organizational (conditionally constant) ï SD, Sʆ, Sʊ. 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 SF, lubricants and other operating materials SLM and 

restoration of worn tires and repair STWR are determined according to existing methods, and sufficiently 

correspond to the actual production values [16]. Maintenance and repair costs SMR 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 SSPM. 

The costs of paying repair workers are attributed to the group çconditional and organizationalè. Then 

the conditional and technical costs have the form: 

 ʉʊʉ = SF + SLM + 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]: 

 SF = PF Ŀ QFʉ = PF Ŀ 0,01Ŀ(NLĿL + NthkmĿW)(1 + 0,01Ŀk), UAH (7) 

where: PF ï price of 1 liter of fuel, UAH;  

QFʉ ï fuel consumption, l;  

NL ï fuel consumption rate of the vehicle, l/100 km;  

L ï vehicle mileage for the reporting period, km;  

Nthkm ï fuel consumption rate for transport work, l/100 thkm;  

W ï volume of transport work, thkm;  

k ï surcharge taking into account operating conditions, %. 

 W = QʉW ĿLʉʄ, thkm, (8) 

where: QʉW ï cargo weight, t;  

LʉM ï cargo mileage, km.  
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Then: 

 SF = PF Ŀ QFʉ = PF Ŀ 0,01Ŀ(HLĿL + Nthkm Ŀ QʉW ĿLʉʄ)(1 + 0,01Ŀk), UAH (9) 

2) lubricant costs [14]: 

 SLM = ʈLM ĿQLM = 0,01Ŀ SF ĿQF ĿNLM, UAH (10) 

where: ʈLM ï price of 1 liter (kg) of lubricant; 

QLʄ ï lubricant consumption, l (kg); 

NLʄ ï lubricant consumption rate, l(kg)/100 l of fuel. 

3) tire costs [14]: 

 STWR = ʈʊĿNʊ + 0,01ĿNʊĿkʊĿnʊĿ(0,001ĿL), UAH (11) 

where: ʈʊ ï tire price, UAH; 

Nʊ ï tire consumption, units; 

Nʊ ï tire wear and repair rate in % of the cost of the set per 1000 km of mileage, %; 

kʊ ï tire mileage adjustment factor, which takes into account the operating conditions of the rolling 

stock and tire mileage; 

nʊ ï number of tires on cars, units; 

L ï vehicle mileage for the reporting period, km. 

The annual tire consumption is: 

 ʊ

ʊ

N

n L
N

L

Ö
= , (12) 

where: LN ï tire mileage, km; 

L ï vehicle mileage for the reporting period, km. 

Therefore: 

 ( )0,001 0,001ʊ

TWR ʊ T T T

N

n
S ʈ N k n L

L
= Ö + Ö Ö Ö Ö Ö, UAH (13) 

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

 SSPM = LĿPSPM, UAH, (14) 

where: L ï vehicle mileage for the reporting period, km. 

PSPM ï 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 ʉi, 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
[( 0,01 ( ) (1 0,01 ) 0,01

m 0,001 ) , UAH/thk]

F L thkm ʉ Eʉ LM F L

T

T T T T SPM

N

STC P N L N Q L k P Q N
W

n L
P N k n L L P

L

= Ö Ö Ö Ö + Ö Ö Ö + Ö + Ö Ö Ö +

Ö
+ Ö + Ö + Ö Ö + Ö

 (15) 

where: W ï volume of freight transport work performed during the reporting period, thkm; 

PF ï price of 1 liter of fuel, UAH; 

NL ï basic fuel consumption rate, l/100km; 

L ï vehicle mileage for the reporting period, km; 

Nthkm ï fuel consumption for transport work, l/100 thkm; 

Qʉ ï weight of the cargo being transported, t;  

Lɽʉ ï distance with cargo, km; 

k ï allowance taking into account operating conditions, %;  

ʈLM ï price of 1 l (kg) of lubricants, UAH 

NLM ï lubricant consumption rate, l (kg)/100 l of fuel; 

ʈʊ ï tire price, UAH; 

nʊ ï number of tires on cars, units; 

LN ï standard tire mileage, km;  

Nʊ ï tire wear and repair rate in % of the cost of the set per 1000 km of mileage, %;  
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kʊ ï tire mileage adjustment factor, which takes into account the operating conditions of the rolling 

stock and tire mileage;  

PSPM ï specific costs for spare parts and materials, UAH/km. 

Let us simplify formula 15 by denoting: 

Add = (1 + 0,01Ŀk) ï fuel consumption allowance depending on operating conditions; 
WCɸ

F L
P N L= Ö ï fuel consumption of cars without load; 

W

T thkm C EC
C N Q L= Ö Ö ï fuel consumption for transport work; 

T

T

N

n L
W

L

Ö
=  ï wear (consumption) of car tires; 

( )0,01 0,001C

T T T TC N k n L= Ö Ö Ö Ö Ö ï tire retreading costs. 

Then we get the formula: 

 

  UAH/thkm

(
1

[ 0,01 ( ) 0,01 )

],

WCA W WCA W

F F T dd Lʄ F T LM

C

T T T SPM

STC P ʈ C A P ʈ C N
W

P W C L P

= Ö Ö Ö + Ö + Ö Ö + Ö +

+ Ö + + Ö

 (16) 

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: 

 ɽY = (S1 + ERĿK1) ï (S2 + ERĿK2) = S1 ï S2 Ñ ERĿȹK, UAH, (17) 

where: S1, S2 ï current annual production costs for the 1st and 2nd options, UAH; 

K1, K2 ï capital investments by options, UAH;  

ȹK ï difference in capital investments, UAH;  

ER ï 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: 

 ( )( )1 1 2 2 1 2

O

V R R R
ɽ ʉʊʉ ɽ K ʉʊʉ ɽ K ʉʊʉ ʉʊʉ ɽ K= + Ö - + Ö = - ° ÖD, UAH, (18) 

where: ʉTʉ1, ʉTʉ2 ï conventionally technical components of operating costs for cargo transportation 

according to the 1st (base) and 2nd (new) options.  

The value of the ER 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 
O

V
ɽ , which is achieved when putting into 

operation car models with lower CTC (provided that all other components affecting the companyôs profit are 

equal): 

 
1 2

O

V
ɽ CʊC CʊC CʊC=D = - , UAH (19) 

The specific effect 
O

V
ɽ  (UAH/thkm) is equal to [14]: 

 ( )1 2

1
V
ɽ GCʊC CʊC CʊC

W
=D = Ö - , UAH/thkm, (20) 

where: W ï volume of transport work carried out by cars, thkm. 

Fuel cost difference: 

 
( ) ( )1 1 1 1 2 2 2 2

1 1 1 1 1 1 2 2 2 2 2 2
  UAH

,0,01 0 01

0,01 0,01 0,01 0,01 ,

WCA W WCA W

F F F T dd F F T dd

WCA W WCA W

F F dd F T dd F F dd F T dd

S P ʈ C A P ʈ C A

P ʈ A P C A P ʈ A P C A

D = Ö Ö + Ö - Ö Ö + Ö =

= Ö Ö Ö + Ö Ö Ö - Ö Ö Ö - Ö Ö Ö
 (21) 

Let us denote: 
1 1 1

Fɸ WCɸ

S F dd
Q ʈ A= Ö ; 

1 1 1

C W

S T dd
Q C A= Ö ; 

2 2 2

Fɸ WCA

S F dd
Q ʈ A= Ö ; 

2 2 2

C W

S T dd
Q C A= Ö . 

Then we get:  

 ( ) ( )1 1 1 2 2 2
0,01 0,01

Fɸ C Fɸ C

F F S S F S S
S P Q Q P Q QD = Ö Ö - - Ö Ö - (22) 

Let us introduce the relative comparison coefficient [14; 15]: 
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n

ʽ

ʽ b

ʽ

S
K

S
= , (23) 

where: 
n

S̔ , 
b

S̔  ï value of the i-th cost item in the new and basic variants, respectively. 

In accordance: 1

2

F

PF

F

P
K

P
=  ï evaluation criterion based on fuel cost. Then we get: PF1 = KPFĿ PF2; 

1 1

2 2

Fɸ C

S S

QS Fɸ C

S S

Q Q
K

Q Q

-
=

-
 ï fuel consumption evaluation criterion. Therefore: 

1 1 2 2
( )

Fɸ C Fɸ C

S S QS S S
Q Q K Q Q- = Ö -. 

We get the following formula: 

 
( ) ( )( )

( )( )

2 2 2 2 2 2

2 2 2
  UAH

0,01

0,01 1 ,

S

Fɸ C Fɸ C

F PF F Q S S F S S

Fɸ C

F S S PF QS

S K P K Q Q P Q Q

P Q Q K K

D = Ö Ö Ö Ö - - Ö - =

= Ö Ö - Ö Ö -
 (24) 

Difference in lubricant costs: 

 
( ) ( )

( ) ( )

1 1 1 1 1 2 2 2 2 2

1 1 1 1 2 2 2 2
  UAH

0,001 ( ) 0,001 ( )

0,001 0,001 ,

WCA W WCA W

Lʄ Lʄ F T dd LM LM F T dd LM

Fɸ C Fɸ C

LM S S LM LM S S LM

S P ʈ C A N P ʈ C A N

P Q Q N P Q Q N

D = Ö Ö + Ö Ö - Ö Ö + Ö Ö =

= Ö Ö - Ö - Ö Ö - Ö
 (25) 

Denote: 1

2

Lʄ

PLM

Lʄ

P
K

P
=  ï lubricant evaluation criterion. Then: PLM1 = KPLM Ŀ PLM2; 

1 1

2 2

Fɸ C

S S

QS Fɸ C

S S

Q Q
K

Q Q

-
=

-
 ï 

fuel consumption evaluation criterion. Then: 
1 1 2 2

( )
S

Fɸ C Fɸ C

S S Q S S
Q Q K Q Q- = Ö -. Similarly: 1

2

Lʄ

NLM

Lʄ

N
K

N
=  ï 

evaluation criterion based on the lubricant consumption rate. Then: NLM1 = KNLM Ŀ NLM2. 

Therefore: 

( ) ( )

( ) ( )

2 2 2 2 2 2 2 2

2 2 2 2

0,001 (

0,001 1 ,  UAH

S

Fɸ C Fɸ C

Lʄ PLʄ Lʄ Q S S NLM LM LM S S Lʄ

Fɸ C

Lʄ S S Lʄ PLʄ QS NLM

S K P K Q Q K N P Q Q N

P Q Q N K K K

D = Ö Ö Ö Ö - Ö Ö - Ö - Ö =

= Ö Ö - Ö Ö Ö Ö -
(26) 

Tire cost difference: 

 
1 1 1 2 2T T T T T

S P W P WD = Ö -Ö  (27) 

Letôs express: 1

2

T

ʈT

T

ʈ
K

P
=  ï criterion for evaluating the value of car tires. Then: PT1 = KĿ PT2; 

1

2

T

WT

T

W
K

W
=  ï tire wear (consumption) evaluation criterion. Ago: WT1 = KWTĿWT2. In accordance: 

 ȹST = KPT Ŀ PW2 Ŀ KWT Ā WT2 ï PW2 Ŀ WT2 Ŀ WT2 = PW2 Ŀ WT2 Ŀ (KPT Ŀ KWT ï 1), UAH (28) 

Tire retreading cost difference: 

 
1 2

T T T

P P P
S P PD = -  (29) 

Letôs express: 1

2

T

P

T

P

TP

P

P
K

P
=  ï evaluation criterion based on the cost of retreading automobile tires. Then: 

1 2T

P

T T

P PP
P K P= Ö . In accordance: 

 ( )2 2 2
1T T

P P

T T T T

P P P PW W
S K P P P KD = Ö - = Ö -, UAH (30) 

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

(km) [14; 15]: 

 ȹSSPM = L Ŀ (PSPM1 ï PSPM2), UAH (31) 

By analogy with the previous formulas, we transform, then: 

 ȹSSPM = L Ŀ PSPM2  Ŀ (KSPM1 ï 1), UAH (32) 

Transforming formula 20 taking into account formulas 24, 26, 28, 30 and 32, we obtain: 
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( )( )

( ) ( )

( ) ( ) ( )

2 2 2

2 2 2 2

2 2 2 2 1
  UAH/thkm

1
0,01 1

0,001 1

1 1 1 ,

S

S

T

P

Fɸ C

F S S PF Q

Fɸ C

Lʄ S S Lʄ PLʄ Q NLM

T

LM T PT WT P SPM SPMW

GCʊC P Q Q K K
W

P Q Q N K K K

P P K K P K L P K

D = Ö Ö Ö - Ö Ö - +

+ Ö Ö - Ö Ö Ö Ö - +

+ Ö Ö Ö - + Ö - + Ö Ö -

è
ê

ø
ú

 (33) 

Let us denote: 
2 2 2 2

0,01 ( )
Fɸ C

F F S S
P P Q Q= Ö Ö - ï fuel costs of the new car variant; 

2 2 2 2 2
0,001 ( )

Fɸ C

Lʄ Lʄ S S Lʄ
P P Q Q N= Ö Ö - Ö ï costs for lubricants of the new version of the car. Then the specific 

conventional and technical costs for transporting goods (GCTC1i) can be written like this: GCTC1i = K  ̔Ā 

GCTC2i. Substituting this expression into formula (20), we obtain the value of the specific effect when 

replacing the base car model with a new version: 

 ɽRSO = GCTC = K  ̔Ā GCTC2i ï GCTC2i = GCTC2i Ā (K  ̔ï 1), UAH/thkm, (34) 

where: GCTC2i ï 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: 

( ) ( )

( ) ( ) ( )

2 2

1

2 2 2
 UAH/thkm

1
1

1

1 1 1 ,T

P

n

RSO F PF QS Lʄ PLM NLM

i

WT PT WT PT SPM SPMW

ɽ GCʊC P K K P K K
W

P K K P K P K

=

=D = Ö Ö Ö - + Ö Ö - +

+ Ö Ö - + Ö - + Ö -

èê

ø
ú

ä
(35) 

where: PF2 ï fuel costs, UAH; 

PLM2 ï costs for lubricants and other operating materials, UAH; 

PWT2 ï costs for tires, UAH; 

PPT2 ï costs for tire repair and restoration, UAH; 

PSPM2 ï costs for spare parts and materials, UAH;  

relative coefficients of comparison of options, respectively: 

KPF ï by fuel cost; 

KQS ï by lubricant cost; 

KPLM ï by lubricant consumption; 

KPT ï by tire consumption; 

KWT ï for tire restoration and repair costs; 

T

PW
K  ï by the cost of a set of tires; 

KSPM ï by spare parts and materials costs. 

When determining the economic effect of ERSO 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. 



É Khavruk V.O. 2025  
 

32 , 2025, 2̄ (25)             ISSN 2313-5425 
  

 

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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ʍʘʚʨʫʢ ɺ. ʆ. ʆʮʽʥʢʘ ʝʬʝʢʪʠʚʥʦʩʪʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ 

ʋ ʩʪʘʪʪʽ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʧʠʪʘʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʥʘ ʦʩʥʦʚʽ ʩʦʙʽʚʘʨʪʦʩʪʽ 

ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʴʥʠʭ ʧʝʨʝʚʝʟʝʥʴ. ɼʝʪʘʣʴʥʦ ʘʥʘʣʽʟʫʶʪʴʩʷ ʜʚʽ ʛʨʫʧʠ ʩʢʣʘʜʦʚʠʭ ʚʠʪʨʘʪ: 1) ʷʢʽ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʪʝʭʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ (ʚʠʪʨʘʪʠ ʥʘ ʧʘʣʠʚʦ, 

ʤʘʩʪʠʣʘ ʪʘ ʽʥʰʽ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ, ʚʠʪʨʘʪʠ ʥʘ ʟʥʦʩ ʪʘ ʚʽʜʥʦʚʣʝʥʥʷ ʘʚʪʦʤʦʙʽʣʴʥʠʭ ʰʠʥ; 

ʚʠʪʨʘʪʠ ʥʘ ʪʝʭʥʽʯʥʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʨʝʤʦʥʪ); 2) ʷʢʽ ʚʠʟʥʘʯʘʶʪʴʩʷ ʦʨʛʘʥʽʟʘʮʽʡʥʠʤʠ ʦʩʦʙʣʠʚʦʩʪʷʤʠ 

ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʘʚʪʦʪʨʘʥʩʧʦʨʪʥʦʛʦ ʧʽʜʧʨʠʻʤʩʪʚʘ (ʟʘʨʦʙʽʪʥʘ ʧʣʘʪʘ ʚʦʜʽʾʚ, ʚʽʜʨʘʭʫʚʘʥʥʷ ʥʘ ʩʦʮʽʘʣʴʥʽ 

ʧʦʪʨʝʙʠ, ʘʤʦʨʪʠʟʘʮʽʷ ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ ʨʫʭʦʤʦʛʦ ʩʢʣʘʜʫ ʪʘ ʟʘʛʘʣʴʥʦʛʦʩʧʦʜʘʨʩʴʢʽ ʚʠʪʨʘʪʠ). 

ɿʘʛʘʣʴʥʘ ʩʪʨʫʢʪʫʨʘ ʩʦʙʽʚʘʨʪʦʩʪʽ ʚʘʥʪʘʞʥʠʭ ʧʝʨʝʚʝʟʝʥʴ ʘʚʪʦʤʦʙʽʣʷʤʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʷʢ ʩʫʤʘ 

ʧʦʢʘʟʥʠʢʽʚ, ʱʦ ʩʢʣʘʜʘʶʪʴ ʜʚʽ ʛʨʫʧʠ ʚʠʪʨʘʪ: 1) ʷʢʽ ʟʘʣʝʞʘʪʴ ʚʽʜ ʦʙʩʷʛʽʚ ʚʘʥʪʘʞʽʚ; 2) ʷʢʽ ʧʦʚôʷʟʘʥʽ ʟ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚʘʥʪʘʞʽʚ ʪʘ ʦʨʛʘʥʽʟʘʮʽʡʥʦʶ ʨʦʙʦʪʦʶ ʟ ʦʙʨʦʙʢʠ ʚʘʥʪʘʞʽʚ. ɼʝʪʘʣʴʥʦ ʨʦʟʛʣʷʥʫʪʽ ʽ 

ʥʘʚʝʜʝʥʽ ʬʦʨʤʫʣʠ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʝʨʰʦʾ ʛʨʫʧʠ ʚʠʪʨʘʪ (ʫʤʦʚʥʦ-ʪʝʭʥʽʯʥʽ ʚʠʪʨʘʪʠ), ʦʩʢʽʣʴʢʠ ʟʘ 

ʚʝʣʠʯʠʥʦʶ ʮʠʭ ʚʠʪʨʘʪ ʤʦʞʣʠʚʦ: ʦʮʽʥʶʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʚʪʦʤʦʙʽʣʽʚ ʚ ʛʨʦʰʦʚʦʤʫ 

ʝʢʚʽʚʘʣʝʥʪʽ; ʧʦʨʽʚʥʶʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʽʟʥʠʭ ʤʘʨʦʢ ʽ ʤʦʜʝʣʝʡ ʘʚʪʦʤʦʙʽʣʽʚ ʚ ʛʨʦʰʦʚʦʤʫ ʝʢʚʽʚʘʣʝʥʪʽ; 

ʚʠʙʠʨʘʪʠ ʥʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʠʡ ʧʘʨʢ ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ ʨʫʭʦʤʦʛʦ ʩʢʣʘʜʫ; ʦʮʽʥʶʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʨʦʙʦʪʠ ʩʣʫʞʙʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʘʚʪʦʤʦʙʽʣʽʚ ʚ ʨʽʟʥʠʭ ʘʚʪʦʪʨʘʥʩʧʦʨʪʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʚ ʛʨʦʰʦʚʦʤʫ 

ʝʢʚʽʚʘʣʝʥʪʽ. 

https://khg.kname.edu.ua/index.php/khg/index
https://online.budstandart.com/ua/
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ɼʣʷ ʦʮʽʥʢʠ ʜʦʮʽʣʴʥʦʩʪʽ ʦʥʦʚʣʝʥʥʷ ʧʘʨʢʫ ʘʚʪʦʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʧʨʦʧʦʥʫʻʪʴʩʷ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʝʣʠʯʠʥʫ ʝʢʦʥʦʤʽʯʥʦʛʦ ʝʬʝʢʪʫ, ʷʢʠʡ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʨʽʟʥʠʮʷ ʧʨʦʧʦʨʮʽʡʥʦ 

ʧʨʠʚʝʜʝʥʠʭ ʨʽʯʥʠʭ ʚʠʪʨʘʪ.  

ʄʝʪʦʶ ʩʪʘʪʪʽ ʻ ʥʘʜʘʥʥʷ ʤʝʪʦʜʠʯʥʠʭ ʨʝʢʦʤʝʥʜʘʮʽʡ ʘʚʪʦʪʨʘʥʩʧʦʨʪʥʠʤ ʧʽʜʧʨʠʻʤʩʪʚʘʤ ʱʦʜʦ 

ʚʠʟʥʘʯʝʥʥʷ ʩʢʣʘʜʦʚʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʚʠʪʨʘʪ ʪʘ ʦʮʽʥʢʠ ʜʦʮʽʣʴʥʦʩʪʽ ʦʥʦʚʣʝʥʥʷ ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ 

ʨʫʭʦʤʦʛʦ ʩʢʣʘʜʫ. 
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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 ñsuburbanizationò 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 

questionnaire 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
ʨl¡ 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 
ʨl¡ 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 tripsô number can be 

written as follows: 

ä
¸
=

==
m

ji
ji

ij

ij

ij hH
H

h
hp

1,

,)( , (1) 

where 
ij

h  is a tripsô number from zone i to zone j, during time interval considered, pass.; 
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where { }DÍ¡
ijʨ

lI  is the indicator of event, which implies that the travel distance 
ijʨ

l¡ from zone i to zone j 

is within some interval D. 

That is, equation (2) is a probabilistic combination of event indicators . Considering the actual 

distribution 
ijʨ

l¡, 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 D 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 .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 
ijʨ

l¡ 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 
ijʨ

l¡ 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: 
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Intx  is the number of group intervals of travel distances of passengers;  
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l  at points 
ʚ
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the total number of movements )( IH
D  that must be made at a distance from a certain interval ID can be 

defined as follows 
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whereHis the total tripsô number during time interval considered, pass. 

To obtain the ODM, it is necessary to find a distribution of tripsô number that corresponds to the 

system of limitations 
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where 
ijh  is the required tripsô number between transportation zones i and j, pass., 0²ijh ;  

m is the number of departure and arrival zones, units; 
ij HPHO ,  is the arrival and departure capacity 

of each transportation zones, pass.; 
)( I

ijh
D
is the tripsô number, which are realized at a distance 

)( I
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D

. 

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 tripsô 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 mjmiHHPHO
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 and the actual distribution of movements according 

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

ijh
D

fall within the given interval ID  is calculated. After that, the compliance with theactual hit 

frequencies 
ijʨ

l¡ is evaluated and corrected using closed loops. The calculation is carried out until the 

calculation of the value
ijh  in the ODM corresponds to the actual distribution

ijʨ
l¡. 

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. 
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where 
iʤ

N  is the number of inhabitants of human settlement i, who commutes in the direction of the 
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city, people.; 
iL is the remoteness of human settlement i, from the city, km; 

iʟ
k is the proportion of trips 

made using public railway system of human settlement i, %; ʈ 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 ï ñnodesò, which are also the 

starting points or respectively endpoints of the segments are placed on the loaded ñbackgroundò. For more 

accurate refining of ñnodesò real coordinates of their location are assigned. The next step of modeling is the 

allocation of ñsegmentsò 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 ñjunctionò. The junctions connect the ñzonesò 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 

settlements, people. 

minimum 16 

maximum 56 655 

The total population, thousand people 878.485 

The area of a human settlement, km
2
 

minimum 0.06 

maximum 56.026 

Number of human settlements with railroad transportation 

service, units  

36 

Population density, people per sq. km  
minimum 5.3 

maximum 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 ä
¸

D

ji
ji

ij
Ih

,

)(
 in compliance with the proposed 

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 
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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 

Group 

interval 

Lower 

limit, 

km. 

Upper 

limit, 

km.  

Probability 

of 

movement 

Number of movements, units 

according to 

probability 

according 

to model  
distinguishes % 

1 0 20 0.309 41374 41958 -584 1.4 

2 20 40 0.199 26645 27531 -886 3.3 

3 40 60 0.153 20486 20324 162 0.8 

4 60 80 0.099 13256 14386 1130 8.5 

5 80 100 0.240 32135 29697 2438 7.6 

TOTAL 1 133896 133896 5200 - 

 

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 is 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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FUNCTIONAL ADAP TATION IN A GRAIN CARRIER WHEN THE MASS OF 

TRANSPORTED GRAIN IS UNSTABLE  

 

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 çKaravan-2è 

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 ï 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 çKaravan-2è 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 çKaravan-2è 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
3
). 

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: 

ï to substantiate the functional model of a grain truck; 

ï to develop a methodology for determining the functional stability of a grain carrier when the weight 

of the transported grain changes; 

ï 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 Ŭ (Fig. 2), the following forces act on it 

ï gravity Ga, applied at the centre of mass ʉʘ of the vehicle, which can be decomposed into the 

components Ga sinŬ and Ga cosŬ; 

ï the air resistance Pw, the point of application of which is at the height of the centre of sail, taken 

equal to the height hc; 

ï reaction ʈh applied to the mechanism of coupling of the vehicle with the trailer at the height hk (it is 

assumed that ʈh is parallel to the bearing surface); 

ï normal reactions R1 and R2, shifted by a value (n+m) from the projection of the wheel axles.  

 

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

 

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  

( ) a=
+

+ cosfaG
kr

mn
RR 21 , 

we obtain the following relations for normal reactions: 
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Neglecting the air resistance (Pw=0) and assuming that the driving wheels of the car are the rear 

wheels, its traction properties are estimated only by the R2 reaction. Replacing the reaction ʈh of the trailer 

link in equation (1) with its value: 

 

( ) ( )( )aPfvlsincosfaGfvlhʈ 11 -=a+a-= ,  

 

where Pa is the traction force on the driving wheels of the vehicle in the absence of the trailing link; l fv 

is the vehicle load factor. 

In addition, since.  

( )
L
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cosfaGsinaG

L

ch
ʘʈ a+a= ,  

then 

a-=a cos
L

ch
faG
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L
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aG . 

 

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

 
( )[ ]

a
-

-
-

+a= cos
L

krch
faG

L

khftlch
aPcos

L

a
aG2R

1
. (2) 

 

where l ft 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 hk=hc and the value of the 

load factor l ft =Dv: Dt=2, where Dv and Dt 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 ű is equal to 

ʈc=R2ű. For this case, the dynamic factor of the grain truck in terms of traction is written as 

 

 
( )[ ]khftlhhpLftl

cosa
cD

1-+j-

aj
= . (3) 

 

Since the last term of equation (2) is negligible (no more than 0.5 % of R2), 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: 

 ä
=

ä
=

=ä
=

-
n

1i

m

i
kA

n

i
iTiT

11
0 , (4) 

 

where ʊ̔0, ʊ̔ are the kinetic energy of the link and the grain truck, respectively, at the beginning and 

end of the time interval under consideration; ɸk is the work of each of the external and internal forces acting 

on the grain truck during a given time interval; ʧ is the number of moving links; ʪ 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 mp moving under the action of a force Fn 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 Fn and mn 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 S0 to S, and the reduced mass (for the grain truck, this 

value is variable) changes from mn to mn0:  

 ñ=- S
S

dSnF
vn0mvnm

02

2
0

2

2
, (5) 

 

where v is the velocity modulus of the point of reference; v0 is the value of v at S=S0. 

To ensure the identity of equations (4) and (5), it is necessary and sufficient to fulfil the conditions: 
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When the condition in dependence (4) is fulfilled, the condition is also satisfied for any moment of 

time: 

 ä
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The reduced force Fn can be found from (6), and the reduced mass mn 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: 

 ä
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=
m

i
kNvnF

1

,  (9) 

 

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

Given the velocity vk of the point of application of the force Fk acting on the grain truck link, ɤk of the 

angular velocity of the grain truck link acted upon by a pair of forces with moment ʄk, the reduced force Fn 

is calculated by the formula:  

 ( )ä
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ù
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ø
é
ê
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v

kv
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1

.  (10) 

 

This sum can be both positive and negative, i.e., the reduced force is a scalar value. The minus sign 

indicates that the force Fn is directed in the opposite direction to the velocity v of the point of actuation. The 

reduced force Fn 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  



É ɸ. ɯ. Korobko, I. V. Semenov 2025  
 

ISSN 2313-5425                  , 2025, ˉ2 (25)  45 
 

 

 
2

2
isiJ

2

2
siv̔ʪ

ʊ̔
w

+= , (11) 

 

where mi is the mass of the link; vsi is the modulus of the velocity of the centre of mass of the link; ɤi 

Fi is the modulus of the angular velocity of the link; Jsi 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  
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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 vk, vsi and ɤ̔ 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 Fn be given as a function of the generalised coordinate S (displacement of the 

point of reference). The reduced mass mn 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, 0
0

vv
SS
=

=  . The velocity of the point of reference as a function of the 

generalised coordinate S is written as  

 ñ +== S
S

v
nm

nm
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nm
pvv

0

2
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02
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where vp 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 S0 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
3
 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: Qn - nominal payload of 15.4 tonnes; Qlc - volumetric payload of 1.3 m
3
; Vb - body 

volume of 11.81 m
3
; Vc - cargo volume of 20.53 m

3
.  

 

ʊable 1 ï Bulk density of grain crops 

 ̄ Name of grain crop Density, kg/m
3
 

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 PJSC çAvtoKrAZè 

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 Wt=So/Sm, where So and Sm are the output and control parameters, 

respectively. 

ʊable 2 ï Results of operational tests of the çKaravan-2è road 

Tests Mileage of the road train 

during testing, km 

Transported cargo, 

cargo weight, t 

çShoulderè 

of routes, km  

Average fuel 

consumption, 

l/10 km 

Gear ratio of the 

main gear 

1 Total 2505 

 

 

With cargo 1250 

Corn grain, 48,83-

52,66 

Sunflower seeds, 

27,66 

87-89 

 

 

182-194 

53,0-54,6 

 

42,0-42,1 

m̔g = 6,154 

2 Total 2100 

With cargo 1050 

Corn grain, 41,72-

47,01 

66-69 48,2-50,1 

3 Total 1737 

With cargo 857 

Corn grain, 48,7 857 42,0-43,1 m̔g = 4,9 

4 Total 1340 

With cargo 560 

Wheat grain, 40,1 280 37,8-38,0 

5 Total 1320 

 

With cargo 225 

Organic mix, 35,0 

Organic mix, 54,0 

115 

 

110 

35,0-35,3 

40,0-42,3 

 

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 mi [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 yd(t) and braking 

yb(t), and the stability of the dynamic properties w(t) of the grain truck.  
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Fig. 3 ï 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), 

yd(t), yb(t), and w(t). When comparing these parameters with their values v
ʭ
, 
ʭ
d
ʫ , 

ʭ
b
ʫ and w

ʭ
, at which the 

grain carrier operates stably, the controlled input variables u(t) are adjusted at the comparison links ɝv, ɝd, ɝb 

and ɝw. 

The functional parameter v(t) is characterised mainly by the input control functions i(t) and q(t) and 

determines the operational properties of the grain truck, the parameters yd(t) and yb(t) are determined mainly 

by v(t), disturbances in the direction of movement fd(t) and braking fb(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), yd(t), yb(t) and 

w(t). In case of instability of one or more functional parameters of the grain carrier v(t), yd(t), yb(t) and w(t), 

characterised by deviation from the nominal values of y
x
, 
ʭ
d
ʫ , 

ʭ
b
ʫ  and w

ʭ
, 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 Wv, Wyd, Wyb  ̔Ww, characterised by the relationship v(t), yd(t), yb(t), w(t) to y
x
, 
ʭ
d
ʫ , 

ʭ
b
ʫ , 

w
ʭ
. 

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 ï Correlation of the areas of optimal operation OA of the grain carrier and the functioning AF of 

the grain 

In this figure, the points By and Bg indicate, respectively, the operation of a grain truck in an unsteady 

mode of operation without acceleration and the permissible area for energy saving; ȹv is the margin of 

optimal operation; Vo, Vf are the vectors of optimal and actual operation, respectively; ȹɺ 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 Bg from the point Bʫ (Fig. 4) reflects the margin of optimal 

functioning ȹv of the grain truck 
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where zjk, zjn; xik, xin are the critical values of the studied and boundary parameters along the x, z 

coordinates; ȹxj,  ȹxi is the margin of optimal functioning of the grain truck at the value of ȹzjnand ȹzin.  

The margin of optimal functioning ȹv is the deviation of the functioning vector Vf, whose components 

are the actual values of the functional parameters, from the nominal vector Vʦ, i.e. Vf=Vʦ+ȹv. 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 znʨ, current z and permissible zvʨ (znʨ<zvʨ), the density of 

distribution of the parameter value, taking into account its spread fÁ(x) and deviation fô(x), should be 

determined: 

ï the probability that the parameter value will not go beyond the specified tolerances (ʭnʨ<ʭ<ʭvʨ) 

during a certain time of grain truck operation, taking into account disturbing influences; 

ï the tolerance limit (ʭnʨ<ʭ<ʭvʨ) and the corresponding requirements for the grain carrier not to exceed 

the probability of the parameter exceeding the tolerance of the specified permissible probability; 

ï 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 coX  (Fig. 3 ï y1(t), y2(t), ..., yn(t)) and into parameters whose optimal value 

must be determined v
oX  (Fig. 4 - the OO region). They are written in vector form: 
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so that any functional parameter of the grain truck is a component of the vectors c
oX and v

oX . 

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: 

 

 )()(v 11i tPvtPʈ iiiʽ --+=  (16) 

 

under nominal conditions  ̔= 0, 1, 2, 3; to = 0; Pi(t) = Pi. 

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 ( )nv,...ivvx =
C

. The vector 
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factor of vi; qi >0 is an arbitrary number. 

When q=1/(nï1), q>Ŭ>1, we can write 
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In this case, the functional stability of the grain carrier in terms of the parameter v(t) is estimated using 

the following dependence  

 

 ( ) ( )vxR/vxH
CC

1= . (18) 

 

This function describes the functioning of the grain truck provided that vi reaches the value Vi when 

changing ( )vxH
C

 within the range from Hmax to 0 (when vi=Vi), 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 ʫd(t) and braking ʫb(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]  

 

 
ʘgm

cRkʈ

dt

dv(t) ä-
= , (19) 

 

where ʈk is the moving force of the unit (tangential traction force); SRc is the sum of the forces of 
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resistance to the movement of the unit; ʪag 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 ï 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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ɸ. ʂʦʨʦʙʢʦ, ɯ. ʉʝʤʝʥʦʚ, ʌʫʥʢʮʽʦʥʘʣʴʥʘ ʘʜʘʧʪʘʮʽʷ ʟʝʨʥʦʚʦʟʘ ʧʨʠ ʥʝʩʪʘʙʽʣʴʥʽʡ ʤʘʩʽ ʟʝʨʥʘ, 

ʱʦ ʧʝʨʝʚʦʟʠʪʴʩʷ 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜʠʢʫ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʘʜʘʧʪʘʮʽʾ ʟʝʨʥʦʚʦʟʘ ʰʣʷʭʦʤ ʨʝʛʫʣʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ 

ʟʘʣʝʞʥʦ ʚʽʜ ʱʽʣʴʥʦʩʪʽ ʪʨʘʥʩʧʦʨʪʫʻʤʦʾ ʟʝʨʥʦʚʦʾ ʢʫʣʴʪʫʨʠ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʜʦʩʣʽʜʞʝʥʥʷ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ 

ʘʜʘʧʪʘʮʽʾ ʟʝʨʥʦʚʦʟʘ ʟ ʥʝʩʪʘʙʽʣʴʥʦʶ ʤʘʩʦʶ ʪʨʘʥʩʧʦʨʪʫʻʤʦʾ ʟʝʨʥʦʚʦʾ ʢʫʣʴʪʫʨʠ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʢʦʣʠʚʘʥʥʷ ʟʝʨʥʦʚʦʛʦ ʚʘʥʪʘʞʫ ʧʽʜ ʯʘʩ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʩʪʽʡʢʽʩʪʴ ʪʨʘʥʩʧʦʨʪʥʦʛʦ 

ʟʘʩʦʙʫ, ʦʩʦʙʣʠʚʦ ʧʽʜ ʯʘʩ ʤʘʥʝʚʨʫʚʘʥʥʷ ʪʘ ʛʘʣʴʤʫʚʘʥʥʷ. ʇʨʠ ʦʮʽʥʮʽ ʚʘʛʠ ʟʝʨʥʦʚʦʟʘ ʥʝʦʙʭʽʜʥʦ 

ʚʨʘʭʦʚʫʚʘʪʠ ʱʽʣʴʥʽʩʪʴ ʪʨʘʥʩʧʦʨʪʫʻʤʦʛʦ ʟʝʨʥʘ. ʆʙ'ʻʤʥʘ ʚʘʥʪʘʞʦʧʽʜʡʦʤʥʽʩʪʴ ʟʝʨʥʦʚʦʟʘ ʨʝʪʝʣʴʥʦ 

ʦʮʽʥʶʻʪʴʩʷ ʰʣʷʭʦʤ ʚʩʪʘʥʦʚʣʝʥʥʷ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢ ʥʦʤʽʥʘʣʴʥʘ 

ʚʘʥʪʘʞʦʧʽʜʡʦʤʥʽʩʪʴ, ʦʙ'ʻʤʥʘ ʚʘʥʪʘʞʦʧʽʜʡʦʤʥʽʩʪʴ, ʦʙ'ʻʤ ʢʫʟʦʚʘ ʪʘ ʦʙ'ʻʤ ʚʘʥʪʘʞʫ. ɼʠʥʘʤʽʯʥʠʡ ʧʨʦʩʪʽʨ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʟʝʨʥʦʚʦʟʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʤʝʪʨʠʯʥʦʤʫ ʧʨʦʩʪʦʨʽ ʩʪʘʥʽʚ, ʢʦʞʝʥ ʝʣʝʤʝʥʪ ʷʢʦʛʦ ʧʦʚʥʽʩʪʶ 

ʚʠʟʥʘʯʘʻ ʩʪʘʥ ʨʦʟʛʣʷʥʫʪʦʾ ʩʠʩʪʝʤʠ ʟʘ ʧʝʚʥʠʤʠ ʬʫʥʢʮʽʦʥʘʣʴʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʗʢʱʦ ʦʜʠʥ ʘʙʦ 

ʜʝʢʽʣʴʢʘ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʟʝʨʥʦʚʦʟʘ ʥʝʩʪʘʙʽʣʴʥʽ ʽ ʚʽʜʭʠʣʷʶʪʴʩʷ ʚʽʜ ʥʦʤʽʥʘʣʴʥʠʭ ʟʥʘʯʝʥʴ, 

ʟʝʨʥʦʚʦʟ ʤʦʞʝ ʚʪʨʘʪʠʪʠ ʬʫʥʢʮʽʦʥʘʣʴʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʽ ʥʝ ʚʠʢʦʥʫʚʘʪʠ ʬʫʥʢʮʽʾ, ʚʠʟʥʘʯʝʥʽ ʥʦʨʤʘʪʠʚʥʦʶ 

ʪʘ ʪʝʭʥʽʯʥʦʶ ʜʦʢʫʤʝʥʪʘʮʽʻʶ. ʋ ʪʘʢʠʭ ʚʠʧʘʜʢʘʭ ʜʠʥʘʤʽʯʥʠʡ ʨʦʙʦʯʠʡ ʧʨʦʩʪʽʨ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʧʝʨʝʜʘʚʘʣʴʥʠʤʠ ʬʫʥʢʮʽʷʤʠ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʤʘʪʝʤʘʪʠʯʥʫ ʦʩʥʦʚʫ ʜʣʷ ʘʥʘʣʽʟʫ ʧʦʚʝʜʽʥʢʠ ʩʠʩʪʝʤʠ. 

ʇʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ ʟʝʨʥʦʚʦʟʘ ʚʠʨʽʰʫʻʪʴʩʷ ʟʘʚʜʘʥʥʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʡʦʛʦ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʚ ʦʜʥʽʡ ʟ 

ʜʚʦʭ ʦʙʣʘʩʪʝʡ: ʦʙʣʘʩʪʽ ʨʦʙʦʪʠ ʘʙʦ ʦʙʣʘʩʪʽ ʦʧʪʠʤʘʣʴʥʦʾ ʨʦʙʦʪʠ. ʑʦʙ ʟʘʙʝʟʧʝʯʠʪʠ ʨʦʙʦʪʫ ʟʝʨʥʦʚʦʟʘ ʚ 

ʦʧʪʠʤʘʣʴʥʽʡ ʦʙʣʘʩʪʽ, ʥʝʦʙʭʽʜʥʦ ʧʽʜʽʙʨʘʪʠ ʪʘʢʽ ʥʦʤʽʥʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʽ ʧʦʣʷ 

ʜʦʧʫʩʢʽʚ, ʱʦʙ ʟʘʙʝʟʧʝʯʠʪʠ ʧʦʣʦʞʝʥʥʷ ʨʦʟʢʠʜʫ ʽ ʚʠʭʦʜʽʚ ʚ ʮʽʡ ʦʙʣʘʩʪʽ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʬʫʥʢʮʽʦʥʘʣʴʥʘ ʘʜʘʧʪʘʮʽʷ, ʟʝʨʥʦʚʦʟ, ʟʝʨʥʦʚʘ ʤʘʩʘ, ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ ʤʘʩʠ, 

ʧʨʠʩʢʦʨʝʥʥʷ, ʨʽʚʥʷʥʥʷ ʨʫʭʫ. 
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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 Ŭ-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. 

 

 
 

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. 

 



É Kyrylakha S.V. 2025  
 

ISSN 2313-5425                  , 2025, ˉ2 (25)  55 
 

 

 
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 Poissonôs ratio of 0.3 at room temperature. Stressï

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 stressïstrain 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. 

 

 
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. Stressïstrain 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. 

 

 
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 P1ïP4 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 P5ïP8 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]. 

 
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. Stressïstrain 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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ʧʽʩʣʷʟʚʘʨʶʚʘʣʴʥʦʾ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ (PWHT) ʪʘ ʣʦʢʘʣʴʥʠʭ ʤʝʪʦʜʽʚ ʟʥʠʞʝʥʥʷ ʥʘʧʨʫʞʝʥʴ ʫ 

ʟʤʝʥʰʝʥʥʽ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ, ʧʽʜʚʠʱʝʥʥʽ ʛʝʦʤʝʪʨʠʯʥʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʪʘ ʚʪʦʤʦʩʪʽʡʢʦʩʪʽ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʬʦʨʤʫʚʘʥʥʽ ʨʝʢʦʤʝʥʜʘʮʽʡ ʱʦʜʦ ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ 

ʟʚʘʨʶʚʘʥʥʷ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʽʩʣʷʟʚʘʨʶʚʘʣʴʥʦʾ ʦʙʨʦʙʢʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʽ ʨʝʩʫʨʩʫ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʠʭ ʪʠʪʘʥʦʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʪʨʘʥʩʧʦʨʪʥʽʡ, ʘʚʽʘʮʽʡʥʽʡ ʪʘ ʽʥʞʝʥʝʨʥʽʡ 

ʩʬʝʨʘʭ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʧʨʠʷʶʪʴ ʢʨʘʱʦʤʫ ʨʦʟʫʤʽʥʥʶ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʫʤʦʚʘʤʠ ʟʚʘʨʶʚʘʥʥʷ, 

ʧʦʚʝʜʽʥʢʦʶ ʤʘʪʝʨʽʘʣʫ ʪʘ ʝʚʦʣʶʮʽʻʶ ʥʘʧʨʫʞʝʥʴ, ʟʘʢʣʘʜʘʶʯʠ ʦʩʥʦʚʫ ʜʣʷ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʧʨʦʛʥʦʟʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʟʚʘʨʥʠʭ ʪʠʪʘʥʦʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ, ʘ ʪʘʢʦʞ ʧʽʜʢʨʝʩʣʶʶʪʴ 

ʟʥʘʯʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʦʟʘʣʝʞʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʣʷ ʪʦʯʥʦʛʦ ʧʝʨʝʜʙʘʯʝʥʥʷ ʧʦʣʽʚ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ 

ʽ ʜʝʬʦʨʤʘʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: Ti80, Ti-6Al -4V, ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʞʝʥʥʷ, ʪʝʨʤʦʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, 

ʧʽʩʣʷʟʚʘʨʶʚʘʣʴʥʘ ʦʙʨʦʙʢʘ, FEM, ʟʚʘʨʶʚʘʥʥʷ, ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ. 
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IMPROVING THE TECHNO LOGY FOR MANUFACTURI NG ELECTRIC VEHICLE 

TRACTION BATTERY HOU SINGS 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 AN D PROBLEM STATEMENT  

THE IMPLEMENTATION OF THE ABOVE-DESCRIBED DESIGNS OF TRACTION BATTERIES FOR ELECTRIC 

VEHICLES LED TO THE EMERGENCE OF A COMPLETELY UNDERSTANDABLE SOLUTION ï 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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where b ï flange width; ɛ ï coefficient that depends on anisotropy; ůu ï main normal tangential stresses 
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ms = sv/su ï the ratio of the main normal stresses in the anisotropy axes; ɽʨ ï modulus of plasticity of 

anisotropic material; n ï constant value (strengthening index) that characterizes the ability of the metal to 

strengthen; ʘ ï half a wave length; ɓ ï the coefficient is selected within ʩ11, ʩ12, ʩ22 ï 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 ï sʢ = 0,0247Ñ0,0003, for brass ï sʢ = 0,0299Ñ0,0004. 

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 

 

,EcE c11c m=a                                                                           (2) 

 

For a material with circular symmetry at ;RRR 0yx ==  ;
R21

R
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0cc 2313 ==  from (2) we will have 
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Taking into account the anisotropy, we will find the 
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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 Ec and the average intensity of stresses, taking into account the 

strengthening of the material in the form of 
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where ʉ, n ï 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 ei = 0,5eQ we will get 
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We express the anisotropy coefficients m, y through their parameters, substitute one of the roots of the 

Bessel function and as a result we get 
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We will calculate for the following deformation parameters of the work piece: d = 25 mm, 

D = 40 mm, R0 = 1. 

Than 
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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 ï the thickness of the work piece, 

calculated according to the dependence (9); s ï billet thickness calculated by L. I. Schofman's formula; rH ï 

initial radius of work piece. 
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Figure 1 ï 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 R0 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 ï billet thickness calculated by formula [10], excluding the above 

parameters; rH is the initial radius of the work piece. 

 

 
Figure 2 ï 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 R0 = 1,706. We find the relative critical thickness of the plate D/sh=  
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According to the expression of Golovlev V. D. 0237,0h= , according to experimental indicators 

Yakovleva S. S. 0247,0h= , according to L. I. Shoffman's empirical formula D ï d ¢ (18é22)s .0227,0h=  

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
3
 and that of dense polyethylene is 0,95 g/cm

3
. 

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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ʇʘʚʣʝʥʢʦ ʆ.ɺ., ɭʣʽʩʪʨʘʪʦʚ ɺ.ʆ, ʏʝʨʥʠʰ ɸ.ɸ., ʍʘʨʴʢʦʚ ʆ.ɸ. ʋʜʦʩʢʦʥʘʣʝʥʥʷ ʪʝʭʥʦʣʦʛʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʢʦʨʧʫʩʽʚ ʪʷʛʦʚʠʭ ʘʢʫʤʫʣʷʪʦʨʥʠʭ ʙʘʪʘʨʝʡ ʝʣʝʢʪʨʦʤʦʙʽʣʽʚ ʜʣʷ ʟʘʭʠʩʪʫ ʚʽʜ ʫʜʘʨʥʠʭ ʧʦʰʢʦʜʞʝʥʴ 

ʅʘ ʩʫʯʘʩʥʠʭ ʝʣʝʢʪʨʦʤʦʙʽʣʷʭ ʪʷʛʦʚʠʡ ʘʢʫʤʫʣʷʪʦʨ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʟʥʠʟʫ ʥʘ ʜʥʠʱʽ ʢʫʟʦʚʘ, ʱʦ ʟʤʝʥʰʫʻ 

ʚʠʩʦʪʫ ʮʝʥʪʨʫ ʚʘʛʠ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ ʪʘ ʧʦʢʨʘʱʫʻ ʧʦʧʝʨʝʯʥʫ ʩʪʽʡʢʽʩʪʴ ʘʚʪʦʤʦʙʽʣʷ ʧʽʜ ʯʘʩ ʢʨʠʚʦʣʽʥʽʡʥʦʛʦ 

ʨʫʭʫ. ʅʝʜʦʣʽʢʦʤ ʪʘʢʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʻ ʧʽʜʚʠʱʝʥʠʡ ʨʠʟʠʢ ʧʦʰʢʦʜʞʝʥʥʷ ʡ ʨʫʡʥʫʚʘʥʥʷ ʟʘʭʠʩʥʦʛʦ ʢʦʨʧʫʩʫ ʪʘ, 

ʚʽʜʧʦʚʽʜʥʦ, ʝʣʝʢʪʨʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ ʘʢʫʤʫʣʷʪʦʨʘ, ʷʢʠʤʠ ʻ ʜʝʩʷʪʢʠ ʟʚʠʯʘʡʥʠʭ ʧʦʙʫʪʦʚʠʭ ʣʽʪʽʡ-ʽʦʥʥʠʭ 

ʘʢʫʤʫʣʷʪʦʨʽʚ ʪʠʧʫ ɸɸɸ. ɸʣʝ ʢʦʨʧʫʩʠ ʮʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʟʘ ʩʧʝʮʽʘʣʴʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ, 

ʱʦ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʤʽʮʥʦʩʪʽ ʢʦʨʧʫʩʫ, ʪʘ ʟ ʤʘʪʝʨʽʘʣʫ ʟ ʚʠʩʦʢʦʶ ʪʝʧʣʦʚʽʜʜʘʯʝʶ. ʇʦʢʘʟʘʥʦ, ʱʦ ʪʷʛʦʚʠʡ 

ʘʢʫʤʫʣʷʪʦʨ ʻ ʥʘʡʜʦʨʦʞʯʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʝʣʝʢʪʨʦʤʦʙʽʣʷ. ʊʦʤʫ ʨʦʟʨʦʙʢʘ ʤʝʪʦʜʽʚ ʚʠʨʦʙʥʠʮʪʚʘ, ʩʧʨʷʤʦʚʘʥʠʭ ʥʘ 

ʟʙʽʣʴʰʝʥʥʷ ʪʝʨʤʽʥʫ ʡʦʛʦ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʻ ʘʢʪʫʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ. 

ʇʨʦʚʝʜʝʥʦ ʫʨʘʭʫʚʘʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʥʽʟʦʪʨʦʧʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʧʽʜ ʯʘʩ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʧʦʩʠʣʝʥʠʭ ʢʦʥʪʝʡʥʝʨʽʚ ʜʣʷ ʢʦʨʧʫʩʽʚ ʝʣʝʢʪʨʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ. ɺʠʟʥʘʯʝʥʦ ʜʘʥʽ, ʷʢʽ ʜʦʩʪʦʚʽʨʥʦ ʚʽʜʦʙʨʘʞʘʶʪʴ 

ʚʧʣʠʚ ʢʦʝʬʽʮʽʻʥʪʘ ʨʦʟʪʷʛʫʚʘʥʥʷ, ʧʣʦʱʠʥʥʦʾ ʘʥʽʟʦʪʨʦʧʽʾ ʪʘ ʧʦʯʘʪʢʦʚʦʛʦ ʜʽʘʤʝʪʨʘ ʟʘʛʦʪʦʚʢʠ ʥʘ ʢʨʠʪʠʯʥʫ 

ʪʦʚʱʠʥʫ ʾʾ ʧʣʘʩʪʠʥʠ. ʆʪʨʠʤʘʥʦ ʚʠʨʘʟ, ʷʢʠʡ ʚʨʘʭʦʚʫʻ ʚʩʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ, ʱʦ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʪʦʚʱʠʥʫ ʧʦʯʘʪʢʦʚʦʾ ʟʘʛʦʪʦʚʢʠ. ʎʝ ʜʦʟʚʦʣʷʻ ʢʦʥʪʨʦʣʶʚʘʪʠ ʮʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟ ʤʝʪʦʶ ʦʧʪʠʤʽʟʘʮʽʾ 

ʪʦʚʱʠʥʠ ʟʘʛʦʪʦʚʢʠ. ʆʪʨʠʤʘʥʘ ʚ ʨʝʟʫʣʴʪʘʪʽ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘʣʝʞʥʽʩʪʴ ʜʦʟʚʦʣʷʻ ʪʦʯʥʦ ʪʘ ʷʢʽʩʥʦ ʨʦʟʨʘʭʫʚʘʪʠ 

ʦʧʪʠʤʘʣʴʥʫ ʪʦʚʱʠʥʫ ʚʠʭʽʜʥʦʾ ʟʘʛʦʪʦʚʢʠ ʥʘ ʝʪʘʧʽ ʨʦʟʨʦʙʢʠ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʦʨʧʫʩʽʚ 

ʘʢʫʤʫʣʷʪʦʨʥʠʭ ʝʣʝʤʝʥʪʽʚ ʜʣʷ ʝʣʝʢʪʨʦʤʦʙʽʣʽʚ. 
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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 peopleôs 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 (2ï5 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 ð 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 ñgreen purchasesò has increased significantly, focusing on 

the environmental impact of consumer habits [3]. Researchers examine the factors influencing consumersô 

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 [4ï6]. ñGreen purchasesò are part of the broader concept of ñgreen behaviorò (GB), which refers 

to private-sphere habits related to everyday environmentally responsible actions ð 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 ñgreen purchasingò 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 ñgreen purchasesò to reducing environmental impact. 

To effectively respond to new mobility trends and develop a comprehensive planning approach that 

promotes ñsoftò 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 peopleôs 

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.  
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Factors influencing usersô 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 ð 29%, UAH 14,000ï20,000 ð 16%, UAH 20,000ï30,000 ð 16%, UAH 

30,000ï40,000 ð 13%, and over UAH 40,000 ð 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). 
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a) b)  

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 (15ï20%). 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. 

a)

Private car

Public transport

Walk

Public transport, 

walk

Private car, walk

Private car, public transport

Private car, public transport, walk

 b) 

Private car

Public transport

Walk

Taxi

 

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., çless than 2 kgè < ç2ï5 kgè < 5ï10 kgè). 

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 Wardôs 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, ñmode of transport for shopping trips,ò 

and the variables that most influenced the choice of transport mode were selected. 

 

 
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 

of clusters 

Weighted average 

silhouette score 

Silhouette score values for each cluster 

ʉ1 ʉ2 ʉ3 ʉ4 ʉ5 

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 ï 

3 0.38 0.382 0.142 0.455 ï ï 

2 0.63 0.498 0.702 ï ï ï 

 

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 

Variable Value type 

Mean value 

and 

dispersion 

(for a 

numerical 

variable) 

Percentage distribution (for a categorical 

variable) 
Estimate 

Cluster ʉ1 

Age Numeric 44,75Ñ10,1 

 Student`s t = 

22,19 

ʨ=0,000 

Household 

size 
Numeric 3,48Ñ1,2 

 Student`s t = 

1,51 

ʨ=0,133 

Gender Categorical 
 

84,3% ï female 
ɢ

2
 = 27,05 

ʨ=0,000 

Type of 

employment 
Categorical 

 
83,15% ï employed population 

ɢ
2
 = 117,69 

ʨ=0,000 

Time of the 

trip 
Categorical 

 21,35% ï 9:00 ï 12:00  

30,34% ï 12:00 ï 15:00  

22,3% ï 15:00 ï 18:00  

22,5% ï after 18:00  

ɢ
2
 = 11,08 

ʨ=0,050 

Purchase 

weight 
Categorical 

 17,3% ï purchases weighing up to 2 kg 

56,8% ï purchases weighing 2ï5 kg 

17,3% ï purchases weighing 5ï10 kg 

ɢ
2
 = 28,67 

ʨ=0,000 

Cluster ʉ2 

Age Numeric 20,2Ñ3,8 

 Student`s t = 

22,19 

ʨ=0,000 

Household 

size 
Numeric 3,24Ñ1,3 

 Student`s t = 

1,51 

ʨ=0,133 

Gender Categorical  50% ï female 
ɢ

2
 = 27,05 

ʨ=0,000 

Type of 

employment 
Categorical  69,3% ï students 

ɢ
2
 = 117,69 

ʨ=0,000 

Time of the 

trip 
Categorical  

14,77% ï 9:00 ï 12:00  

22,7% ï 12:00 ï 15:00  

37,5% ï 15:00 ï 18:00  

23,3% ï after 18:00  

ɢ
2
 = 11,08 

ʨ=0,050 

Purchase 

weight 
Categorical  

53,9% ï purchases weighing up to 2 kg 

34,2% ï purchases weighing 2ï5 kg 

9,4% ï purchases weighing 5ï10 kg 

ɢ
2
 = 28,67 

ʨ=0,000 

 



É H. Pivtorak, Ye. Pruskyi 2025  
 

ISSN 2313-5425                  , 2025, ˉ2 (25)  73 
 

 

The p-value for the variable ñhousehold sizeò 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 

of clusters 

Weighted average 

silhouette score 

Silhouette score values for each cluster 

ʉ1 ʉ2 ʉ3 ʉ4 ʉ5 

5 0,27 0,657 0,423 0,100 0,318 0,112 

4 0,44 0,657 0,423 0,162 0,526 ï 

3 0,42 0,393 0,170 0,526 ï ï 

2 0,67 0,522 0,739 ï ï ï 

 

Members of the first cluster mainly make medium-weight purchases (2ï5 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.) ï 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). 

 

 
Fig. 4. The impact of purchase time on the mode choice 

 

 
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 consumersô 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 useðsuch as developing ride-

sharing systems, enhancing walking conditions, and integrating mobility servicesðare 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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ʇʽʚʪʦʨʘʢ ɻ.ɺ., ʇʨʫʩʴʢʠʡ ɭ.ɺ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʣʘʩʪʝʨʥʦʛʦ ʘʥʘʣʽʟʫ ʜʣʷ ʚʠʚʯʝʥʥʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʽʢʨʦʚʘʥʪʘʞʥʠʭ ʧʦʪʦʢʽʚ ʧʦʢʫʧʮʽʚ 

ʋ ʩʪʘʪʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ, ʩʧʨʷʤʦʚʘʥʦʛʦ ʥʘ ʚʠʷʚʣʝʥʥʷ ʩʦʮʽʘʣʴʥʦ-

ʜʝʤʦʛʨʘʬʽʯʥʠʭ ʽ ʧʦʚʝʜʽʥʢʦʚʠʭ ʯʠʥʥʠʢʽʚ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʠʙʽʨ ʩʧʦʩʦʙʫ ʧʝʨʝʩʫʚʘʥʥʷ ʥʘʩʝʣʝʥʥʷ ʧʽʜ 

ʯʘʩ ʟʜʽʡʩʥʝʥʥʷ ʧʦʢʫʧʦʢ. ɿʚʘʞʘʶʯʠ ʥʘ ʟʨʦʩʪʘʥʥʷ ʦʙʩʷʛʽʚ ʧʦʾʟʜʦʢ, ʧʦʚôʷʟʘʥʠʭ ʽʟ ʟʘʢʫʧʽʚʣʝʶ ʪʦʚʘʨʽʚ, ʽ 

ʥʘ ʧʦʩʠʣʝʥʥʷ ʫʚʘʛʠ ʜʦ ʝʢʦʣʦʛʽʯʥʠʭ ʘʩʧʝʢʪʽʚ ʤʽʩʴʢʦʾ ʤʦʙʽʣʴʥʦʩʪʽ, ʫ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʬʝʥʦʤʝʥ 

ʤʽʢʨʦʚʘʥʪʘʞʥʠʭ ʧʦʪʦʢʽʚ ʧʦʢʫʧʮʽʚ ʷʢ ʯʘʩʪʠʥʫ ʰʠʨʰʦʾ ʩʠʩʪʝʤʠ ʤʽʩʴʢʠʭ ʚʘʥʪʘʞʥʠʭ ʧʝʨʝʚʝʟʝʥʴ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʙʘʟʫʻʪʴʩʷ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʦʥʣʘʡʥ-ʦʧʠʪʫʚʘʥʥʷ 479 ʨʝʩʧʦʥʜʝʥʪʽʚ. ʅʘ ʦʩʥʦʚʽ ʤʝʪʦʜʫ 

ʽʻʨʘʨʭʽʯʥʦʾ ʢʣʘʩʪʝʨʠʟʘʮʽʾ ʚʠʟʥʘʯʝʥʦ ʜʚʘ ʦʩʥʦʚʥʽ ʢʣʘʩʪʝʨʠ ʧʦʢʫʧʮʽʚ. ʇʝʨʰʠʡ ʢʣʘʩʪʝʨ ʩʬʦʨʤʫʚʘʣʠ 

ʧʨʝʜʩʪʘʚʥʠʢʠ ʩʝʨʝʜʥʴʦʛʦ ʚʽʢʫ, ʧʝʨʝʚʘʞʥʦ ʞʽʥʢʠ, ʷʢʽ ʧʦʻʜʥʫʶʪʴ ʘʢʪʠʚʥʫ ʟʘʡʥʷʪʽʩʪʴ ʽʟ ʚʠʢʦʥʘʥʥʷʤ 

ʧʦʢʫʧʦʢ ʩʝʨʝʜʥʴʦʾ ʚʘʛʠ (2ï5 ʢʛ), ʟʜʝʙʽʣʴʰʦʛʦ ʫ ʜʝʥʥʠʡ ʯʘʩ, ʽ ʚʽʜʜʘʶʪʴ ʧʝʨʝʚʘʛʫ ʧʝʨʝʩʫʚʘʥʥʶ 
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ʧʨʠʚʘʪʥʠʤ ʘʚʪʦʤʦʙʽʣʝʤ ʘʙʦ ʧʽʰʢʠ. ɼʨʫʛʠʡ ʢʣʘʩʪʝʨ ʦʭʦʧʣʶʻ ʧʝʨʝʚʘʞʥʦ ʩʪʫʜʝʥʪʩʴʢʫ ʤʦʣʦʜʴ, ʷʢʘ 

ʟʜʽʡʩʥʶʻ ʥʝʚʝʣʠʢʽ ʧʦʢʫʧʢʠ (ʜʦ 2 ʢʛ), ʯʘʩʪʽʰʝ ʧʽʩʣʷ 15:00, ʢʦʤʙʽʥʫʶʯʠ ʛʨʦʤʘʜʩʴʢʠʡ ʪʨʘʥʩʧʦʨʪ ʽ ʧʽʰʽ 

ʧʝʨʝʤʽʱʝʥʥʷ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʥʘʷʚʥʽʩʪʴ ʩʪʘʪʠʩʪʠʯʥʦ ʟʥʘʯʫʱʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ ʤʽʞ 

ʛʨʫʧʘʤʠ ʟʘ ʚʽʢʦʤ, ʩʪʘʪʪʶ, ʚʠʜʦʤ ʜʽʷʣʴʥʦʩʪʽ, ʯʘʩʦʤ ʚʠʢʦʥʘʥʥʷ ʪʘ ʚʘʛʦʶ ʧʦʢʫʧʢʠ. ɺʠʷʚʣʝʥʦ ʯʽʪʢʫ 

ʟʘʣʝʞʥʽʩʪʴ ʤʽʞ ʚʘʛʦʶ ʧʦʢʫʧʢʠ ʪʘ ʚʠʙʦʨʦʤ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ: ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʚʘʛʠ ʩʫʪʪʻʚʦ 

ʧʽʜʚʠʱʫʻʪʴʩʷ ʡʤʦʚʽʨʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʠʚʘʪʥʦʛʦ ʘʚʪʦʤʦʙʽʣʷ. ɸʥʘʣʦʛʽʯʥʦ, ʯʘʩʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʤʦʜʘʣʴʥʠʡ ʚʠʙʽʨ ï ʫ ʨʘʥʢʦʚʽ ʛʦʜʠʥʠ ʧʝʨʝʚʘʞʘʶʪʴ ʧʽʰʽ ʧʝʨʝʤʽʱʝʥʥʷ, ʪʦʜʽ ʷʢ ʫ 

ʧʦʦʙʽʜʥʽʡ ʧʝʨʽʦʜ ʟʨʦʩʪʘʻ ʯʘʩʪʢʘ ʘʚʪʦʤʦʙʽʣʴʥʠʭ ʧʦʾʟʜʦʢ ʪʘ ʧʦʾʟʜʦʢ ʛʨʦʤʘʜʩʴʢʠʤ ʪʨʘʥʩʧʦʨʪʦʤ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʬʦʨʤʫʚʘʥʥʽ ʥʘʫʢʦʚʦʛʦ ʧʽʜˇʨʫʥʪʷ ʜʣʷ ʨʦʟʨʦʙʣʝʥʥʷ 

ʮʽʣʴʦʚʠʭ ʟʘʭʦʜʽʚ ʩʪʘʣʦʛʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ, ʟʦʨʽʻʥʪʦʚʘʥʠʭ ʥʘ ʢʦʥʢʨʝʪʥʽ ʛʨʫʧʠ ʢʦʨʠʩʪʫʚʘʯʽʚ. 

ɼʣʷ ʤʦʣʦʜʽ ʜʦʮʽʣʴʥʦ ʟʦʩʝʨʝʜʠʪʠʩʷ ʥʘ ʧʦʢʨʘʱʝʥʥʽ ʜʦʩʪʫʧʥʦʩʪʽ ʛʨʦʤʘʜʩʴʢʦʛʦ ʪʨʘʥʩʧʦʨʪʫ ʪʘ ʨʦʟʚʠʪʢʫ 

ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʤʽʢʨʦʤʦʙʽʣʴʥʦʩʪʽ, ʪʦʜʽ ʷʢ ʜʣʷ ʧʨʘʮʶʶʯʦʛʦ ʥʘʩʝʣʝʥʥʷ ʝʬʝʢʪʠʚʥʠʤʠ ʤʦʞʫʪʴ ʙʫʪʠ 

ʩʪʠʤʫʣʠ ʜʦ ʩʢʦʨʦʯʝʥʥʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʠʚʘʪʥʦʛʦ ʘʚʪʦʤʦʙʽʣʷ. 

ʇʝʨʩʧʝʢʪʠʚʠ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦʚôʷʟʘʥʽ ʟ ʤʦʜʝʣʶʚʘʥʥʷʤ ʚʧʣʠʚʫ ʧʦʢʫʧʝʮʴʢʠʭ 
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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 çUnified Time Standardsè, 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) [3ï5]. 

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 [5ï9]. 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 [3ï9] 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: 

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

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

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

ï application of mathematical models ð from the classical vehicle routing problem (VRP, PVRP) to 

modern methods of fuzzy logic and queuing theory; 

ï 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: 

 

( )ʥ/ʨ ʜ ʥ cʪ ʥ ʨ2t t q g t-= Ö + Ö Ö,                                                        (1) 

 

where ʜt  ï additional time for documentation processing, h; 

ʥq  ï nominal vehicle load capacity, t; 

ʥ ʨt-  ï standard time for loading or unloading 1 ton of cargo, h/t; 

ʩʪg  ï coefficient of static load capacity utilization. 

According to current regulations, the average duration of procedures related to the documentation of 

cargo operations is 15ï20 minutes [1ï3]. 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 ñlast mileò 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: 

 

x xY a b x= + ,                                                                                 (2) 

 

where Y = tʥ-ʨ ï time for loading and unloading cargo, h; 

Y = tʥ-ʨ ï additional time for documentation processing, h; 

bx = 2Űʥ-ʨ ï standard time for loading or unloading 1 ton of cargo, h/t; 

ʭ = qʥĿɔʩʪĿï 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 ï Calculation results and verification of regression model coefficients 

Indicator Value Standard error 

t- criterion for 

coefficients of 

regression 

equations 

p ï null hypothesis 

probability values for 

regression equation 

coefficients 

ʘʭ = 2tʜ 0,483289 0,0228 21,1181 2,23Ŀ10
-9
 

bx = 2Űʥ-ʨ 0,13466 0,0232 15,789 2,19Ŀ10
-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 Űʥ-  =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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ʝʪʘʧʽ last mile 

ʋ ʩʪʘʪʪʽ ʨʦʟʛʣʷʥʫʪʦ ʧʨʦʙʣʝʤʫ ʦʧʪʠʤʽʟʘʮʽʾ ʥʘʚʘʥʪʘʞʫʚʘʣʴʥʦ-ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʠʭ ʨʦʙʽʪ  ʥʘ 

ʘʚʪʦʤʦʙʽʣʴʥʦʤʫ ʪʨʘʥʩʧʦʨʪʽ ʷʢ ʢʣʶʯʦʚʦʛʦ ʝʣʝʤʝʥʪʫ ʪʨʘʥʩʧʦʨʪʥʦ-ʣʦʛʽʩʪʠʯʥʦʛʦ ʧʨʦʮʝʩʫ, ʱʦ ʩʫʪʪʻʚʦ 

ʚʧʣʠʚʘʻ ʥʘ ʟʘʛʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʝʨʝʚʝʟʝʥʴ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʥʘʯʥʽ ʯʘʩʦʚʽ ʚʠʪʨʘʪʠ ʧʽʜ ʯʘʩ 

ʚʠʢʦʥʘʥʥʷ ʪʘ ʦʯʽʢʫʚʘʥʥʷ ʥʘʚʘʥʪʘʞʫʚʘʣʴʥʦ-ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʠʭ ʨʦʙʽʪ ʟʫʤʦʚʣʶʶʪʴ ʧʽʜʚʠʱʝʥʥʷ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʠʪʨʘʪ ʽ ʟʥʠʞʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʨʫʭʦʤʦʛʦ ʩʢʣʘʜʫ. ɸʥʘʣʽʟ ʥʦʨʤʘʪʠʚʥʦʾ ʙʘʟʠ 

ʧʦʢʘʟʘʚ, ʱʦ ʯʠʥʥʽ ʨʝʛʣʘʤʝʥʪʠ ʙʫʣʠ ʨʦʟʨʦʙʣʝʥʽ ʟʘ ʫʤʦʚ ʮʝʥʪʨʘʣʽʟʦʚʘʥʦʾ ʝʢʦʥʦʤʽʢʠ ʪʘ ʥʝ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʩʫʯʘʩʥʠʤ ʨʠʥʢʦʚʠʤ ʫʤʦʚʘʤ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʾʭ ʦʥʦʚʣʝʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʫʯʘʩʥʠʭ ʫʤʦʚ 

ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ, ʚʠʜʽʚ ʪʘʨʠ ʽ ʫʧʘʢʦʚʢʠ, ʘ ʪʘʢʦʞ ʩʧʝʮʠʬʽʢʠ ʚʘʥʪʘʞʽʚ ʽ 

ʦʨʛʘʥʽʟʘʮʽʡʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʣʦʛʽʩʪʠʯʥʠʭ ʦʧʝʨʘʮʽʡ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʛʨʝʩʽʡʥʠʭ ʤʦʜʝʣʝʡ 

ʜʣʷ ʬʦʨʤʘʣʽʟʘʮʽʾ ʟʘʣʝʞʥʦʩʪʝʡ ʤʽʞ ʪʨʠʚʘʣʽʩʪʶ ʥʘʚʘʥʪʘʞʫʚʘʣʴʥʦ-ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʠʭ ʨʦʙʽʪ ʪʘ 

ʢʣʶʯʦʚʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʮʝʩʫ. ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʯʘʩʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʞʫʪʴ ʙʫʪʠ ʚʢʣʶʯʝʥʽ ʫ 

ʧʦʙʫʜʦʚʫ ʣʽʥʽʡʥʠʭ ʽ ʨʝʛʨʝʩʽʡʥʠʭ ʤʦʜʝʣʝʡ, ʱʦ ʟʘʙʝʟʧʝʯʠʪʴ ʪʦʯʥʽʩʪʴ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚʠʪʨʘʪ ʯʘʩʫ ʪʘ 

ʬʦʨʤʫʚʘʥʥʷ ʨʝʢʦʤʝʥʜʘʮʽʡ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʨʘʥʩʧʦʨʪʥʦ-ʣʦʛʽʩʪʠʯʥʠʭ ʩʠʩʪʝʤ. ɯʥʪʝʛʨʘʮʽʷ 

ʥʦʨʤʘʪʠʚʥʠʭ, ʤʘʪʝʤʘʪʠʯʥʠʭ ʪʘ ʮʠʬʨʦʚʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʦʧʪʠʤʽʟʘʮʽʾ ʥʘʚʘʥʪʘʞʫʚʘʣʴʥʦ-

ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʠʭ ʨʦʙʽʪ ʧʨʠ ʟʘʙʝʟʧʝʯʝʥʥʽ çlast mileè ʫ ʨʦʟʜʨʽʙʥʽʡ ʣʦʛʽʩʪʠʮʽ ʻ ʥʝʦʙʭʽʜʥʦʶ ʫʤʦʚʦʶ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʣʦʛʽʩʪʠʯʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʩʫʯʘʩʥʠʭ ʫʤʦʚʘʭ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʘʥʪʘʞʥʦ-ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʽ ʦʧʝʨʘʮʽʾ, ʘʚʪʦʤʦʙʽʣʴʥʠʡ ʪʨʘʥʩʧʦʨʪ, ʣʦʛʽʩʪʠʯʥʽ 

ʧʨʦʮʝʩʠ, ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʝʨʝʚʝʟʝʥʴ, ʨʝʛʨʝʩʽʡʥʝ ʤʦʜʝʣʶʚʘʥʥʷ, ʯʘʩʦʚʽ ʚʠʪʨʘʪʠ, ʦʩʪʘʥʥʷ ʤʠʣʷ. 
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THE ROLE OF ARTIFICIAL INTELLIGENCE IN BUILDING ADAPTIVE AND SUSTAINABLE 

SUPPLY CHAINS 

 

The article explores the role of artificial intelligence (AI) in the digital transformation of logistics systems. It 

highlights the practical benefits of AI 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 AI to sustainability by analyzing COϜ 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, AI system architects, digital 

twin engineers, and specialists in AI 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 AI implementation requires compatibility of hardware and software 

infrastructure, reliable communication channels, and protection against cyberattacks. The article emphasizes that the 

effectiveness of AI 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 IoT 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 IoT 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 ï precise virtual replicas of real 

objects or processes ï 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 AI-enabled 

navigation drones, reducing operating costs by 30ï40% 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 variablesðincluding traffic conditions, 

weather, technical specifications of vehicles, customer service time windows, and delivery constraints. 

Dijkstraôs 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. 

Artificial 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 AI-based demand forecasting systems, 

companies can reduce excess inventory by approximately 30ï35 % while simultaneously decreasing 

stockouts on retail shelves by around 20 % [3, 4, 6]. Furthermore, integrated AI-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 IoT sensor data combined with machine learning 

methods. This approach enables the reduction of equipment downtime by up to 40%, lowers service costs by 

25ï30 %, and extends equipment lifespan [9]. Logistics centers of major technology corporations have 

implemented equipment condition monitoring systems with AI modules that generate alerts before a critical 

wear threshold is reached. One of the key directions of development is the implementation of the çcontrol 

towerè 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. AI-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 AI analytics, blockchain enables real-time 

cargo tracking, supply source verification, and automatic execution of smart contracts, which, in turn, trigger 

subsequent actions ï such as shipment from an alternative warehouse in the event of a delay. IBM Food 

Trust and VeChain are examples of platforms that integrate AI 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 AIoT (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-AI 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. AI algorithms analyze COϜ emissions, identify routes with 

the lowest ecological footprint, and model the use of alternative fuels and electric transport. Companies 

oriented toward ESG strategies employ AI 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 AI solutions in logistics. This has led to the emergence of new 

professions: logistics data analyst, logistics AI systems architect, digital twin engineer, and AI ethics 

specialist in supply chains. At the same time, companies face a number of challenges, including data 

unification, cybersecurity, API standardization, compliance with national regulations on personal data 

processing, and automated management. 

Despite the existing barriers, the trends of AI adoption in logistics remain irreversible. Commercial 

benefits such as cost reduction by 15ï35 %, order processing acceleration by 25ï40 %, 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 ï 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 AI 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 ï 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 ï from demand generation to final delivery ï 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 T HE 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 ñBò 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 Cr23C6 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 CO2 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
2
 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 CO2 

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): 

 

 (1) 

 

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 1,5 2,5 3,5 

Laser beam defocusing value (ȹF), mm 0 +2 +3 

 

The following independent variables were selected: laser power (P), welding speed (V), and laser 

beam defocusing (ȹF). The response function Y was selected as the weld area Ys and weld width Yb. 
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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 ɚ = 1.06 ɛm 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 AISI 304 steel, % by wt. 

ʉ Si 

M

n 

N

i S P 

C

r 

C

u Ti 

F

e 

Ò0,08 Ò0,8 Ò2,00 
9,00 ï

11,00 
Ò0,02 Ò0,035 

17,00 ï

19,00 
Ò0,3 Ò0,5 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 

No. 

Area, 

mm
2 

Width, 

mm 

Sample 

No. 

Area, 

mm
2
 

Width, 

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 

No. 

Area, 

mm
2
 

Width, 

mm 

Sample 

No. 

Area, 

mm
2
 

Width, 

mm 

4 0,94 1,44 18 1,38 1,41 

5 1,38 1,5 19 2,53 1,81 

6 1,23 1,46 20 2,62 1,71 

7 0,7 1,28 21 2,54 1,9 

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 1,5 

 

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 b0, b1, b2, b3 using formulas (3) and (4), as well as 

the interaction coefficients between factors b12, b13, b23, using formula (5): 

 

 (2) 

 

 (3) 

 

(4) 

 

 (5) 

 

As a result of the calculations, regression coefficients for the weld area were obtained: b0 = 1,752, 

b1 = 0,405, b2 =ï 0,543, b3 = 0,06, b12 = 0,11, b13 = ï0,02, b23 = ï0,01. 

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: 

 

(6) 
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Similarly, the regression equation for the width of weld was calculated (7): 

 

(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). 

 

 
 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 ï 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
2
 to 0.7 mm

2
 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
2
 to about 1.3 mm

2
. 

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 ï from 2.6 mm
2
 to 1.6 mm

2
. 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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 a b 

 
c 

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 1.8ï2.0 mm
2
 at a power of 1.5 kW to 2.5ï2.6 mm

2
 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
2
 to 1.8 mm

2
. This indicates that with an 

increase in the power of laser radiation, the process becomes more stable even at high welding speeds. 

 

 
 a b 
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c 

Fig. 3. Graphs of dependence of weld area on laser power at welding speeds: (a) 1.5 m/min; (b) 2.5 

m/min; (c) 3.5 m/min 

 

Based on the results of weld geometry research, three welding modes with the same energy input of 

60 J/mm 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 ñBò according to 

EN ISO 13919-1:2019 (Fig. 4). 

 

    
 a b c 

Fig. 4. Cross sections of welds made at optimal welding parameters: (a) P=1.5 kW; V=1.5 m/min; 

ȹF=0 mm; (b) P=2.5 kW; V=2.5 m/min; ȹF=0 mm; (c) P=3.5 kW; V=3.5 m/min; ȹF=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 J/mm and a laser beam defocusing of 0 mm provide high-quality defect-

free welds and correspond to the highest quality level ñBò according to EN ISO 13919-1:2019. 
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ɺʧʣʠʚ ʧʘʨʘʤʝʪʨʽʚ ʣʘʟʝʨʥʦʛʦ ʟʚʘʨʶʚʘʥʥʷ ʥʘ ʛʝʦʤʝʪʨʽʶ ʟʚʘʨʥʠʭ ʟô̒ ʜʥʘʥʴ ʪʦʥʢʦʣʠʩʪʦʚʦʾ 

ʢʦʨʦʟʽʡʥʦʩʪʽʡʢʦʾ ʩʪʘʣʽ AISI 304 

ʃʘʟʝʨʥʝ ʟʚʘʨʶʚʘʥʥʷ  ̒ʦʜʥʠʤ ʽʟ ʥʘʡʧʝʨʩʧʝʢʪʠʚʥʽʰʠʭ ʤʝʪʦʜʽʚ ʟô̒ ʜʥʘʥʥʷ ʤʝʪʘʣʽʚ, ʱʦ ʧʦʻʜʥʫʻ 

ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ, ʤʽʥʽʤʘʣʴʥʽ ʪʝʨʤʽʯʥʽ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʫ. ɿʘʚʜʷʢʠ 

ʚʠʩʦʢʽʡ ʱʽʣʴʥʦʩʪʽ ʝʥʝʨʛʽʾ ʣʘʟʝʨʥʦʛʦ ʧʨʦʤʝʥʷ ʪʝʭʥʦʣʦʛʽʷ ʟʘʙʝʟʧʝʯʫʻ ʛʣʠʙʦʢʝ ʧʨʦʧʣʘʚʣʝʥʥʷ ʧʨʠ 

ʚʫʟʴʢʽʡ ʟʦʥʽ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ, ʱʦ ʨʦʙʠʪʴ ʾʾ ʝʬʝʢʪʠʚʥʦʶ ʜʣʷ ʟʚʘʨʶʚʘʥʥʷ ʢʦʨʦʟʽʡʥʦʩʪʽʡʢʠʭ ʩʪʘʣʝʡ 

ʘʫʩʪʝʥʽʪʥʦʛʦ ʢʣʘʩʫ, ʟʦʢʨʝʤʘ AISI 304. ɺʦʜʥʦʯʘʩ ʦʩʦʙʣʠʚʦʩʪʽ ʪʝʧʣʦʚʠʭ ʧʨʦʮʝʩʽʚ ʧʨʠ ʣʘʟʝʨʥʦʤʫ 

ʟʚʘʨʶʚʘʥʥʽ, ʪʘʢʽ ʷʢ ʽʥʪʝʥʩʠʚʥʠʡ ʥʘʛʨʽʚ  ̔ ʰʚʠʜʢʝ ʦʭʦʣʦʜʞʝʥʥʷ ʤʝʪʘʣʫ ï ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʚʘʨʥʦʛʦ ʟô̒ ʜʥʘʥʥʷ, ʪʦʤʫ ʚʠʙʽʨ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʤʘʻ 

ʚʠʨʽʰʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʜʝʬʝʢʪʘʤ  ̔ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʠʩʦʢʦʾ ʷʢʦʩʪʽ ʟʚʘʨʥʦʛʦ ʟô̒ ʜʥʘʥʥʷ. ʋ 

ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʪʘ ʩʪʘʪʠʩʪʠʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ 

ʣʘʟʝʨʥʦʛʦ ʟʚʘʨʶʚʘʥʥʷ ʩʪʘʣʽ AISI 304 ʪʦʚʱʠʥʦʶ 1,5 ʤʤ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʦʜʦʣʦʛʽʾ ʧʦʚʝʨʭʥʽ ʚʽʜʛʫʢʫ 

(RSM). ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʦ ʚʠʟʥʘʯʝʥʥʷ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʚʧʣʠʚʫ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʣʘʟʝʨʥʦʛʦ 

ʟʚʘʨʶʚʘʥʥʷ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʛʝʦʤʝʪʨʽʾ ʟʚʘʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ. ʅʘ ʦʩʥʦʚʽ ʧʦʚʥʦʬʘʢʪʦʨʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ 

ʧʦʙʫʜʦʚʘʥʦ ʨʝʛʨʝʩʽʡʥʽ ʤʦʜʝʣʽ, ʱʦ ʦʧʠʩʫʶʪʴ ʟʤʽʥʫ ʧʣʦʱʽ ʪʘ ʰʠʨʠʥʠ ʧʨʦʚʘʨʫ ʟʘʣʝʞʥʦ ʚʽʜ ʟʤʽʥʠ 

ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ. ɸʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʢʘʟʘʚ, ʱʦ ʦʩʥʦʚʥʠʤʠ ʬʘʢʪʦʨʘʤʠ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʛʝʦʤʝʪʨʽʶ 

ʟôʻʜʥʘʥʥʷ, ʻ ʧʦʪʫʞʥʽʩʪʴ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʪʘ ʰʚʠʜʢʽʩʪʴ ʟʚʘʨʶʚʘʥʥʷ. ɿʙʽʣʴʰʝʥʥʷ ʧʦʪʫʞʥʦʩʪʽ 

ʩʧʨʠʷʻ ʟʨʦʩʪʘʥʥʶ ʧʣʦʱʽ ʧʨʦʚʘʨʫ, ʪʦʜʽ ʷʢ ʧʽʜʚʠʱʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʟʤʝʥʰʫʻ ʾʾ. ʇʨʠ ʚʠʩʦʢʠʭ 

ʧʦʪʫʞʥʦʩʪʷʭ ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʧʨʦʮʝʩ ʩʪʘʻ ʩʪʘʙʽʣʴʥʽʰʠʤ, ʘ ʛʝʦʤʝʪʨʽʷ ʧʨʦʚʘʨʫ ʤʝʥʰ 

ʯʫʪʣʠʚʦʶ ʜʦ ʢʦʣʠʚʘʥʴ ʧʘʨʘʤʝʪʨʽʚ. ʈʦʟʬʦʢʫʩʫʚʘʥʥʷ ʯʠʥʠʪʴ ʥʝʟʥʘʯʥʠʡ ʚʧʣʠʚ, ʣʠʰʝ ʪʨʦʭʠ ʟʙʽʣʴʰʫʶʯʠ 

ʰʠʨʠʥʫ ʧʨʦʚʘʨʫ. ʅʘʡʙʽʣʴʰ ʚʠʨʘʞʝʥʦʶ ʚʠʷʚʠʣʘʩʷ ʚʟʘʻʤʦʜʽʷ ʧʦʪʫʞʥʦʩʪʽ ʪʘ ʰʚʠʜʢʦʩʪʽ, ʷʢʘ ʚʠʟʥʘʯʘʻ 

ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʧʣʦʱʽ ʧʨʦʧʣʘʚʣʝʥʥʷ. ʈʦʟʨʦʙʣʝʥʽ ʨʝʛʨʝʩʽʡʥʽ ʨʽʚʥʷʥʥʷ ʟ ʚʽʜʭʠʣʝʥʥʷʤ ʤʝʥʰʝ 10 

% ʧʽʜʪʚʝʨʜʠʣʠ ʘʜʝʢʚʘʪʥʽʩʪʴ ʤʦʜʝʣʽ ʡ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ RSM ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʛʝʦʤʝʪʨʽʾ 

ʟʚʘʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ. ʆʧʪʠʤʘʣʴʥʽ ʨʝʞʠʤʠ ʟʚʘʨʶʚʘʥʥʷ, ʱʦ ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ ʚ ʭʦʜʽ ʜʦʩʣʽʜʞʝʥʥʷ, 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʬʦʨʤʫʚʘʥʥʷ ʷʢʽʩʥʠʭ, ʙʝʟʜʝʬʝʢʪʥʠʭ ʟôʻʜʥʘʥʴ ʪʘ ʚʽʜʧʦʚʽʜʘʶʪʴ ʨʽʚʥʶ ʷʢʦʩʪʽ çɺè ʟʛʽʜʥʦ ʟ 
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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: 
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where ʈʨ ï is the force accelerating the vehicle;  
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ʈʢ ï is the circumferential force on the drive wheels;  

Sʈʩ ï is the total resistance force to movement;  

ma ï is the mass of the vehicle with the load; 

ŭ ï is the coefficient for taking into account rotating masses (the product ma * ŭ is the reduced mass of 

the vehicle). 

 

ʢ

ʢʪʨe

ʢ
r

iiM
P

0h
= ;   wfic PPPP ++°=S ;   ;igmP ai Ö= , ;fgmP af Ö=  

                                                 
25,0 vFCP xw Ör=                                                              (2) 

 

where Me ï is the effective engine torque, Nm;  

ɖtr ï is the transmission efficiency;  

ʢ̔, ̔ 0 ï are the gear ratios of the transmission and final drive;  

rʢ ï is the dynamic radius of the wheel, m; 

Pi, Pf, Pw ï are the downward rolling resistance, rolling resistance, and air resistance, respectively, in 

N;  

g ï is the acceleration due to gravity, 9.81 m/sĮ; 

i ï is the slope; 

f ï is the rolling resistance coefficient; 

ɟ ï is the air density, kg/mį;  

Cx ï is the aerodynamic drag coefficient;  

  F ï is the frontal area of the vehicle, mĮ;  

  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: 
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The integral of the right side is ït. The integral of the left side: 
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If  ȹ>0, then 
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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: 
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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. 

 

 
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 = ï7,1602Ŀ10
ï9

x
3
 + 3,4648Ŀ10

ï5
x

2
 ï 3,3273Ŀ10

ï2
x + 126,88 

From 3009 to 6806  y = ï5,7073Ŀ10
ï6

x
2
 + 5,1800Ŀ10

ï2
x + 40,369 

From 3009 to 4311 y = ï8,0338Ŀ10
ï9

x
3
 + 8,7483Ŀ10

ï5
x

2
 ï3,0390Ŀ10

ï1
x + 486,63 

From 4311 to 5518 y = 4,0051Ŀ10
ï9

x
3
 ï 5,5474Ŀ10

ï5
x

2
 + 2,4920Ŀ10

ï1
x ï 205,54 

From 5518 to 6806 y = ï3,1948Ŀ10
ï11

x
4
 + 7,8463Ŀ10

ï7
x

3
 ï7,2183Ŀ10

ï3
x

2
 + 29,461x ï44839 
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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 methodðspecifically, 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 minϖĭ. 
 

 
Fig. 2. Acceleration graph of the Honda Accord [4] 

 

The vehicle's final drive ratio is iϚ = 4.437. Goodyear UG 500 205/55 R16 tires have a dynamic 

radius r  = 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 C  = 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): 

 

HBF ÖÖ= 84,0  

 

where B, H are the width and height of the vehicle, respectively, in m. 
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F =0,84Ŀ1,715Ŀ1,44 = 2,074 ʤ
2
 

 

The air density on the day of the Autoreview experiment is unknown. Therefore, the standard average 

value commonly used in similar problems, ɟ = 1.2 kg/mį, was adopted in the calculations. 

The dependence of the torque on the drive wheels on the crankshaft speed in the range of 3000ï6800 

minϖĭ is shown in Figure 1 (dashed line, second line of the caption). For this frequency range, this 

dependence is approximated by the following equation: 

 

                                          .4,401018,51071,5 226 +Ö+ÖÖ-= -- nnM e                                    (6) 

 

Substituting (5) into (2), we obtain the dependence of the traction force on the torque; in numbers for 

the 2nd gear: 

 

                      .806035,110140,18,17
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Further calculations will become more convenient if we switch from crankshaft revolutions to vehicle 

speed in m/s: 
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Then the dependence of the traction force on the speed will take the form 

 

.80619715,4 2 +Ö+Ö-= vvPʢ                                           (9) 

 

The equation for the dependence of air resistance on speed: 

 
222 473,0074,238,02,15,05,0 vvvFCP xw =ÖÖÖÖ=Ör=                           (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: 

 

0,01248  ·7,54·10 - ·1,36·10)( -62-7 += vvvf                                      (11) 

 

Coefficient that takes into account the reduction in rolling resistance when tires are not fully loaded 

(at Gmax = 615 kg for tires with index 91): 

 

80,01460/61543,03,1/43,03,1 max ºÖÖ-=ÖÖ-= aG mGK                        (12) 

 

Then the dependence of the rolling resistance force on speed:    

 

152.  0,471· - ··1073,2)( 2-2 +=ÖÖ= vvKvfgmP Gaf (13) 

 

The force accelerating the car: 

 

ʈʨ = ʈʢ ï Sʈʩ = .56517611,4 2 ++Ö- vv                               (14) 

 

The equation of motion of a car during acceleration: 
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1-2-23- 103,22  109,39  102,19 Ö+Ö+Ö-== vvj
dt

dv
a

 .                               (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 

100 km/h 

Absolute 

calculation error 

ȹt, s 

Relative error of 

calculation Ů, % 

By solving the differential 

equation 
6,6996321 0 0 

0,5 6,699673 4,072Ŀ10
-5
 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 minï1. 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 3ï4 (Fig. 1). The acceleration calculation was performed in 5 km/h increments ï 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 3000é6800 minï1 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 (ʽʢ = 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 Pʥ = 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 ʽ0 

= 4.412. We will adopt the efficiency of the mechanical transmission as ɖʪʨ = 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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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 minï1. This section is marked in Fig. 3 with triangular markers and is 

approximated by a second-degree polynomial. 

 

157109,3101 225 +Ö-Ö= -- nnM e                                             (16) 

 

Traction force on this section in 4th gear: 
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Relationship between the crankshaft rotation speed and the linear speed of the wheel contact with the 

rollers in m/s: 

 

v
v

r

iiv
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d

k
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=
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Traction force versus speed: 

 

.21548,78975,2 2 +Ö-Ö= vvPʢ (19) 

 

The dependence of the total resistance force to rotation of the wheels and rollers of the stand on the 

speed (our measurement): 

 

.40498,8460,0 2 +Ö-Ö=S vvP                                              (20) 

 

Accelerating force: 

 

ʈʨ = ʈʢ ïʈS ï ʈʥ = .11508,69515,2 2 +Ö-Ö vv                                (21) 

 

The acceleration equation for a system with reduced mass tpr.s = 289.3 kg: 
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5,06  0,12062  108,693 23- +ÖÖ-ÖÖ== vvj
dt

dv
a

.                               (22) 

 

Here ȹ>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 

Step, km/h 
Time from 50 to 

70 km/h 

Absolute 

calculation error 

ȹt, s 

Relative error of 

calculation Ů, % 

By solving the differential 

equation 
1,600951 0 0 

1 1,600897 ï0,00005 ï0,0034 

2 1,600734 ï0,00022 ï0,0135 

5 1,599599 ï0,00135 ï0,0844 

10 1,595568 ï0,00538 ï0,3362 

 

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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ʚʦʥʠ ʥʝ ʧʦʚʥʽʩʪʶ ʚʨʘʭʦʚʫʶʪʴ ʨʝʘʣʴʥʽ ʬʽʟʠʯʥʽ ʧʨʦʮʝʩʠ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʽʜ ʯʘʩ ʨʦʟʛʦʥʫ, 

ʛʘʣʴʤʫʚʘʥʥʷ, ʧʝʨʝʤʠʢʘʥʥʷ ʧʝʨʝʜʘʯ ʘʙʦ ʟʤʽʥʠ ʜʦʨʦʞʥʽʭ ʫʤʦʚ. ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʥʦʨʤ ʯʘʩʫ ʨʦʟʛʦʥʫ ʧʽʜ 

ʯʘʩ ʜʽʘʛʥʦʩʪʠʢʠ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʯʠʩʣʦʚʽ ʤʝʪʦʜʠ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ 

ʚʨʘʭʦʚʫʚʘʪʠ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ, ʚʢʣʶʯʘʶʯʠ ʧʦʪʫʞʥʽʩʪʴ ʽ ʢʨʫʪʥʠʡ ʤʦʤʝʥʪ ʜʚʠʛʫʥʘ, 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʨʘʥʩʤʽʩʽʾ, ʦʧʽʨ ʧʦʚʽʪʨʷ ʪʘ ʢʦʯʝʥʥʶ, ʨʦʟʧʦʜʽʣ ʤʘʩʠ ʪʘ ʩʪʘʥ ʜʦʨʦʞʥʴʦʛʦ ʧʦʢʨʠʪʪʷ. ʊʘʢʽ 

ʤʝʪʦʜʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝʦʙʭʽʜʥʫ ʪʦʯʥʽʩʪʴ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʩʢʣʘʜʥʦʩʪʽ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʪʘ 

ʜʦʟʚʦʣʷʶʪʴ ʦʧʠʩʫʚʘʪʠ ʥʝʣʽʥʽʡʥʽ ʧʨʦʮʝʩʠ, ʧʝʨʝʭʽʜʥʽ ʨʝʞʠʤʠ ʪʘ ʚʠʧʘʜʢʦʚʽ ʚʽʜʭʠʣʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʯʠʩʣʦʚʠʭ ʤʦʜʝʣʝʡ ʪʘʢʦʞ ʚʽʜʢʨʠʚʘʻ ʰʠʨʦʢʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ 

ʚʽʨʪʫʘʣʴʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʪʘ ʧʦʧʝʨʝʜʥʴʦʛʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʙʝʟ 

ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʨʦʚʝʜʝʥʥʷ ʜʦʨʦʛʠʭ ʥʘʪʫʨʘʣʴʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ. ʎʝ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʧʨʠ ʨʦʟʨʦʙʮʽ 

ʘʚʪʦʤʘʪʠʯʥʠʭ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʩʠʩʪʝʤ, ʷʢʽ ʤʦʞʫʪʴ ʘʥʘʣʽʟʫʚʘʪʠ ʨʦʙʦʯʽ ʧʘʨʘʤʝʪʨʠ ʘʛʨʝʛʘʪʽʚ ʫ ʨʝʞʠʤʽ 

ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʪʘ ʚʠʷʚʣʷʪʠ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʥʦʨʤʠ. ʂʨʽʤ ʪʦʛʦ, ʯʠʩʣʦʚʽ ʤʝʪʦʜʠ ʜʦʟʚʦʣʷʶʪʴ 

ʦʧʪʠʤʽʟʫʚʘʪʠ ʢʦʥʩʪʨʫʢʮʽʶ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ ʥʘ ʝʪʘʧʽ ʧʨʦʝʢʪʫʚʘʥʥʷ, ʚʠʙʠʨʘʪʠ ʦʧʪʠʤʘʣʴʥʽ 

ʨʝʞʠʤʠ ʨʦʙʦʪʠ ʜʚʠʛʫʥʘ ʪʘ ʪʨʘʥʩʤʽʩʽʾ, ʟʤʝʥʰʫʚʘʪʠ ʚʠʪʨʘʪʫ ʧʘʣʠʚʘ ʪʘ ʧʽʜʚʠʱʫʚʘʪʠ ʙʝʟʧʝʢʫ ʨʫʭʫ. ɯʜʝʾ, 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʩʪʘʪʪʽ, ʧʽʜʪʚʝʨʜʞʫʶʪʴʩʷ ʨʦʟʨʘʭʫʥʢʘʤʠ ʥʘ ʢʦʥʢʨʝʪʥʠʭ ʧʨʠʢʣʘʜʘʭ ʪʘ ʧʦʨʽʚʥʷʥʥʷʤ 

ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ, ʱʦ ʜʝʤʦʥʩʪʨʫʻ ʦʙˇʨʫʥʪʦʚʘʥʽʩʪʴ ʪʘ ʧʨʘʢʪʠʯʥʫ 

ʟʘʩʪʦʩʦʚʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ. ʈʝʟʫʣʴʪʘʪʠ ʮʽʻʾ ʨʦʙʦʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ 

ʨʦʟʨʦʙʮʽ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ ʪʝʭʥʽʯʥʦʛʦ ʢʝʨʫʚʘʥʥʷ, ʤʦʜʝʣʶʚʘʥʥʽ ʜʠʥʘʤʽʢʠ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ 

ʪʘ ʚʜʦʩʢʦʥʘʣʝʥʥʽ ʤʝʪʦʜʽʚ ʦʮʽʥʢʠ ʾʭʥʴʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʚʪʦʤʦʙʽʣʴ, ʢʦʣʝʩʦ, ʧʨʠʩʢʦʨʝʥʥʷ, ʨʦʟʨʘʭʫʥʦʢ, ʯʠʩʣʦʚʽ ʤʝʪʦʜʠ, ʜʠʩʢʨʝʪʠʟʘʮʽʷ, 

ʢʨʦʢ, Hyundai Accent, Honda Accord. 
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ʩʝʨʚʽʩʫ ʘʚʪʦʤʦʙʽʣʽʚ ʽʤʝʥʽ ɻʦʚʦʨʫʱʝʥʢʦ ʄ.ʗ.è ʍʘʨʢʽʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʘʚʪʦʤʦʙʽʣʴʥʦ-ʜʦʨʦʞʥʴʦʛʦ 

ʫʥʽʚʝʨʩʠʪʝʪʫ, e-mail: dandz2805@gmail.com. 
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ɼɺʅɿ çʇʨʠʘʟʦʚʩʴʢʠʡ ʜʝʨʞʘʚʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪè, ʤ. ɼʥʽʧʨʦ. ʋʢʨʘʾʥʘ 

 

ʆʇʊʀʄɯɿɸʎɯʗ ʆʇɽʈɸʊʀɺʅʆɻʆ ʇʃɸʅʋɺɸʅʅʗ ɺɸʅʊɸɾʅʀʍ 

ɸɺʊʆʄʆɹɯʃʔʅʀʍ ʇɽʈɽɺɽɿɽʅʔ ɿ ʋʈɸʍʋɺɸʅʅʗʄ ʆʉʆɹʃʀɺʆʉʊɽʁ ɼʆʉʊɸɺʂʀ 

ʄɸʃʀʍ ʇɸʈʊɯʁ ɺɸʅʊɸɾɯɺ 

 

ʋ ʩʪʘʪʪʽ ʜʦʩʣʽʜʞʝʥʦ ʤʝʪʦʜʠ ʢʝʨʫʚʘʥʥʷ ʦʧʝʨʘʪʠʚʥʠʤ ʧʣʘʥʫʚʘʥʥʷʤ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʴʥʠʭ 

ʧʝʨʝʚʝʟʝʥʴ ʟ ʦʩʦʙʣʠʚʠʤ ʘʢʮʝʥʪʦʤ ʥʘ ʦʨʛʘʥʽʟʘʮʽʾ ʜʦʩʪʘʚʢʠ ʤʘʣʠʭ ʧʘʨʪʽʡ ʚʘʥʪʘʞʽʚ ʥʘ ʦʩʥʦʚʽ ʣʦʛʽʩʪʠʯʥʠʭ 

ʧʨʠʥʮʠʧʽʚ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʟʘʛʘʣʴʥʽ ʚʠʢʣʠʢʠ ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ, ʪʘʢʽ ʷʢ ʜʠʥʘʤʽʯʥʽʩʪʴ ʨʠʥʢʫ ʪʘ 

ʥʝʚʠʟʥʘʯʝʥʽʩʪʴ ʫʤʦʚ, ʘ ʪʘʢʦʞ ʩʧʝʮʠʬʽʯʥʽ ʧʨʦʙʣʝʤʠ ʧʝʨʝʚʝʟʝʥʴ ʤʘʣʠʭ ʧʘʨʪʽʡ: ʥʠʟʴʢʝ ʟʘʚʘʥʪʘʞʝʥʥʷ, ʧʦʨʦʞʥʽ 

ʧʨʦʙʽʛʠ, ʩʢʣʘʜʥʽʩʪʴ ʤʘʨʰʨʫʪʠʟʘʮʽʾ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʪʦʯʦʢ [1; 2]. ʈʦʟʛʣʷʥʫʪʦ ʪʘ ʧʦʨʽʚʥʷʥʦ ʢʣʘʩʠʯʥʽ ʡ ʩʫʯʘʩʥʽ 

ʤʝʪʦʜʠ ʧʣʘʥʫʚʘʥʥʷ (ʪʦʯʥʽ, ʝʚʨʠʩʪʠʯʥʽ, ʤʝʪʘʝʚʨʠʩʪʠʯʥʽ, ʽʤʽʪʘʮʽʡʥʽ, ʤʝʪʦʜʠ ʐɯ) ʟʘ ʢʨʠʪʝʨʽʷʤʠ ʷʢʦʩʪʽ ʨʽʰʝʥʴ, 

ʰʚʠʜʢʦʜʽʾ ʪʘ ʛʥʫʯʢʦʩʪʽ [3; 4; 5]. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʩʪʨʫʢʪʫʨʥʫ ʤʦʜʝʣʴ ʤʝʨʝʞʽ ʢʦʥʩʦʣʽʜʘʮʽʾ ʜʣʷ ʤʘʣʠʭ ʧʘʨʪʽʡ ʪʘ 

ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʦʧʪʠʤʽʟʘʮʽʾ ʤʘʨʰʨʫʪʠʟʘʮʽʾ, ʱʦ ʚʨʘʭʦʚʫʻ ʚʠʪʨʘʪʠ, ʯʘʩ, ʢʦʝʬʽʮʽʻʥʪʠ ʟʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʯʘʩʦʚʽ 

ʚʽʢʥʘ [6; 7]. ʈʦʟʛʣʷʥʫʪʦ ʝʚʨʠʩʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʤʦʜʝʣʽ, ʱʦ ʚʢʣʶʯʘʻ ʢʣʘʩʠʬʽʢʘʮʽʶ 

ʟʘʤʦʚʣʝʥʴ, ʢʦʥʩʦʣʽʜʘʮʽʶ ʧʘʨʪʽʡ ʪʘ ʤʝʪʦʜʠ ʤʘʨʰʨʫʪʠʟʘʮʽʾ (Clarke-Wright, 2-opt). ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʦʞʣʠʚʦʩʪʽ 

ʽʥʪʝʛʨʘʮʽʾ ʤʝʪʦʜʽʚ ʧʣʘʥʫʚʘʥʥʷ ʟ ʩʫʯʘʩʥʠʤʠ ɯʊ (GPS, TMS) [8; 9]. ʅʘʚʝʜʝʥʦ ʧʨʠʢʣʘʜ ʨʦʟʨʘʭʫʥʢʫ ʪʘ ʦʮʽʥʢʫ 

ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ ʜʣʷ ʨʝʛʽʦʥʘʣʴʥʦʾ ʤʝʨʝʞʽ. ʅʘʜʘʥʦ ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ 

ʚʠʙʦʨʫ ʤʝʪʦʜʽʚ ʪʘ ʚʧʨʦʚʘʜʞʝʥʥʷ ʣʦʛʽʩʪʠʯʥʠʭ ʧʨʠʥʮʠʧʽʚ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʧʝʨʘʪʠʚʥʦʛʦ 

ʧʣʘʥʫʚʘʥʥʷ ʧʝʨʝʚʝʟʝʥʴ, ʦʩʦʙʣʠʚʦ ʤʘʣʠʭ ʧʘʨʪʽʡ, ʚ ʫʤʦʚʘʭ ʋʢʨʘʾʥʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʦʧʝʨʘʪʠʚʥʝ ʧʣʘʥʫʚʘʥʥʷ, ʚʘʥʪʘʞʥʽ ʘʚʪʦʤʦʙʽʣʴʥʽ ʧʝʨʝʚʝʟʝʥʥʷ, ʤʘʣʽ ʧʘʨʪʽʾ ʚʘʥʪʘʞʽʚ, 

ʢʦʥʩʦʣʽʜʘʮʽʷ, ʣʦʛʽʩʪʠʢʘ, ʤʝʪʦʜʠ ʢʝʨʫʚʘʥʥʷ, ʦʧʪʠʤʽʟʘʮʽʷ ʤʘʨʰʨʫʪʽʚ, ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ, ʝʬʝʢʪʠʚʥʽʩʪʴ, TMS. 

 

ɺʉʊʋʇ 
ɺʘʥʪʘʞʥʽ ʘʚʪʦʤʦʙʽʣʴʥʽ ʧʝʨʝʚʝʟʝʥʥʷ ʻ ʢʣʶʯʦʚʦʶ ʣʘʥʢʦʶ ʩʫʯʘʩʥʠʭ ʣʘʥʮʶʛʽʚ ʧʦʩʪʘʯʘʥʥʷ, 

ʟʘʙʝʟʧʝʯʫʶʯʠ ʛʥʫʯʢʽʩʪʴ ʪʘ ʜʦʩʪʫʧʥʽʩʪʴ ʜʦʩʪʘʚʢʠ ʪʦʚʘʨʽʚ [1]. ɽʬʝʢʪʠʚʥʽʩʪʴ ʪʨʘʥʩʧʦʨʪʥʦ-

ʣʦʛʽʩʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʽʩʪʴ ʙʽʟʥʝʩʫ ʪʘ ʝʢʦʥʦʤʽʢʫ 

ʟʘʛʘʣʦʤ. ʆʩʦʙʣʠʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʻ ʦʧʝʨʘʪʠʚʥʝ ʧʣʘʥʫʚʘʥʥʷ (ʛʦʨʠʟʦʥʪ ʚʽʜ ʢʽʣʴʢʦʭ ʛʦʜʠʥ ʜʦ ʜʦʙʠ), ʷʢʝ 

ʚʢʣʶʯʘʻ ʧʨʠʟʥʘʯʝʥʥʷ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ (ʊɿ), ʬʦʨʤʫʚʘʥʥʷ ʤʘʨʰʨʫʪʽʚ, ʩʢʣʘʜʘʥʥʷ ʛʨʘʬʽʢʽʚ ʪʘ 

ʨʝʘʛʫʚʘʥʥʷ ʥʘ ʟʙʦʾ [2; 3]. 

ʉʫʯʘʩʥʠʡ ʨʠʥʦʢ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʜʠʥʘʤʽʯʥʽʩʪʶ, ʥʝʚʠʟʥʘʯʝʥʽʩʪʶ (ʟʤʽʥʠ ʧʦʧʠʪʫ, 

ʜʦʨʦʞʥʴʦʾ ʦʙʩʪʘʥʦʚʢʠ, ʫʤʦʚ ʜʦʩʪʘʚʢʠ) ʪʘ ʞʦʨʩʪʢʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʩʝʨʚʽʩʫ [4]. ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ 

ʧʣʘʥʫʚʘʥʥʷ, ʱʦ ʧʦʢʣʘʜʘʶʪʴʩʷ ʥʘ ʜʦʩʚʽʜ ʜʠʩʧʝʪʯʝʨʘ, ʩʪʘʶʪʴ ʥʝʝʬʝʢʪʠʚʥʠʤʠ. ʆʩʦʙʣʠʚʦ ʛʦʩʪʨʦ ʮʝ 

ʧʨʦʷʚʣʷʻʪʴʩʷ ʧʨʠ ʦʨʛʘʥʽʟʘʮʽʾ ʧʝʨʝʚʝʟʝʥʴ ʤʘʣʠʭ ʧʘʨʪʽʡ ʚʘʥʪʘʞʽʚ (ʄʇɺ), ʟʥʘʯʫʱʽʩʪʴ ʷʢʠʭ ʟʨʦʩʪʘʻ 

ʯʝʨʝʟ ʨʦʟʚʠʪʦʢ e-commerce ʪʘ ʟʙʽʣʴʰʝʥʥʷ ʯʘʩʪʢʠ ʤʘʣʦʛʦ ʙʽʟʥʝʩʫ [5]. ʊʠʧʦʚʽ ʣʦʛʽʩʪʠʯʥʽ ʩʭʝʤʠ, 

ʦʨʽʻʥʪʦʚʘʥʽ ʥʘ ʚʝʣʠʢʽ ʧʘʨʪʽʾ, ʧʨʠ ʨʦʙʦʪʽ ʟ ʄʇɺ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʚʠʩʦʢʦʾ ʯʘʩʪʢʠ ʧʦʨʦʞʥʽʭ ʧʨʦʙʽʛʽʚ [6; 

10], ʥʠʟʴʢʦʛʦ ʟʘʧʦʚʥʝʥʥʷ ʊɿ, ʩʢʣʘʜʥʦʩʪʽ ʧʣʘʥʫʚʘʥʥʷ ʧʨʠ ʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʪʦʯʦʢ ʜʦʩʪʘʚʢʠ ʪʘ 

ʧʦʪʨʝʙʠ ʫ ʰʚʠʜʢʽʡ ʦʙʨʦʙʮʽ ʥʘ ʪʝʨʤʽʥʘʣʘʭ. ʎʽ ʚʠʢʣʠʢʠ ʚʠʤʘʛʘʶʪʴ ʧʦʰʫʢʫ ʢʦʤʧʨʦʤʽʩʫ ʤʽʞ 

ʰʚʠʜʢʽʩʪʶ ʪʘ ʝʢʦʥʦʤʽʯʥʽʩʪʶ ʰʣʷʭʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʣʦʛʽʩʪʠʯʥʠʭ ʧʨʠʥʮʠʧʽʚ: ʢʦʥʩʦʣʽʜʘʮʽʾ ʚʘʥʪʘʞʽʚ, 

ʦʧʪʠʤʽʟʘʮʽʾ ʤʘʨʰʨʫʪʽʚ ʪʘ ʮʠʬʨʦʚʦʾ ʢʦʦʨʜʠʥʘʮʽʾ. 

ɺʠʥʠʢʘʻ ʧʦʪʨʝʙʘ ʫ ʨʦʟʨʦʙʮʽ ʪʘ ʚʧʨʦʚʘʜʞʝʥʥʽ ʥʘʫʢʦʚʦ ʦʙˇʨʫʥʪʦʚʘʥʠʭ, ʘʜʘʧʪʠʚʥʠʭ ʤʝʪʦʜʽʚ 

ʢʝʨʫʚʘʥʥʷ ʦʧʝʨʘʪʠʚʥʠʤ ʧʣʘʥʫʚʘʥʥʷʤ, ʷʢʽ ʙ ʜʦʟʚʦʣʠʣʠ ʝʬʝʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʝʩʫʨʩʠ, 

ʤʽʥʽʤʽʟʫʚʘʪʠ ʚʠʪʨʘʪʠ ʪʘ ʛʥʫʯʢʦ ʨʝʘʛʫʚʘʪʠ ʥʘ ʟʤʽʥʠ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʨʦʙʦʪʽ ʟ ʄʇɺ ʚ ʫʤʦʚʘʭ 

ʣʦʛʽʩʪʠʯʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʋʢʨʘʾʥʠ. 

ɸʅɸʃɯɿ ʃɯʊɽʈɸʊʋʈʅʀʍ ɼɾɽʈɽʃ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ 
ʇʨʦʙʣʝʤʘʪʠʢʘ ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʪʘ ʤʘʨʰʨʫʪʠʟʘʮʽʾ ʪʨʘʥʩʧʦʨʪʫ ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʜʘʚʥʦ. 

ʂʣʘʩʠʯʥʽ ʟʘʜʘʯʽ TSP ʪʘ VRP ʟ ʨʽʟʥʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ ʻ ʦʩʥʦʚʦʶ ʙʘʛʘʪʴʦʭ ʤʝʪʦʜʽʚ. ɼʣʷ ʾʭ 

ʨʦʟʚ'ʷʟʘʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ: 

¶ ʊʦʯʥʽ ʤʝʪʦʜʠ ʦʧʪʠʤʽʟʘʮʽʾ (ʤʘʪʝʤʘʪʠʯʥʝ ʧʨʦʛʨʘʤʫʚʘʥʥʷ, ʤʝʪʦʜ ʛʽʣʦʢ ʪʘ ʤʝʞ), ʱʦ 

ʛʘʨʘʥʪʫʶʪʴ ʦʧʪʠʤʘʣʴʥʽʩʪʴ, ʘʣʝ ʤʘʶʪʴ ʚʠʩʦʢʫ ʦʙʯʠʩʣʶʚʘʣʴʥʫ ʩʢʣʘʜʥʽʩʪʴ ʜʣʷ ʨʝʘʣʴʥʠʭ ʟʘʜʘʯ. 

¶ ɽʚʨʠʩʪʠʯʥʽ ʤʝʪʦʜʠ (ʢʦʥʩʪʨʫʢʪʠʚʥʽ, ʥʘʧʨʠʢʣʘʜ, ʤʝʪʦʜ ʥʘʡʙʣʠʞʯʦʛʦ ʩʫʩʽʜʘ, ʘʣʛʦʨʠʪʤ 

ʂʣʘʨʢʘ-ʈʘʡʪʘ (savings), ʪʘ ʽʪʝʨʘʮʽʡʥʽ, ʥʘʧʨʠʢʣʘʜ, 2-opt, 3-opt), ʷʢʽ ʰʚʠʜʢʦ ʜʘʶʪʴ ʥʘʙʣʠʞʝʥʽ 

ʨʦʟʚ'ʷʟʢʠ. 

¶ ʄʝʪʘʝʚʨʠʩʪʠʯʥʽ ʤʝʪʦʜʠ (ʛʝʥʝʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ, ʽʤʽʪʘʮʽʷ ʚʽʜʧʘʣʫ, ʤʫʨʘʰʠʥʽ ʘʣʛʦʨʠʪʤʠ), ʱʦ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʢʨʘʱʫ ʷʢʽʩʪʴ ʨʽʰʝʥʴ ʜʣʷ ʩʢʣʘʜʥʠʭ ʟʘʜʘʯ ʧʦʨʽʚʥʷʥʦ ʟ ʧʨʦʩʪʠʤʠ ʝʚʨʠʩʪʠʢʘʤʠ. 
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¶ ɯʤʽʪʘʮʽʡʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ ʦʮʽʥʢʠ ʩʪʨʘʪʝʛʽʡ ʚ ʜʠʥʘʤʽʯʥʠʭ ʪʘ ʩʪʦʭʘʩʪʠʯʥʠʭ ʫʤʦʚʘʭ. 

¶ ʄʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ (ʐɯ) (ʝʢʩʧʝʨʪʥʽ ʩʠʩʪʝʤʠ, ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ, 

ʘʛʝʥʪʥʽ ʩʠʩʪʝʤʠ) ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʘʜʘʧʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ [4-9]. 

ʊʘʢʦʞ ʜʣʷ ʘʥʘʣʽʟʫ ʪʨʘʥʩʧʦʨʪʥʠʭ ʧʦʪʦʢʽʚ ʪʘ ʨʦʙʦʪʠ ʪʝʨʤʽʥʘʣʽʚ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʤʦʜʝʣʽ ʩʠʩʪʝʤ 

ʤʘʩʦʚʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ʇʨʘʮʽ ʨʦʟʛʣʷʜʘʶʪʴ ʣʦʛʽʩʪʠʯʥʽ ʩʠʩʪʝʤʠ ʪʘ ʦʨʛʘʥʽʟʘʮʽʶ ʤʽʞʥʘʨʦʜʥʠʭ 

ʧʝʨʝʚʝʟʝʥʴ [11-14]. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʠʩʚʷʯʝʥʽ ʘʥʘʣʽʟʫ ʪʨʘʥʩʧʦʨʪʥʠʭ ʩʠʩʪʝʤ ʪʘ ʤʦʜʝʣʶʚʘʥʥʶ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʤʝʪʦʜʽʚ, ʙʘʛʘʪʦ ʜʦʩʣʽʜʞʝʥʴ ʬʦʢʫʩʫʶʪʴʩʷ ʥʘ ʚʝʣʠʢʠʭ 

ʧʦʪʦʢʘʭ ʘʙʦ ʪʝʦʨʝʪʠʯʥʠʭ ʤʦʜʝʣʷʭ, ʥʝ ʟʘʚʞʜʠ ʟʘʩʪʦʩʦʚʥʠʭ ʜʦ ʩʧʝʮʠʬʽʢʠ ʨʝʛʽʦʥʘʣʴʥʠʭ ʧʝʨʝʚʝʟʝʥʴ 

ʄʇɺ. ɹʨʘʢʫʻ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʝʪʦʜʽʚ ʩʘʤʝ ʚ ʫʤʦʚʘʭ ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ 

ʄʇɺ ʪʘ ʨʝʢʦʤʝʥʜʘʮʽʡ ʱʦʜʦ ʾʭ ʽʥʪʝʛʨʘʮʽʾ ʟ ʩʫʯʘʩʥʠʤʠ ɯʊ [8; 9; 16]. 

ʎɯʃʔ ʊɸ ɿɸɼɸʏɯ ɼʆʉʃɯɼɾɽʅʅʗ  
ʄʝʪʦʶ ʩʪʘʪʪʽ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʤʝʪʦʜʽʚ ʢʝʨʫʚʘʥʥʷ ʦʧʝʨʘʪʠʚʥʠʤ 

ʧʣʘʥʫʚʘʥʥʷʤ, ʨʦʟʨʦʙʢʘ ʪʘ ʦʮʽʥʢʘ ʤʘʪʝʤʘʪʠʯʥʦʾ ʣʦʛʽʩʪʠʯʥʦʾ ʤʦʜʝʣʽ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʘʚʪʦʤʦʙʽʣʴʥʠʭ 

ʧʝʨʝʚʝʟʝʥʴ ʤʘʣʠʭ ʧʘʨʪʽʡ ʚʘʥʪʘʞʽʚ ʰʣʷʭʦʤ ʢʦʥʩʦʣʽʜʘʮʽʾ ʪʘ ʝʬʝʢʪʠʚʥʦʾ ʤʘʨʰʨʫʪʠʟʘʮʽʾ [1; 2]. 

ɿʘʚʜʘʥʥʷ: 

1.ʉʠʩʪʝʤʘʪʠʟʫʚʘʪʠ ʪʘ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʽʩʥʫʶʯʽ ʤʝʪʦʜʠ ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ, ʚʠʟʥʘʯʠʪʠ 

ʾʭ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ. 

2.ɺʠʟʥʘʯʠʪʠ ʢʨʠʪʝʨʽʾ ʜʣʷ ʧʦʨʽʚʥʷʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʝʪʦʜʽʚ. 

3.ʇʦʙʫʜʫʚʘʪʠ ʩʪʨʫʢʪʫʨʥʫ ʤʦʜʝʣʴ ʤʝʨʝʞʽ ʢʦʥʩʦʣʽʜʘʮʽʾ ʜʣʷ ʄʇɺ. 

4.ʌʦʨʤʘʣʽʟʫʚʘʪʠ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ (ʮʽʣʴʦʚʫ ʬʫʥʢʮʽʶ ʪʘ ʦʙʤʝʞʝʥʥʷ) ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ 

ʤʘʨʰʨʫʪʠʟʘʮʽʾ ʄʇɺ. 

5.ʈʦʟʨʦʙʠʪʠ ʝʚʨʠʩʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʤʦʜʝʣʽ. 

6.ʈʦʟʛʣʷʥʫʪʠ ʽʥʪʝʛʨʘʮʽʶ ʤʝʪʦʜʽʚ ʧʣʘʥʫʚʘʥʥʷ ʟ ɯʊ. 

7.ʇʨʦʚʝʩʪʠ ʧʨʠʢʣʘʜʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʪʘ ʦʮʽʥʠʪʠ ʝʢʦʥʦʤʽʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʦʜʝʣʽ. 

8.ʅʘʜʘʪʠ ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʚʠʙʦʨʫ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʜʣʷ ʪʨʘʥʩʧʦʨʪʥʠʭ ʢʦʤʧʘʥʽʡ 

ʋʢʨʘʾʥʠ. 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʔ 

1. ʂʃɸʉʀʌɯʂɸʎɯʗ ʊɸ ɸʅɸʃɯɿ ʄɽʊʆɼɯɺ ʆʇɽʈɸʊʀɺʅʆɻʆ ʇʃɸʅʋɺɸʅʅʗ 
ʄʝʪʦʜʠ ʢʝʨʫʚʘʥʥʷ ʦʧʝʨʘʪʠʚʥʠʤ ʧʣʘʥʫʚʘʥʥʷʤ ʢʣʘʩʠʬʽʢʫʶʪʴ ʟʘ ʧʽʜʭʦʜʦʤ ʜʦ ʧʦʰʫʢʫ ʨʽʰʝʥʥʷ 

(ʦʧʪʠʤʽʟʘʮʽʡʥʽ, ʽʤʽʪʘʮʽʡʥʽ, ʥʘ ʦʩʥʦʚʽ ʐɯ) ʪʘ ʟʘ ʚʨʘʭʫʚʘʥʥʷʤ ʜʠʥʘʤʽʢʠ (ʩʪʘʪʠʯʥʽ, 

ʜʠʥʘʤʽʯʥʽ/ʘʜʘʧʪʠʚʥʽ) . 

¶ʊʦʯʥʽ ʤʝʪʦʜʠ : ɻʘʨʘʥʪʫʶʪʴ ʦʧʪʠʤʘʣʴʥʽʩʪʴ , ʘʣʝ ʦʙʯʠʩʣʶʚʘʣʴʥʦ ʩʢʣʘʜʥʽ ʜʣʷ ʚʝʣʠʢʠʭ ʪʘ 

ʜʠʥʘʤʽʯʥʠʭ ʟʘʜʘʯ. ɺʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʥʝʚʝʣʠʢʠʭ ʧʘʨʢʽʚ ʘʙʦ ʷʢ ʝʪʘʣʦʥ. 

¶ɽʚʨʠʩʪʠʯʥʽ ʤʝʪʦʜʠ : ʐʚʠʜʢʽ ʪʘ ʧʨʦʩʪʽ , ʘʣʝ ʥʝ ʛʘʨʘʥʪʫʶʪʴ ʦʧʪʠʤʘʣʴʥʦʩʪʽ, ʧʦʛʘʥʦ ʧʨʘʮʶʶʪʴ ʟʽ 

ʩʢʣʘʜʥʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ. ɿʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʰʚʠʜʢʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʧʣʘʥʽʚ ʘʙʦ ʷʢ ʯʘʩʪʠʥʘ 

ʤʝʪʘʝʚʨʠʩʪʠʢ. 

¶ʄʝʪʘʝʚʨʠʩʪʠʯʥʽ ʤʝʪʦʜʠ : ɿʥʘʭʦʜʷʪʴ ʷʢʽʩʥʽ ʨʽʰʝʥʥʷ ʜʣʷ ʩʢʣʘʜʥʠʭ ʟʘʜʘʯ ʟʘ ʧʨʠʡʥʷʪʥʠʡ ʯʘʩ, 

ʘʜʘʧʪʫʶʪʴʩʷ ʜʦ ʜʠʥʘʤʽʢʠ ʪʘ ʦʙʤʝʞʝʥʴ. ɺʠʤʘʛʘʶʪʴ ʥʘʣʘʰʪʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ. ʆʩʥʦʚʥʠʡ 

ʽʥʩʪʨʫʤʝʥʪ ʩʫʯʘʩʥʠʭ TMS, ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʜʠʥʘʤʽʯʥʦʾ ʤʘʨʰʨʫʪʠʟʘʮʽʾ. 

¶ɯʤʽʪʘʮʽʡʥʝ ʤʦʜʝʣʶʚʘʥʥʷ : ɸʥʘʣʽʟʫʻ ʩʢʣʘʜʥʽ ʩʠʩʪʝʤʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʠʧʘʜʢʦʚʦʩʪʽ, ʜʦʟʚʦʣʷʻ 

ʪʝʩʪʫʚʘʪʠ ʩʮʝʥʘʨʽʾ. ʅʝ ʻ ʦʧʪʠʤʽʟʘʮʽʡʥʠʤ ʤʝʪʦʜʦʤ. ɺʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʦʮʽʥʢʠ ʧʨʘʚʠʣ 

ʜʠʩʧʝʪʯʝʨʠʟʘʮʽʾ, ʘʥʘʣʽʟʫ ʧʨʦʧʫʩʢʥʦʾ ʩʧʨʦʤʦʞʥʦʩʪʽ. 

¶ʄʝʪʦʜʠ ʥʘ ʦʩʥʦʚʽ ʐɯ : ʅʘʚʯʘʶʪʴʩʷ ʥʘ ʜʘʥʠʭ, ʨʦʙʣʷʪʴ ʧʨʦʛʥʦʟʠ, ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʦʨʶʚʘʪʠ 

ʘʜʘʧʪʠʚʥʽ ʩʠʩʪʝʤʠ. ʇʦʪʨʝʙʫʶʪʴ ʙʘʛʘʪʦ ʜʘʥʠʭ, ʩʢʣʘʜʥʽ ʚ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʪʘ ʨʝʘʣʽʟʘʮʽʾ. ɿʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ, ʜʠʥʘʤʽʯʥʦʛʦ ʢʦʨʠʛʫʚʘʥʥʷ, ʧʽʜʪʨʠʤʢʠ ʨʽʰʝʥʴ [3; 4]. 

ʇʦʨʽʚʥʷʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘʚʝʜʝʥʘ ʚ ʊʘʙʣʠʮʽ 1. 

2. ʃʆɻɯʉʊʀʏʅʀʁ ʇɯɼʍɯɼ ɼʆ ʆʈɻɸʅɯɿɸʎɯɰ ʇɽʈɽɺɽɿɽʅʔ ʄɸʃʀʍ ʇɸʈʊɯʁ ɺɸʅʊɸɾɯɺ 

(ʄʇɺ) 
ʂʣʶʯʦʚʠʤ ʧʨʠʥʮʠʧʦʤ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʝʚʝʟʝʥʴ ʄʇɺ ʻ ʢʦʥʩʦʣʽʜʘʮʽʷ ï 

ʦʙ'ʻʜʥʘʥʥʷ ʜʨʽʙʥʠʭ ʚʽʜʧʨʘʚʣʝʥʴ ʫ ʙʽʣʴʰʽ ʧʘʨʪʽʾ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʤʘʛʽʩʪʨʘʣʴʥʠʤ 

ʪʨʘʥʩʧʦʨʪʦʤ ʤʽʞ ʪʝʨʤʽʥʘʣʘʤʠ (ʭʘʙʘʤʠ) ʪʘ ʧʦʜʘʣʴʰʦʾ "ʨʦʟʫʢʨʫʧʥʝʥʥʷ" ʜʣʷ ʜʦʩʪʘʚʢʠ "ʦʩʪʘʥʥʴʦʾ 

ʤʠʣʽ". 

2.1. ʉʊʈʋʂʊʋʈʅɸ ʄʆɼɽʃʔ ʄɽʈɽɾɯ ʂʆʅʉʆʃɯɼɸʎɯɰ 
ʇʨʦʧʦʥʫʻʪʴʩʷ ʨʦʟʛʣʷʜʘʪʠ ʪʨʘʥʩʧʦʨʪʥʫ ʤʝʨʝʞʫ ʷʢ ʦʨʽʻʥʪʦʚʘʥʠʡ ʛʨʘʬ G(N,E), ʜʝ N ï 

ʤʥʦʞʠʥʘ ʚʫʟʣʽʚ (ʧʫʥʢʪʠ ʚʽʜʧʨʘʚʣʝʥʥʷ S, ʧʫʥʢʪʠ ʦʪʨʠʤʘʥʥʷ D, ʢʦʥʩʦʣʽʜʘʮʽʡʥʽ ʭʘʙʠ H), E ï 

ʤʥʦʞʠʥʘ ʜʫʛ (ʪʨʘʥʩʧʦʨʪʥʽ ʩʧʦʣʫʯʝʥʥʷ). ʂʦʞʥʘ ʜʫʛʘ (i,j) ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʜʦʚʞʠʥʦʶ , 
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ʩʝʨʝʜʥʴʦʶ ʰʚʠʜʢʽʩʪʶ , ʚʘʨʪʽʩʪʶ ʧʝʨʝʚʝʟʝʥʥʷ . ʋ ʚʫʟʣʘʭ ʚʽʜʙʫʚʘʻʪʴʩʷ ʦʙʨʦʙʢʘ ʚʘʥʪʘʞʽʚ ʟ 

ʯʘʩʦʤ . ɿʘʤʦʚʣʝʥʥʷ n ʤʘʶʪʴ ʦʙʩʷʛ q_n, ʚʘʛʦʚʽ ʦʙʤʝʞʝʥʥʷ ʪʘ ʯʘʩʦʚʽ ʚʽʢʥʘ ʜʦʩʪʘʚʢʠ [a_n, b_n]. 

ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʤʦʞʝ ʚʢʣʶʯʘʪʠ ʢʽʣʴʢʘ ʨʽʚʥʽʚ ʭʘʙʽʚ (ʥʘʧʨʠʢʣʘʜ, ʮʝʥʪʨʘʣʴʥʠʡ ʪʘ 

ʨʝʛʽʦʥʘʣʴʥʽ) ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʤʘʛʽʩʪʨʘʣʴʥʠʭ ʪʘ ʤʽʩʮʝʚʠʭ ʧʝʨʝʚʝʟʝʥʴ [6; 10]. 

2.2. ʄɸʊɽʄɸʊʀʏʅɸ ʄʆɼɽʃʔ ʆʇʊʀʄɯɿɸʎɯɰ ʄɸʈʐʈʋʊʀɿɸʎɯɰ (ʄʇɺ) 
ɿʘʚʜʘʥʥʷ ʧʦʣʷʛʘʻ ʫ ʬʦʨʤʫʚʘʥʥʽ ʤʥʦʞʠʥʠ ʤʘʨʰʨʫʪʽʚ R ʜʣʷ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ K, ʱʦ 

ʦʙʩʣʫʛʦʚʫʶʪʴ ʤʥʦʞʠʥʫ ʟʘʤʦʚʣʝʥʴ N, ʤʽʥʽʤʽʟʫʶʯʠ ʩʫʢʫʧʥʽ ʚʠʪʨʘʪʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʯʘʩʫ ʜʦʩʪʘʚʢʠ ʪʘ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʊɿ. 

ʎʽʣʴʦʚʘ ʬʫʥʢʮʽʷ:  
 

          ( 1.1) 

 

    ʜʝ: R ï ʤʥʦʞʠʥʘ ʤʘʨʰʨʫʪʽʚ; 

(i, j) ï ʜʫʛʘ (ʚʽʜ ʧʫʥʢʪʫ ʽ ʜʦ ʧʫʥʢʪʫ j); 

  ï ʚʘʨʪʽʩʪʴ ʧʝʨʝʚʝʟʝʥʥʷ ʧʦ ʜʽʣʷʥʮʽ (i, j); 

  ï ʚʽʜʩʪʘʥʴ ʤʽʞ ʧʫʥʢʪʘʤʠ i ʪʘ j; 

  ï ʙʽʥʘʨʥʘ ʟʤʽʥʥʘ (1, ʷʢʱʦ ʜʫʛʘ (i, j) ʚʭʦʜʠʪʴ ʫ ʤʘʨʰʨʫʪ r; 0 ï ʽʥʘʢʰʝ); 

   ï ʢʦʝʬʽʮʽʻʥʪ ʚʘʛʦʤʦʩʪʽ ʯʘʩʫ (ʘʙʦ ʰʪʨʘʬ ʟʘ ʟʘʪʨʠʤʢʫ);  

K ï ʤʥʦʞʠʥʘ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ; 

 ï ʚʘʥʪʘʞʦʧʽʜʡʦʤʥʽʩʪʴ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ k; 

 ï ʚʘʥʪʘʞ, ʱʦ ʧʝʨʝʚʦʟʠʪʴʩʷ ʜʦ ʧʫʥʢʪʫ n;  

 ï ʤʘʨʰʨʫʪ, ʟʘʢʨʽʧʣʝʥʠʡ ʟʘ ʪʨʘʥʩʧʦʨʪʥʠʤ ʟʘʩʦʙʦʤ k;  

ɓ ï ʢʦʝʬʽʮʽʻʥʪ ʰʪʨʘʬʫ ʟʘ ʥʝʚʠʢʦʨʠʩʪʘʥʫ ʤʽʩʪʢʽʩʪʴ ʪʨʘʥʩʧʦʨʪʫ. 

ʉʠʩʪʝʤʘ ʦʙʤʝʞʝʥʴ ʤʦʜʝʣʽ: 

1.ʇʦʢʨʠʪʪʷ ʟʘʤʦʚʣʝʥʴ:  
ʂʦʞʥʝ ʟʘʤʦʚʣʝʥʥʷ n ʤʘʻ ʙʫʪʠ ʚʢʣʶʯʝʥʝ ʨʽʚʥʦ ʚ ʦʜʠʥ ʤʘʨʰʨʫʪ r.  

 

(1.2) 

 

ʜʝ  , ̫ ʢʱʦ ʟʘʤʦʚʣʝʥʥʷ n ʦʙʩʣʫʛʦʚʫʻʪʴʩʷ ʤʘʨʰʨʫʪʦʤ r. 

2.ɹʘʣʘʥʩ ʧʦʪʦʢʽʚ:  
ɼʣʷ ʢʦʞʥʦʛʦ ʚʫʟʣʘ ii i ʫ ʤʘʨʰʨʫʪʽ rrr ʢʽʣʴʢʽʩʪʴ ʚʭʽʜʥʠʭ ʜʫʛ ʜʦʨʽʚʥʶʻ ʢʽʣʴʢʦʩʪʽ ʚʠʭʽʜʥʠʭ (ʦʢʨʽʤ 

ʧʦʯʘʪʢʦʚʦʛʦ ʪʘ ʢʽʥʮʝʚʦʛʦ ʧʫʥʢʪʽʚ). 

 

    (1.3) 

 

3.ʆʙʤʝʞʝʥʥʷ ʤʽʩʪʢʦʩʪʽ ʪʨʘʥʩʧʦʨʪʫ:  

ɿʘʛʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ ʚʘʥʪʘʞʫ ʥʘ ʤʘʨʰʨʫʪʽ, ʷʢʠʡ ʚʠʢʦʥʫʻʪʴʩʷ ʪʨʘʥʩʧʦʨʪʥʠʤ ʟʘʩʦʙʦʤ k, ʥʝ ʧʝʨʝʚʠʱʫʻ 

ʡʦʛʦ ʚʘʥʪʘʞʦʧʽʜʡʦʤʥʦʩʪʽ. 

 

 (1.4) 

 

4.ʏʘʩʦʚʽ ʚʽʢʥʘ:  
ʏʘʩ ʧʨʠʙʫʪʪʷ ʜʦ ʢʦʞʥʦʛʦ ʧʫʥʢʪʫ ʤʘʻ ʟʥʘʭʦʜʠʪʠʩʴ ʫ ʤʝʞʘʭ ʜʦʟʚʦʣʝʥʦʛʦ ʽʥʪʝʨʚʘʣʫ. 

 

 (1.5) 

 

5.ʆʙʤʝʞʝʥʥʷ ʥʘ ʤʘʢʩʠʤʘʣʴʥʠʡ ʯʘʩ ʘʙʦ ʜʦʚʞʠʥʫ ʤʘʨʰʨʫʪʫ:  
ɿʘʛʘʣʴʥʠʡ ʯʘʩ (ʘʙʦ ʜʦʚʞʠʥʘ) ʤʘʨʰʨʫʪʫ ʥʝ ʧʦʚʠʥʝʥ ʧʝʨʝʚʠʱʫʚʘʪʠ ʚʩʪʘʥʦʚʣʝʥʠʡ ʣʽʤʽʪ. 

 

 (1.6) 

 

ɸʙʦ 

 (1.7) 



É ɹʘʨʘʥʦʚ ɯ.ʆ. ɹʘʨʘʥʩʴʢʠʡ ʄ.ɹ. ʐʚʝʮʴ ʉ.ɽ.  2025  
 

ISSN 2313-5425                  , 2025, ˉ2 (25)  109  
 

 

6.ɯʥʰʽ ʦʙʤʝʞʝʥʥʷ: ʄʦʞʫʪʴ ʚʢʣʶʯʘʪʠ ʩʫʤʽʩʥʽʩʪʴ ʚʘʥʪʘʞʽʚ, ʧʨʽʦʨʠʪʝʪʥʽʩʪʴ ʟʘʤʦʚʣʝʥʴ, 

ʦʙʤʝʞʝʥʥʷ ʨʦʙʦʯʦʛʦ ʯʘʩʫ ʚʦʜʽʾʚ ʪʦʱʦ [6; 7]. 

          2.3. ɽɺʈɽʉʊʀʏʅʀʁ ɸʃɻʆʈʀʊʄ ʈɽɸʃɯɿɸʎɯɰ 
ʆʩʢʽʣʴʢʠ ʟʘʜʘʯʘ ʤʘʨʰʨʫʪʠʟʘʮʽʾ ʻ NP-ʩʢʣʘʜʥʦʶ, ʜʣʷ ʧʨʘʢʪʠʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʧʨʦʧʦʥʫʻʪʴʩʷ 

ʝʚʨʠʩʪʠʯʥʠʡ ʧʽʜʭʽʜ: 

1.ʂʣʘʩʠʬʽʢʘʮʽʷ ʪʘ ʢʣʘʩʪʝʨʠʟʘʮʽʷ ʟʘʤʦʚʣʝʥʴ: ɻʨʫʧʫʚʘʥʥʷ ʟʘʤʦʚʣʝʥʴ ʟʘ ʛʝʦʛʨʘʬʽʯʥʦʶ 

ʙʣʠʟʴʢʽʩʪʶ (ʥʘʧʨʠʢʣʘʜ, ʤʝʪʦʜʦʤ k-ʩʝʨʝʜʥʽʭ ʘʙʦ DBSCAN) ʪʘ ʯʘʩʦʚʠʤʠ ʚʽʢʥʘʤʠ. 

2.ʌʦʨʤʫʚʘʥʥʷ ʧʘʨʪʽʡ ʢʦʥʩʦʣʽʜʘʮʽʾ (Batching): ʆʙ'ʻʜʥʘʥʥʷ ʟʘʤʦʚʣʝʥʴ ʟ ʦʜʥʦʛʦ ʘʙʦ 

ʙʣʠʟʴʢʠʭ ʢʣʘʩʪʝʨʽʚ ʫ ʧʘʨʪʽʾ, ʱʦ ʥʝ ʧʝʨʝʚʠʱʫʶʪʴ ʤʽʩʪʢʽʩʪʴ ʊɿ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʫʤʽʩʥʦʩʪʽ ʚʘʥʪʘʞʽʚ 

ʪʘ ʯʘʩʦʚʠʭ ʚʽʢʦʥ. 

3.ʇʦʯʘʪʢʦʚʘ ʤʘʨʰʨʫʪʠʟʘʮʽʷ: ʇʦʙʫʜʦʚʘ ʤʘʨʰʨʫʪʽʚ ʜʣʷ ʢʦʞʥʦʾ ʧʘʨʪʽʾ ʘʙʦ ʛʨʫʧʠ ʧʘʨʪʽʡ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʢʦʥʩʪʨʫʢʪʠʚʥʦʾ ʝʚʨʠʩʪʠʢʠ, ʥʘʧʨʠʢʣʘʜ, ʘCʉʠʩʣʛʦʨʠʪʤʫ ʂʣʘʨʢʘ-ʈʘʡʪʘ (savings), ʷʢʠʡ 

ʦʙ'ʻʜʥʫʻ ʤʘʨʰʨʫʪʠ ʥʘ ʦʩʥʦʚʽ ʝʢʦʥʦʤʽʾ ʧʨʦʙʽʛʫ. 

4.ʃʦʢʘʣʴʥʘ ʦʧʪʠʤʽʟʘʮʽʷ: ʇʦʢʨʘʱʝʥʥʷ ʧʦʙʫʜʦʚʘʥʠʭ ʤʘʨʰʨʫʪʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʪʝʨʘʮʽʡʥʠʭ 

ʝʚʨʠʩʪʠʢ, ʪʘʢʠʭ ʷʢ 2-opt ʘʙʦ 3-opt, ʱʦ ʟʤʽʥʶʶʪʴ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʚʽʜʚʽʜʫʚʘʥʥʷ ʪʦʯʦʢ ʜʣʷ ʟʤʝʥʰʝʥʥʷ 

ʜʦʚʞʠʥʠ ʤʘʨʰʨʫʪʫ. 

5.ʈʦʟʧʦʜʽʣ ʤʘʨʰʨʫʪʽʚ ʧʦ ʊɿ: ʇʨʠʟʥʘʯʝʥʥʷ ʛʦʪʦʚʠʭ ʤʘʨʰʨʫʪʽʚ ʥʘ ʜʦʩʪʫʧʥʽ ʪʨʘʥʩʧʦʨʪʥʽ 

ʟʘʩʦʙʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʾʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘ ʛʨʘʬʽʢʽʚ ʨʦʙʦʪʠ. 

6.ʉʠʤʫʣʷʮʽʷ ʪʘ ʢʦʨʝʢʮʽʷ (ʟʘ ʧʦʪʨʝʙʠ): ʇʝʨʝʚʽʨʢʘ ʨʝʘʣʽʩʪʠʯʥʦʩʪʽ ʧʣʘʥʫ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʽʤʽʪʘʮʽʡʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʡʦʛʦ ʢʦʨʠʛʫʚʘʥʥʷ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʧʨʠ 

ʥʘʜʭʦʜʞʝʥʥʽ ʥʦʚʠʭ ʜʘʥʠʭ [7; 8]. 

          3. ɯʅʊɽɻʈɸʎɯʗ ɿ ɯʅʌʆʈʄɸʎɯʁʅʀʄʀ ʊɽʍʅʆʃʆɻɯʗʄʀ 
ʉʫʯʘʩʥʽ ɯʊ ʻ ʥʝʚʽʜ'ʻʤʥʦʶ ʯʘʩʪʠʥʦʶ ʝʬʝʢʪʠʚʥʦʛʦ ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ: 

¶ TMS:  ʎʝʥʪʨʘʣʽʟʦʚʘʥʘ ʧʣʘʪʬʦʨʤʘ ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ ʚʩʽʤʘ ʧʨʦʮʝʩʘʤʠ: ʧʨʠʡʦʤ ʟʘʤʦʚʣʝʥʴ, 

ʧʣʘʥʫʚʘʥʥʷ (ʯʘʩʪʦ ʟ ʚʙʫʜʦʚʘʥʠʤʠ ʝʚʨʠʩʪʠʢʘʤʠ/ʤʝʪʘʝʚʨʠʩʪʠʢʘʤʠ), ʤʦʥʽʪʦʨʠʥʛ, ʘʥʘʣʽʪʠʢʘ. ɺʘʞʣʠʚʘ 

ʜʣʷ ʢʦʦʨʜʠʥʘʮʽʾ ʢʦʥʩʦʣʽʜʘʮʽʾ ʄʇɺ. 

¶ GPS-ʤʦʥʽʪʦʨʠʥʛ: ʅʘʜʘʻ ʜʘʥʽ ʧʨʦ ʨʝʘʣʴʥʝ ʤʽʩʮʝʟʥʘʭʦʜʞʝʥʥʷ ʊɿ, ʰʚʠʜʢʽʩʪʴ, ʧʨʦʙʽʛ, 

ʜʦʟʚʦʣʷʶʯʠ ʚʽʜʩʪʝʞʫʚʘʪʠ ʚʠʢʦʥʘʥʥʷ ʧʣʘʥʫ ʪʘ ʦʧʝʨʘʪʠʚʥʦ ʨʝʘʛʫʚʘʪʠ ʥʘ ʚʽʜʭʠʣʝʥʥʷ. 

¶ ITS ʪʘ ʩʝʨʚʽʩʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʨʘʬʽʢʫ: ɼʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʫʚʘʪʠ ʘʢʪʫʘʣʴʥʫ ʽʥʬʦʨʤʘʮʽʶ 

ʧʨʦ ʜʦʨʦʞʥʶ ʩʠʪʫʘʮʽʶ ʜʣʷ ʙʽʣʴʰ ʪʦʯʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ ʯʘʩʫ ʨʫʭʫ ʪʘ ʢʦʨʠʛʫʚʘʥʥʷ ʤʘʨʰʨʫʪʽʚ. 

¶ ʄʦʙʽʣʴʥʽ ʜʦʜʘʪʢʠ ʜʣʷ ʚʦʜʽʾʚ: ɿʘʙʝʟʧʝʯʫʶʪʴ ʟʚ'ʷʟʦʢ, ʧʝʨʝʜʘʯʫ ʟʘʚʜʘʥʴ, ʥʘʚʽʛʘʮʽʶ, 

ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʜʦʩʪʘʚʢʠ (Proof of Delivery - POD), ʱʦ ʚʘʞʣʠʚʦ ʧʨʠ ʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʪʦʯʦʢ ʫ 

ʤʘʨʰʨʫʪʘʭ ʄʇɺ. 

¶ EDI ʪʘ API: ɸʚʪʦʤʘʪʠʟʫʶʪʴ ʦʙʤʽʥ ʜʘʥʠʤʠ ʟ ʢʣʽʻʥʪʘʤʠ ʪʘ ʧʘʨʪʥʝʨʘʤʠ (ʩʪʘʪʫʩʠ ʟʘʤʦʚʣʝʥʴ, 

ʜʦʢʫʤʝʥʪʠ), ʧʨʠʩʢʦʨʶʶʯʠ ʧʨʦʮʝʩʠ ʪʘ ʟʤʝʥʰʫʶʯʠ ʧʦʤʠʣʢʠ. 

ɯʥʪʝʛʨʘʮʽʷ ʮʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ ʜʠʥʘʤʽʯʥʝ (ʘʜʘʧʪʠʚʥʝ) ʧʣʘʥʫʚʘʥʥʷ, ʱʦ ʻ 

ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʧʝʨʝʚʝʟʝʥʥʷʤʠ ʄʇɺ. 

          4. ʇʈʀʂʃɸɼ ʈʆɿʈɸʍʋʅʂʋ ʊɸ ʆʎɯʅʂɸ ɽʌɽʂʊʀɺʅʆʉʊɯ 
ʈʦʟʛʣʷʥʝʤʦ ʫʤʦʚʥʠʡ ʧʨʠʢʣʘʜ ʨʝʛʽʦʥʘʣʴʥʦʾ ʤʝʨʝʞʽ ʟ ʪʨʴʦʤʘ ʭʘʙʘʤʠ (H1, H2, H3) ʪʘ 

ʱʦʜʝʥʥʠʤ ʧʦʪʦʢʦʤ ʄʇɺ. ɺʭʽʜʥʽ ʜʘʥʽ (ʢʽʣʴʢʽʩʪʴ ʟʘʤʦʚʣʝʥʴ, ʩʝʨʝʜʥʽʡ ʦʙʩʷʛ, ʪʘʨʠʬʠ, ʰʚʠʜʢʽʩʪʴ, ʯʘʩ 

ʦʙʨʦʙʢʠ) ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʽ 1. 

 

ʊʘʙʣʠʮʷ 1. ɺʭʽʜʥʽ ʜʘʥʽ (ʫʤʦʚʥʦ) 

ʇʦʢʘʟʥʠʢ H1 H2 H3 ʆʜʠʥʠʮʷ 

ʑʦʜʝʥʥʘ 

ʢʽʣʴʢʽʩʪʴ 

ʟʘʤʦʚʣʝʥʴ 

120 80 60 ʰʪ. 

ʉʝʨʝʜʥʽʡ ʦʙ'ʻʤ 

ʥʘ ʟʘʤʦʚʣʝʥʥʷ 

0.08 0.06 0.07 ʤį 

ʏʘʩ ʦʙʨʦʙʢʠ ʥʘ 

ʭʘʙʽ 

0.25 0.20 0.22 ʛʦʜ. 

ʊʘʨʠʬ (ʛʨʥ/ʢʤ) 6.5 6.2 6.8 ʛʨʥ 

ʉʝʨʝʜʥʷ 

ʰʚʠʜʢʽʩʪʴ 

(ʢʤ/ʛʦʜ) 

45 42 40 ʢʤ/ʛʦʜ 
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ʇʨʠʧʫʩʪʠʤʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʊɿ ʤʽʩʪʢʽʩʪʶ 10 ʤį. ɿʘʩʪʦʩʫʚʘʥʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʝʚʨʠʩʪʠʯʥʦʛʦ 

ʘʣʛʦʨʠʪʤʫ (ʢʣʘʩʪʝʨʠʟʘʮʽʷ, ʢʦʥʩʦʣʽʜʘʮʽʷ ʜʚʽʯʽ ʥʘ ʜʝʥʴ, ʤʘʨʰʨʫʪʠʟʘʮʽʷ ʤʝʪʦʜʦʤ savings ʟ ʣʦʢʘʣʴʥʦʶ 

ʦʧʪʠʤʽʟʘʮʽʻʶ) ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʪʘʢʽ ʨʝʟʫʣʴʪʘʪʠ (ʊʘʙʣʠʮʷ 2 ʩʪʘʪʪʽ): 

 

ʊʘʙʣʠʮʷ 2. ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ 

ʇʦʢʘʟʥʠʢ ɼʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʇʽʩʣʷ 

ʚʧʨʦʚʘʜʞʝʥʥʷ 

ɿʤʽʥʘ (%) 

ʉʝʨʝʜʥʽʡ ʯʘʩ 

ʜʦʩʪʘʚʢʠ, ʛʦʜ 

3.20 2.62 -18.10 

ʉʦʙʽʚʘʨʪʽʩʪʴ 1 

ʜʦʩʪʘʚʢʠ, ʛʨʥ 

145.00 127.60 -12.00 

ʂʦʝʬʽʮʽʻʥʪ 

ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʘʚʪʦʧʘʨʢʫ 

 

0.68 

 

0.78 

 

+14.70 

 

¶ ɿʤʝʥʰʝʥʥʷ ʩʝʨʝʜʥʴʦʛʦ ʯʘʩʫ ʜʦʩʪʘʚʢʠ ʥʘ ~18%. 

¶ ɿʥʠʞʝʥʥʷ ʩʦʙʽʚʘʨʪʦʩʪʽ ʦʜʥʽʻʾ ʜʦʩʪʘʚʢʠ ʥʘ ~12%. 

¶ ʇʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʚʪʦʧʘʨʢʫ ʥʘ ~15%. 

ɽʢʦʥʦʤʽʯʥʠʡ ʝʬʝʢʪ: ʧʨʠ ʱʦʜʝʥʥʽʡ ʢʽʣʴʢʦʩʪʽ 260 ʟʘʤʦʚʣʝʥʴ ʪʘ ʝʢʦʥʦʤʽʾ 17.4 ʛʨʥ ʥʘ 

ʜʦʩʪʘʚʢʫ, ʨʽʯʥʘ ʝʢʦʥʦʤʽʷ ʤʦʞʝ ʩʢʣʘʩʪʠ ʙʣʠʟʴʢʦ 1,13 ʤʣʥ ʛʨʥ. ʎʝ ʜʝʤʦʥʩʪʨʫʻ ʟʥʘʯʥʠʡ ʧʦʪʝʥʮʽʘʣ 

ʦʧʪʠʤʽʟʘʮʽʾ ʧʝʨʝʚʝʟʝʥʴ ʄʇɺ ʥʘ ʦʩʥʦʚʽ ʣʦʛʽʩʪʠʯʥʠʭ ʧʨʠʥʮʠʧʽʚ. 

          5. ʈɽʂʆʄɽʅɼɸʎɯɰ ʑʆɼʆ ɿɸʉʊʆʉʋɺɸʅʅʗ 
ɺʠʙʽʨ ʤʝʪʦʜʽʚ ʪʘ ʩʪʨʘʪʝʛʽʡ ʧʣʘʥʫʚʘʥʥʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʧʝʮʠʬʽʢʠ ʢʦʤʧʘʥʽʾ. 

¶ ɿʘʛʘʣʴʥʽ ʨʝʢʦʤʝʥʜʘʮʽʾ: ɺʧʨʦʚʘʜʞʝʥʥʷ ʮʝʥʪʨʘʣʽʟʦʚʘʥʦʾ TMS ʜʣʷ ʟʙʦʨʫ ʜʘʥʠʭ ʪʘ 

ʧʣʘʥʫʚʘʥʥʷ; ʚʠʟʥʘʯʝʥʥʷ ʯʽʪʢʠʭ ʧʨʘʚʠʣ ʪʘ ʥʦʨʤʘʪʠʚʽʚ ʢʦʥʩʦʣʽʜʘʮʽʾ (ʤʽʥʽʤʘʣʴʥʠʡ ʦʙʩʷʛ ʧʘʨʪʽʾ, 

ʯʘʩʦʚʽ ʨʘʤʢʠ); ʚʠʢʦʨʠʩʪʘʥʥʷ GPS-ʤʦʥʽʪʦʨʠʥʛʫ ʜʣʷ ʢʦʥʪʨʦʣʶ ʪʘ ʜʠʥʘʤʽʯʥʦʛʦ ʢʦʨʠʛʫʚʘʥʥʷ; 

ʨʝʛʫʣʷʨʥʠʡ ʘʥʘʣʽʟ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʘʨʰʨʫʪʽʚ ʪʘ KPI ʜʣʷ ʜʠʩʧʝʪʯʝʨʽʚ ʽ ʚʦʜʽʾʚ; ʥʘʚʯʘʥʥʷ ʧʝʨʩʦʥʘʣʫ. 

¶ ɺʠʙʽʨ ʤʝʪʦʜʽʚ: ɼʣʷ ʄʇɺ ʟ ʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ ʪʦʯʦʢ ʪʘ ʜʠʥʘʤʽʯʥʠʤʠ ʟʘʤʦʚʣʝʥʥʷʤʠ 

ʧʝʨʝʚʘʛʫ ʩʣʽʜ ʚʽʜʜʘʚʘʪʠ ʤʝʪʘʝʚʨʠʩʪʠʯʥʠʤ ʘʣʛʦʨʠʪʤʘʤ, ʽʥʪʝʛʨʦʚʘʥʠʤ ʫ TMS, ʱʦ ʜʦʟʚʦʣʷʶʪʴ 

ʰʚʠʜʢʦ ʟʥʘʭʦʜʠʪʠ ʷʢʽʩʥʽ ʨʽʰʝʥʥʷ ʪʘ ʘʜʘʧʪʫʚʘʪʠʩʷ ʜʦ ʟʤʽʥ. ɽʚʨʠʩʪʠʢʠ (ʷʢ savings) ʤʦʞʫʪʴ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʧʦʯʘʪʢʦʚʦʛʦ ʝʪʘʧʫ. ʄʝʪʦʜʠ ʐɯ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ 

ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʢʦʨʠʛʫʚʘʥʥʷ. ɯʤʽʪʘʮʽʡʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʢʦʨʠʩʥʝ ʜʣʷ ʩʪʨʘʪʝʛʽʯʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ 

ʪʝʩʪʫʚʘʥʥʷ ʧʨʘʚʠʣ [8; 9; 13; 14] 

ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ ɼʆʉʃɯɼɾɽʅʔ 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʜʦʮʽʣʴʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʣʦʛʽʩʪʠʯʥʠʭ 

ʧʨʠʥʮʠʧʽʚ ʢʦʥʩʦʣʽʜʘʮʽʾ ʪʘ ʝʚʨʠʩʪʠʯʥʠʭ ʤʝʪʦʜʽʚ ʤʘʨʰʨʫʪʠʟʘʮʽʾ ʧʽʜ ʯʘʩ ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ 

ʧʝʨʝʚʝʟʝʥʴ ʤʘʣʠʭ ʧʘʨʪʽʡ ʚʘʥʪʘʞʽʚ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʟʘʙʝʟʧʝʯʫʻ ʝʬʝʢʪʠʚʥʠʡ ʙʘʣʘʥʩ 

ʤʽʞ ʤʽʥʽʤʽʟʘʮʽʻʶ ʪʨʘʥʩʧʦʨʪʥʠʭ ʚʠʪʨʘʪ, ʩʢʦʨʦʯʝʥʥʷʤ ʯʘʩʫ ʜʦʩʪʘʚʢʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷʤ ʢʦʝʬʽʮʽʻʥʪʘ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʚʪʦʧʘʨʢʫ. 

ʇʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʜʘʥʠʤʠ ʢʣʘʩʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ (Dantzig & Ramser, 1959; 

Laporte, 1992; Toth & Vigo, 2014) ʧʦʢʘʟʫʻ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʝʚʨʠʩʪʠʯʥʦʛʦ ʧʽʜʭʦʜʫ 

(ʢʣʘʩʪʝʨʠʟʘʮʽʷ, ʤʝʪʦʜ ʂʣʘʨʢʘ-ʈʘʡʪʘ, 2-opt) ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ ʧʨʠʡʥʷʪʥʦʾ ʷʢʦʩʪʽ ʧʣʘʥʽʚ ʟʘ ʟʥʘʯʥʦ 

ʤʝʥʰʠʡ ʯʘʩ ʨʦʟʨʘʭʫʥʢʽʚ, ʱʦ ʻ ʢʨʠʪʠʯʥʠʤ ʜʣʷ ʦʧʝʨʘʪʠʚʥʠʭ ʟʘʜʘʯ. 

ʋʤʦʚʥʠʡ ʧʨʠʢʣʘʜ ʧʦʢʘʟʘʚ, ʱʦ ʧʽʩʣʷ ʚʧʨʦʚʘʜʞʝʥʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʤʦʜʝʣʽ ʩʝʨʝʜʥʽʡ ʯʘʩ 

ʜʦʩʪʘʚʢʠ ʟʤʝʥʰʠʚʩʷ ʥʘ 18 %, ʩʦʙʽʚʘʨʪʽʩʪʴ ð ʥʘ 12 %, ʘ ʢʦʝʬʽʮʽʻʥʪ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʚʪʦʧʘʨʢʫ ʟʨʽʩ ʥʘ 15 

%. ʊʘʢʽ ʧʦʢʘʟʥʠʢʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʧʨʘʢʪʠʯʥʫ ʨʝʘʣʽʟʦʚʘʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʦʛʦ ʧʽʜʭʦʜʫ ʪʘ ʡʦʛʦ ʝʢʦʥʦʤʽʯʥʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʜʣʷ ʪʨʘʥʩʧʦʨʪʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʽʟ ʤʘʣʠʤʠ ʧʘʨʪʽʷʤʠ ʚʘʥʪʘʞʽʚ. 

ʈʘʟʦʤ ʽʟ ʪʠʤ, ʤʦʜʝʣʴ ʤʘʻ ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ. ɺʦʥʘ ʥʝ ʚʨʘʭʦʚʫʻ ʩʪʦʭʘʩʪʠʯʥʽ ʟʤʽʥʠ ʧʦʧʠʪʫ, 

ʜʦʨʦʞʥʴʦʾ ʩʠʪʫʘʮʽʾ ʪʘ ʧʦʛʦʜʥʠʭ ʫʤʦʚ, ʘ ʪʘʢʦʞ ʥʝ ʦʮʽʥʶʻ ʨʠʟʠʢʠ, ʧʦʚôʷʟʘʥʽ ʟ ʥʝʧʝʨʝʜʙʘʯʝʥʠʤʠ 

ʟʘʪʨʠʤʢʘʤʠ ʯʠ ʚʽʜʤʦʚʘʤʠ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ. ʋ ʧʦʜʘʣʴʰʦʤʫ ʜʦʮʽʣʴʥʦ ʘʜʘʧʪʫʚʘʪʠ ʾʾ ʜʦ ʜʠʥʘʤʽʯʥʠʭ 

ʫʤʦʚ ʩʝʨʝʜʦʚʠʱʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʘʙʦ ʽʤʽʪʘʮʽʡʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʦʩʪʘʚʣʝʥʽ ʫ ʩʪʘʪʪʽ ʮʽʣʽ ʪʘ ʟʘʚʜʘʥʥʷ ʚʠʢʦʥʘʥʽ ʧʦʚʥʽʩʪʶ: ʟʜʽʡʩʥʝʥʦ ʘʥʘʣʽʟ 

ʽʩʥʫʶʯʠʭ ʤʝʪʦʜʽʚ, ʧʦʙʫʜʦʚʘʥʦ ʩʪʨʫʢʪʫʨʥʫ ʪʘ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʨʦʟʨʦʙʣʝʥʦ ʝʚʨʠʩʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ 
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ʨʝʘʣʽʟʘʮʽʾ, ʧʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʧʨʠʢʣʘʜ ʽ ʧʽʜʪʚʝʨʜʞʝʥʦ ʝʢʦʥʦʤʽʯʥʫ ʜʦʮʽʣʴʥʽʩʪʴ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ. 

ɺʀʉʅʆɺʂʀ 
1.ʆʧʝʨʘʪʠʚʥʝ ʧʣʘʥʫʚʘʥʥʷ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʧʝʨʝʚʝʟʝʥʴ, ʦʩʦʙʣʠʚʦ ʤʘʣʠʭ ʧʘʨʪʽʡ, ʻ ʩʢʣʘʜʥʦʶ 

ʦʧʪʠʤʽʟʘʮʽʡʥʦʶ ʟʘʜʘʯʝʶ, ʱʦ ʫʩʢʣʘʜʥʶʻʪʴʩʷ ʜʠʥʘʤʽʯʥʽʩʪʶ ʨʠʥʢʫ ʪʘ ʥʝʚʠʟʥʘʯʝʥʽʩʪʶ ʫʤʦʚ. 

ʇʝʨʝʚʝʟʝʥʥʷ ʄʇɺ ʤʘʶʪʴ ʩʧʝʮʠʬʽʯʥʽ ʧʨʦʙʣʝʤʠ (ʥʠʟʴʢʝ ʟʘʚʘʥʪʘʞʝʥʥʷ, ʩʢʣʘʜʥʽʩʪʴ ʤʘʨʰʨʫʪʠʟʘʮʽʾ), 

ʱʦ ʚʠʤʘʛʘʶʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʣʦʛʽʩʪʠʯʥʠʭ ʧʨʠʥʮʠʧʽʚ, ʟʦʢʨʝʤʘ ʢʦʥʩʦʣʽʜʘʮʽʾ. 

2.ɯʩʥʫʻ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʤʝʪʦʜʽʚ ʧʣʘʥʫʚʘʥʥʷ (ʪʦʯʥʽ, ʝʚʨʠʩʪʠʯʥʽ, ʤʝʪʘʝʚʨʠʩʪʠʯʥʽ, ʽʤʽʪʘʮʽʡʥʽ, 

ʐɯ), ʚʠʙʽʨ ʷʢʠʭ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʦʟʤʽʨʥʦʩʪʽ ʟʘʜʘʯʽ, ʚʠʤʦʛ ʜʦ ʪʦʯʥʦʩʪʽ ʪʘ ʰʚʠʜʢʦʜʽʾ, ʜʠʥʘʤʽʢʠ 

ʧʨʦʮʝʩʫ. ɼʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʄʇɺ ʥʘʡʙʽʣʴʰ ʜʦʮʽʣʴʥʠʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʘʝʚʨʠʩʪʠʢ 

ʪʘ ʛʽʙʨʠʜʥʠʭ ʧʽʜʭʦʜʽʚ, ʱʦ ʧʦʻʜʥʫʶʪʴ ʨʽʟʥʽ ʤʝʪʦʜʠ. 

3.ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʪʘ ʝʚʨʠʩʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ, ʱʦ ʚʢʣʶʯʘʻ ʢʦʥʩʦʣʽʜʘʮʽʶ 

ʪʘ ʦʧʪʠʤʽʟʘʮʽʶ ʤʘʨʰʨʫʪʽʚ, ʜʦʟʚʦʣʷʶʪʴ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʝʨʝʚʝʟʝʥʴ ʄʇɺ, ʟʥʠʟʠʪʠ 

ʚʠʪʨʘʪʠ ʪʘ ʯʘʩ ʜʦʩʪʘʚʢʠ, ʧʦʢʨʘʱʠʪʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʚʪʦʧʘʨʢʫ. ʇʨʠʢʣʘʜ ʨʦʟʨʘʭʫʥʢʫ ʜʝʤʦʥʩʪʨʫʻ 

ʧʦʪʝʥʮʽʡʥʫ ʝʢʦʥʦʤʽʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʽʜʭʦʜʫ. 

4.ɯʥʪʝʛʨʘʮʽʷ ʤʝʪʦʜʽʚ ʧʣʘʥʫʚʘʥʥʷ ʟ ʩʫʯʘʩʥʠʤʠ ʽʥʬʦʨʤʘʮʽʡʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ (TMS, GPS, 

ITS) ʻ ʢʣʶʯʦʚʠʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. 

5.ɼʣʷ ʫʢʨʘʾʥʩʴʢʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʢʦʤʧʘʥʽʡ ʚʧʨʦʚʘʜʞʝʥʥʷ ʥʘʫʢʦʚʦ ʦʙˇʨʫʥʪʦʚʘʥʠʭ ʤʝʪʦʜʽʚ 

ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ, ʣʦʛʽʩʪʠʯʥʠʭ ʧʨʠʥʮʠʧʽʚ ʢʦʥʩʦʣʽʜʘʮʽʾ ʄʇɺ ʪʘ ʩʫʯʘʩʥʠʭ ɯʊ ʻ ʥʝʦʙʭʽʜʥʦʶ 

ʫʤʦʚʦʶ ʧʽʜʚʠʱʝʥʥʷ ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʦʩʪʽ. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʶʪʴ ʙʫʪʠ ʩʧʨʷʤʦʚʘʥʽ ʥʘ 

ʨʦʟʨʦʙʢʫ ʤʦʜʝʣʝʡ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʩʪʦʭʘʩʪʠʯʥʽ ʬʘʢʪʦʨʠ, ʽʥʪʝʛʨʘʮʽʶ ʟ ʧʨʦʛʥʦʟʫʚʘʥʥʷʤ ʧʦʧʠʪʫ ʪʘ 

ʘʚʪʦʤʘʪʠʯʥʫ ʘʜʘʧʪʘʮʽʶ ʧʘʨʘʤʝʪʨʽʚ ʫ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. 
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I. Baranov, M. Baranskyi, S. Shvets. Optimization of Operational Planning for Fr eight 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, AI 

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. 
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ɹʦʜʘʢ ʄ.ɺ., ɹʦʜʘʢ ɺ.ɯ. 

ʃʫʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

 

ɺʀɼʀ ʉʀʉʊɽʄ ʊɽʈʄʆʈɽɻʋʃʗʎɯɰ ʊʗɻʆɺʆɰ ɹɸʊɸʈɽɰ ɽʃɽʂʊʈʆʄʆɹɯʃʗ ʊɸ ɰʍ ɸʅɸʃɯɿ 

 

ɿʙʽʣʴʰʝʥʥʷ ʚʠʨʦʙʥʠʮʪʚʘ ʝʣʝʢʪʨʦʤʦʙʽʣʽʚ (ɽʄ) ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʙʝʟʧʝʢʠ 

ʦʩʥʦʚʥʠʭ ʚʫʟʣʽʚ ʪʘ ʘʛʨʝʛʘʪʽʚ. ʆʜʥʦʶ ʟ ʥʘʡʜʦʨʦʞʯʠʭ ʪʘ  ʥʝʙʝʟʧʝʯʥʠʭ ʯʘʩʪʠʥ ʝʣʝʢʪʨʦʤʦʙʽʣʷ ʻ ʩʠʣʦʚʘ (ʪʷʛʦʚʘ) 

ʝʣʝʢʪʨʠʯʥʘ ʙʘʪʘʨʝʷ. ʅʘʡʙʽʣʴʰʦʛʦ ʧʦʰʠʨʝʥʥʷ ʥʘʙʫʣʠ ʣʽʪʽʡ-ʽʦʥʥʽ ʙʘʪʘʨʝʾ (Li-ion). ɺʘʞʣʠʚʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ, 

ʱʦ ʚʧʣʠʚʘʻ ʥʘ ʾʭʥʶ ʙʝʟʧʝʢʫ, ʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʘ ʪʝʨʤʽʥ ʩʣʫʞʙʠ. ʎʽ ʧʦʢʘʟʥʠʢʠ ʙʘʪʘʨʝʾ ʟʘʣʝʞʘʪʴ ʚʽʜ ʩʝʨʝʜʥʴʦʾ 

ʨʦʙʦʯʦʾ ʪʝʤʧʝʨʘʪʫʨʠ, ʷʢʘ ʧʦʚʠʥʥʘ ʟʥʘʭʦʜʠʪʠʩʷ ʚ ʦʧʪʠʤʘʣʴʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʨʷʜʫ ʥʝʛʘʪʠʚʥʠʭ 

ʷʚʠʱ. ʉʘʤʝ ʪʦʤʫ ʨʦʙʦʪʘ  ʩʠʩʪʝʤ ʪʝʨʤʦʨʝʛʫʣʶʚʘʥʥʷ (ʉʊʈ) ʘʢʫʤʫʣʷʪʦʨʥʠʭ ʙʣʦʢʽʚ ɽʄ ʻ ʚʘʞʣʠʚʦʶ ʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʢʦʨʝʢʪʥʦʛʦ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʚ ʙʫʜʴ-ʷʢʠʭ ʫʤʦʚʘʭ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʾ.   

ʃʽʪʽʡ-ʽʦʥʥʽ (Li-ion) ʙʘʪʘʨʝʾ ʩʪʘʣʠ ʜʦʤʽʥʫʶʯʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʜʣʷ ʘʚʪʦʤʦʙʽʣʴʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʟʘʚʜʷʢʠ 

ʜʝʷʢʠʤ ʫʥʽʢʘʣʴʥʠʤ ʦʩʦʙʣʠʚʦʩʪʷʤ, ʪʘʢʠʭ ʷʢ ʚʠʩʦʢʘ ʧʦʪʫʞʥʽʩʪʴ, ʻʤʥʽʩʪʴ, ʟʜʘʪʥʽʩʪʴ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʚʝʣʠʢʘ 

ʢʽʣʴʢʽʩʪʴ ʤʦʞʣʠʚʠʭ ʧʝʨʝʟʘʨʷʜʦʢ. ʆʜʥʘʢ, ʚ ʫʤʦʚʘʭ ʛʣʠʙʦʢʦʛʦ ʨʦʟʨʷʜʫ ʛʝʥʝʨʫʻʪʴʩʷ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʪʝʧʣʦʚʦʾ 

ʝʥʝʨʛʽʾ ʚʥʘʩʣʽʜʦʢ ʦʢʠʩʥʦ-ʚʽʜʥʦʚʥʠʭ ʨʝʘʢʮʽʡ, ʽ ʪʝʤʧʝʨʘʪʫʨʘ ʙʘʪʘʨʝʾ ʥʘʜʤʽʨʥʦ ʪʘ ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʦ ʟʨʦʩʪʘʻ ʟ  

ʤʦʞʣʠʚʠʤ ʧʦʜʘʣʴʰʠʤ ʩʘʤʦʟʘʧʘʣʝʥʥʷʤ.  ʆʪʞʝ, ʥʝʦʙʭʽʜʥʦ ʨʦʟʨʦʙʠʪʠ ʪʘʢʫ ʩʠʩʪʝʤʫ ʦʭʦʣʦʜʞʝʥʥʷ ʙʘʪʘʨʝʾ, ʱʦʙ 

ʟʘʧʦʙʽʛʪʠ ʧʦʰʢʦʜʞʝʥʥʶ ʝʣʝʤʝʥʪʽʚ ʯʝʨʝʟ ʚʠʩʦʢʫ ʨʦʙʦʯʫ ʪʝʤʧʝʨʘʪʫʨʫ. ɺʠʥʠʢʘʶʪʴ ʽ  ʽʥʰʽ ʧʨʦʙʣʝʤʠ, ʢʦʣʠ Li-

ion ʙʘʪʘʨʝʾ ʜʦʩʷʛʘʶʪʴ ʪʝʤʧʝʨʘʪʫʨʠ, ʥʠʞʯʦʾ ʟʘ ʦʧʪʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ, ʥʘʧʨʠʢʣʘʜ, ʥʝʟʜʘʪʥʽʩʪʴ ʚʽʜʜʘʚʘʪʠ ʝʥʝʨʛʽʶ 

ʘʙʦ ʰʚʠʜʢʘ  ʜʝʛʨʘʜʘʮʽʷ ʪʘ ʟʤʝʥʰʝʥʥʷ ʻʤʥʦʩʪʽ. ʉʘʤʝ ʪʦʤʫ  ʧʦʪʨʽʙʥʘ ʝʬʝʢʪʠʚʥʘ ʩʠʩʪʝʤʘ, ʟʜʘʪʥʘ ʨʦʟʽʛʨʽʪʠ 

ʧʨʠʩʪʨʽʡ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʽʘʧʘʟʦʥʫ, ʪʦʙʪʦ ʩʠʩʪʝʤʘ ʪʝʨʤʦʨʝʛʫʣʶʚʘʥʥʷ (ʉʊʈ). 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʝʣʝʢʪʨʦʤʦʙʽʣʽ, ʪʝʨʤʦʨʝʛʫʣʷʮʽʷ, ʙʝʟʧʝʢʘ, ʣʽʪʽʡ-ʽʦʥʥʘ ʙʘʪʘʨʝʷ, ʪʝʧʣʦʦʙʤʽʥ, 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ 

 

ɺʉʊʋʇ 

ɹʘʪʘʨʝʾ ʧʝʨʝʪʚʦʨʶʶʪʴ ʭʽʤʽʯʥʫ ʝʥʝʨʛʽʶ, ʱʦ ʤʽʩʪʠʪʴʩʷ ʚ ʾʭʥʴʦʤʫ ʘʢʪʠʚʥʦʤʫ ʤʘʪʝʨʽʘʣʽ, 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʝʣʝʢʪʨʠʯʥʫ ʝʥʝʨʛʽʶ ʯʝʨʝʟ ʨʝʘʢʮʽʾ ʦʢʠʩʥʝʥʥʷ ʪʘ ʚʽʜʥʦʚʣʝʥʥʷ [1]. ɹʘʪʘʨʝʾ ʩʢʣʘʜʘʶʪʴʩʷ 

ʟ ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʽʚ, ʟôʻʜʥʘʥʠʭ ʧʦʩʣʽʜʦʚʥʦ ʪʘ ʧʘʨʘʣʝʣʴʥʦ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʙʘʞʘʥʦʾ ʥʦʤʽʥʘʣʴʥʦʾ 

ʧʦʪʫʞʥʦʩʪʽ, ʥʘʧʨʫʛʠ ʪʘ ʩʪʨʫʤʫ. ʇʽʜ ʯʘʩ ʥʦʨʤʘʣʴʥʦʾ ʨʦʙʦʪʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦʮʝʩ ʨʦʟʨʷʜʞʘʥʥʷ ʘʙʦ 

ʧʨʦʮʝʩ ʟʘʨʷʜʞʘʥʥʷ. 

ʇʨʠ ʨʦʟʨʷʜʞʘʥʥʽ  ʙʘʪʘʨʝʷ ʞʠʚʠʪʴ ʝʣʝʢʪʨʠʯʥʝ ʦʙʣʘʜʥʘʥʥʷ, ʽ ʭʽʤʽʯʥʘ ʝʥʝʨʛʽʷ, ʱʦ ʤʽʩʪʠʪʴʩʷ ʚ 

ʘʢʪʠʚʥʦʤʫ ʤʘʪʝʨʽʘʣʽ, ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʝʣʝʢʪʨʠʯʥʫ ʝʥʝʨʛʽʶ. ʇʨʠ ʟʘʨʷʜʞʘʥʥʽ   ʙʘʪʘʨʝʷ ʧʽʜʢʣʶʯʘʻʪʴʩʷ 

ʜʦ ʛʝʥʝʨʘʪʦʨʘ (ʘʙʦ ʝʣʝʢʪʨʠʯʥʦʾ ʤʝʨʝʞʽ), ʽ ʚʭʽʜʥʘ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʽʷ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʭʽʤʽʯʥʫ 

ʝʥʝʨʛʽʶ ʪʘ ʥʘʢʦʧʠʯʫʻʪʴʩʷ ʚ ʘʢʪʠʚʥʦʤʫ ʤʘʪʝʨʽʘʣʽ. 

ɹʝʟʧʝʢʘ, ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʪʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʙʘʪʘʨʝʡ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʘʣʝʞʘʪʴ ʚʽʜ ʪʦʛʦ, ʷʢ ʚʦʥʠ 

ʨʦʟʨʷʜʞʘʶʪʴʩʷ ʯʠ ʟʘʨʷʜʞʘʶʪʴʩʷ.  

ɸʅɸʃɯɿ ʃɯʊɽʈɸʊʋʈʅʀʍ ɼɸʅʀʍ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ 

ʉʠʩʪʝʤʠ ʪʝʨʤʦʨʝʛʫʣʶʚʘʥʥʷ (ʉʊʈ) Li-ion ʙʘʪʘʨʝʡ ɽʄ ʚʽʜʽʛʨʘʶʪʴ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʨʦʙʦʪʽ ʩʠʣʦʚʦʾ 

ʙʘʪʘʨʝʾ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʥʝʛʘʪʠʚʥʠʭ ʷʚʠʱ, ʷʢʽ ʤʦʞʫʪʴ ʚʧʣʠʥʫʪʠ ʥʘ ʙʝʟʧʝʢʫ, ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʘ 

ʜʝʛʨʘʜʘʮʽʶ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ.  

ɯʩʥʫʶʪʴ ʪʠʧʦʚʽ ʪʘ ʥʝʪʠʧʦʚʽ ʫʤʦʚʠ, ʟʘ ʷʢʠʭ ʩʝʨʝʜʥʷ ʪʝʤʧʝʨʘʪʫʨʘ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ ʤʦʞʝ 

ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʦ ʟʨʦʩʪʘʪʠ, ʩʧʨʠʯʠʥʷʶʯʠ ʘʥʦʤʘʣʴʥʽ ʭʽʤʽʯʥʽ ʟʤʽʥʠ, ʪʘʢʽ ʷʢ ʨʦʟʢʣʘʜʘʥʥʷ 

ʝʣʝʢʪʨʦʣʽʪʫ,ʘʙʦ ʨʝʘʢʮʽʾ ʤʽʞ ʝʣʝʢʪʨʦʜʘʤʠ ʪʘ ʝʣʝʢʪʨʦʣʽʪʦʤ.  ʇʽʜ ʯʘʩ ʪʠʧʦʚʠʭ ʮʠʢʣʽʚ ʟʘʨʷʜʞʘʥʥʷ ʪʘ 

ʨʦʟʨʷʜʞʘʥʥʷ ʪʝʧʣʦ, ʱʦ ʛʝʥʝʨʫʻʪʴʩʷ ʧʨʠ ʝʣʝʢʪʨʦʭʽʤʽʯʥʽʡ ʨʝʘʢʮʽʾ ʧʽʜʚʠʱʫʻ  ʪʝʤʧʝʨʘʪʫʨʫ ʙʘʪʘʨʝʾ. 

ʅʝʢʦʥʪʨʦʣʴʦʚʘʥʝ ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʙʘʪʘʨʝʾ  ʤʦʞʝ ʚʽʜʙʫʚʘʪʠʩʴ ʧʽʜ ʯʘʩ ʥʝʪʠʧʦʚʠʭ  

ʨʦʙʦʯʠʭ ʫʤʦʚ ʧʨʠ ʪʝʨʤʽʯʥʦʤʫ ʨʦʟʛʦʥʽ (thermal runaway). ʊʝʨʤʽʯʥʠʡ ʨʦʟʛʽʥ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 

ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʣʘʥʮʶʛʦʚʠʭ ʨʝʘʢʮʽʡ ʫʩʝʨʝʜʠʥʽ ʙʘʪʘʨʝʾ, ʷʢʽ ʩʧʨʠʯʠʥʷʶʪʴ ʜʝʩʪʘʙʽʣʽʟʘʮʽʶ ʪʘ ʜʝʛʨʘʜʘʮʽʶ 

ʚʥʫʪʨʽʰʥʴʦʾ ʩʪʨʫʢʪʫʨʠ [2]. ʎʝ ʷʚʠʱʝ ʤʦʞʝ ʚʠʥʠʢʥʫʪʠ ʚʥʘʩʣʽʜʦʢ ʨʽʟʥʠʭ ʬʦʨʤ ʤʝʭʘʥʽʯʥʦʛʦ, 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʪʘ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʢʦʨʦʪʢʦʛʦ ʟʘʤʠʢʘʥʥʷ ʤʽʞ ʝʣʝʢʪʨʦʜʘʤʠ 

ʝʣʝʤʝʥʪʘ ʙʘʪʘʨʝʾ ʯʝʨʝʟ ʚʠʭʽʜ ʟ ʣʘʜʫ ʝʣʝʢʪʨʦʣʽʪʫ. ʊʝʧʣʦ, ʱʦ ʛʝʥʝʨʫʻʪʴʩʷ, ʚʧʣʠʚʘʻ ʥʘ ʩʫʩʽʜʥʽ ʝʣʝʤʝʥʪʠ, 

ʷʢʽ ʧʽʜʜʘʶʪʴʩʷ ʪʦʤʫ ʞ ʷʚʠʱʫ. ʎʷ ʣʘʥʮʶʛʦʚʘ ʨʝʘʢʮʽʷ ʥʝ ʪʽʣʴʢʠ ʧʽʜʚʠʱʫʻ ʪʝʤʧʝʨʘʪʫʨʫ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ 

ʙʣʦʢʫ, ʘʣʝ ʡ ʚʠʜʽʣʷʻ ʙʘʛʘʪʦ ʣʝʛʢʦʟʘʡʤʠʩʪʠʭ ʛʘʟʽʚ, ʷʢʽ ʟʙʽʣʴʰʫʶʪʴ ʚʥʫʪʨʽʰʥʽʡ ʪʠʩʢ ʙʣʦʢʫ ʪʘ ʤʦʞʫʪʴ 

ʩʧʨʠʯʠʥʠʪʠ ʚʠʙʫʭ ʽ ʧʦʞʝʞʫ ʩʠʣʦʚʦʾ ʫʩʪʘʥʦʚʢʠ ɽʄ [2]. ɿʛʽʜʥʦ Peiyi Sun et al. [3], ʫ 2018 ʨʦʮʽ ʩʪʘʣʦʩʷ 

ʧʦʥʘʜ ʧôʷʪʥʘʜʮʷʪʴ ʧʦʞʝʞ ʨʽʟʥʠʭ ʤʘʨʦʢ ʝʣʝʢʪʨʦʤʦʙʽʣʽʚ ʯʝʨʝʟ ʚʠʥʠʢʥʝʥʥʷ ʧʨʦʮʝʩʫ ʪʝʨʤʽʯʥʦʛʦ 

ʨʦʟʛʦʥʫ. ʇʨʠʯʠʥʠ ʮʠʭ ʚʠʙʫʭʽʚ ʨʽʟʥʽ. ɺʦʥʠ ʚʠʥʠʢʘʣʠ  ʧʽʜ ʯʘʩ ʨʫʭʫ, ʟʘʨʷʜʞʘʥʥʷ ʘʙʦ ʧʘʨʢʫʚʘʥʥʷ 

ʘʚʪʦʤʦʙʽʣʽʚ. ɺ ʽʥʰʠʭ ʚʠʧʘʜʢʘʭ ʧʦʣʫʤôʷ ʚʠʥʠʢʘʣʦ ʧʽʩʣʷ ʟʽʪʢʥʝʥʥʷ, ʷʢʝ ʚʧʣʠʥʫʣʦ ʥʘ ʤʝʭʘʥʽʯʥʫ 
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ʧʦʚʝʜʽʥʢʫ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ, ʩʧʨʠʯʠʥʠʚʰʠ  ʚʠʙʫʭ ʩʠʣʦʚʦʾ ʫʩʪʘʥʦʚʢʠ. ʊʝʨʤʽʯʥʠʡ ʨʦʟʛʽʥ ʪʘʢʦʞ 

ʤʦʞʝ ʤʘʪʠ ʥʝʙʝʟʧʝʯʥʠʡ ʝʬʝʢʪ ʧʽʜ ʯʘʩ ʧʨʠʨʦʜʥʠʭ ʢʘʪʘʩʪʨʦʬ, ʪʘʢʠʭ ʷʢ  ʧʦʚʽʥʴ. ɽʣʝʢʪʨʦʤʦʙʽʣʽ ʧʽʩʣʷ 

ʮʴʦʛʦ  ʩʪʘʶʪʴ ʥʝʧʨʠʜʘʪʥʠʤʠ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʟ ʤʽʨʢʫʚʘʥʴ ʙʝʟʧʝʢʠ.  

ʇʦʜʽʙʥʦ ʜʦ ʪʦʛʦ, ʷʢ ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʝ ʧʽʜʚʠʱʝʥʥʷ ʩʝʨʝʜʥʴʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʚʧʣʠʚʘʻ ʥʘ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʝ ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʙʘʪʘʨʝʾ ʤʦʞʝ ʟʤʝʥʰʠʪʠ  ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ 

ʝʣʝʢʪʨʦʣʽʪʫ ʪʘ ʜʠʬʫʟʽʶ ʣʽʪʽʶ. ʎʝ ʟʙʽʣʴʰʫʻ ʝʣʝʢʪʨʠʯʥʽ ʪʘ ʝʣʝʢʪʨʦʭʽʤʽʯʥʽ ʚʪʨʘʪʠ. ʎʝ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ 

ʥʘ ʨʦʙʦʪʫ ʝʣʝʢʪʨʦʤʦʙʽʣʽʚ ʚ ʪʠʭ ʢʨʘʾʥʘʭ, ʜʝ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʚʟʠʤʢʫ ʯʘʩʪʦ 

ʦʧʫʩʢʘʻʪʴʩʷ ʥʠʞʯʝ 0 Cʐ. ʎʽ ʚʪʨʘʪʠ ʟʙʽʣʴʰʫʶʪʴʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʥʠʞʯʝ ī20ʐC[5].  

 ʇʨʦʮʝʩ ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʦʛʦ ʥʘʛʨʽʚʘʥʥʷ ʙʘʪʘʨʝʾ ʻ ʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʤ, ʥʽʞ ʦʭʦʣʦʜʞʝʥʥʷ, 

ʦʩʢʽʣʴʢʠ ʚʠʥʠʢʘʶʪʴ ʫʤʦʚʠ , ʟʘ ʷʢʠʭ ʝʣʝʢʪʨʦʤʦʙʽʣʴ  ʥʝ ʤʦʞʝ ʚʽʜʙʠʨʘʪʠ ʝʥʝʨʛʽʶ ʟ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ 

ʙʣʦʢʫ ʜʣʷ ʘʢʪʠʚʘʮʽʾ ʉʊʈ [5].  

 ʂʦʥʪʨʦʣʶʚʘʥʥʷ ʥʘʛʨʽʚʘʥʥʷ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʧʨʦʮʝʩʫ, ʚʽʜʧʦʚʽʜʘʣʴʥʦʤʫ ʟʘ ʟʥʠʞʝʥʥʷ 

ʦʩʘʜʫ ʣʽʪʽʶ (lithium plating). ʎʝ ʦʩʘʜ ʤʝʪʘʣʝʚʦʛʦ ʣʽʪʽʶ ʥʘ ʧʦʚʝʨʭʥʽ ʘʥʦʜʘ, ʚʠʛʦʪʦʚʣʝʥʦʛʦ ʟ ʛʨʘʬʽʪʫ, ʟʘ 

ʫʤʦʚ ʰʚʠʜʢʦʛʦ ʟʘʨʷʜʞʘʥʥʷ ʘʙʦ ʥʠʟʴʢʦʾ ʪʝʤʧʝʨʘʪʫʨʠ [6]. ʎʝʡ ʧʨʦʮʝʩ ʩʢʦʨʦʯʫʻ ʪʝʨʤʽʥ ʩʣʫʞʙʠ ʙʘʪʘʨʝʾ 

ʪʘ ʾʾ ʟʜʘʪʥʽʩʪʴ ʥʘʢʦʧʠʯʫʚʘʪʠ ʪʘ ʚʠʚʽʣʴʥʷʪʠ ʝʥʝʨʛʽʶ ʧʽʜ ʯʘʩ ʮʠʢʣʽʚ ʟʘʨʷʜʞʘʥʥʷ ʪʘ ʨʦʟʨʷʜʞʘʥʥʷ.  

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʯʠʩʣʝʥʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʨʦʚʝʜʝʥʽ ʧʨʦʪʷʛʦʤ ʙʘʛʘʪʴʦʭ ʨʦʢʽʚ, ʥʘ ʩʴʦʛʦʜʥʽ ʤʝʭʘʥʽʟʤ ʮʴʦʛʦ 

ʧʨʦʮʝʩʫ ʥʝ ʧʦʚʥʽʩʪʶ ʚʠʚʯʝʥʠʡ [6]. 

ɺʠʭʦʜʷʯʠ ʟ ʮʠʭ ʤʽʨʢʫʚʘʥʴ, ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʠʡ ʜʽʘʧʘʟʦʥ, ʫ ʷʢʦʤʫ ʧʦʚʠʥʥʘ 

ʟʥʘʭʦʜʠʪʠʩʷ ʨʦʙʦʯʘ ʪʝʤʧʝʨʘʪʫʨʘ Li-ion ʙʘʪʘʨʝʾ, ʱʦʙ ʟʤʝʥʰʠʪʠ ʷʚʠʱʘ, ʷʢʽ ʟʤʝʥʰʫʶʪʴ ʪʝʨʤʽʥ ʩʣʫʞʙʠ, 

ʙʝʟʧʝʢʫ ʪʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʙʘʪʘʨʝʾ. ɿʛʽʜʥʦ ʟ ʜʦʩʣʽʜʞʝʥʥʷʤʠ, ʧʨʦʚʝʜʝʥʠʤʠ Pesaran et al. [7], 

ʘʢʫʤʫʣʷʪʦʨʥʽ ʙʣʦʢʠ Li-ion ʙʘʪʘʨʝʡ ɽʄ ʥʝ ʚʠʷʚʣʷʶʪʴ ʦʯʝʚʠʜʥʠʭ ʧʦʰʢʦʜʞʝʥʴ ʪʘ ʜʝʛʨʘʜʘʮʽʾ ʚ 

ʦʧʪʠʤʘʣʴʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʤʽʞ 15ʐ C ʪʘ 35ʐ C. ɿʘʛʘʣʦʤ, ʧʨʠʡʥʷʪʥʠʡ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʜʽʘʧʘʟʦʥ Li-ion 

ʙʘʪʘʨʝʡ ʰʠʨʰʠʡ ʟʘ ʮʝʡ ʜʽʘʧʘʟʦʥ ʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʤʽʞ ī20ʐC ʪʘ 60ʐ C. ʑʝ ʦʜʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʧʦʚôʷʟʘʥʘ ʟ ʚʥʫʪʨʽʰʥʴʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʙʘʪʘʨʝʾ. ɺʘʞʣʠʚʦ ʨʽʚʥʦʤʽʨʥʦ ʢʝʨʫʚʘʪʠ ʪʝʤʧʝʨʘʪʫʨʥʠʤ ʧʦʣʝʤ 

ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ, ʱʦʙ ʫʥʠʢʥʫʪʠ ʨʽʟʢʠʭ ʧʝʨʝʧʘʜʽʚ ʪʝʤʧʝʨʘʪʫʨ ʤʽʞ ʝʣʝʤʝʥʪʘʤʠ, ʷʢʽ ʤʦʞʫʪʴ 

ʩʧʨʠʯʠʥʠʪʠ ʥʝʙʘʞʘʥʠʡ ʚʥʫʪʨʽʰʥʽʡ ʪʝʧʣʦʦʙʤʽʥ. ʈʽʟʥʠʮʷ ʪʝʤʧʝʨʘʪʫʨ ʝʣʝʤʝʥʪʽʚ ʚ ʘʢʫʤʫʣʷʪʦʨʥʦʤʫ 

ʙʣʦʮʽ ʥʝ ʧʦʚʠʥʥʘ ʧʝʨʝʚʠʱʫʚʘʪʠ 5 Cʐ [8]. 

ʎɯʃʔ ʊɸ ɿɸɼɸʏɯ ɼʆʉʃɯɼɾɽʅʅʗ 

ɿʘ ʦʩʪʘʥʥʽ ʨʦʢʠ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʜʝʢʽʣʴʢʘ ʚʘʨʽʘʥʪʽʚ ʉʊʈ, ʨʽʟʥʠʭ ʟʘ ʧʨʠʥʮʠʧʦʤ ʨʦʙʦʪʠ ʪʘ 

ʢʦʥʩʪʨʫʢʮʽʻʶ. ɼʦ ʚʩʪʘʥʦʚʣʝʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʨʦʟʨʦʙʣʝʥʠʭ ʧʨʦʪʷʛʦʤ ʨʦʢʽʚ, ʥʘʣʝʞʘʪʴ: 

¶ ʇʦʚʽʪʨʷʥʽ ʉʊʈ; 

¶ ʈʽʜʠʥʥʽ ʉʊʈ ; 

¶ ʉʊʈ ʥʘ ʦʩʥʦʚʽ ʭʦʣʦʜʦʘʛʝʥʪʫ; 

¶ ʉʊʈ ʥʘ ʦʩʥʦʚʽ ʤʘʪʝʨʽʘʣʽʚ ʟʽ ʟʤʽʥʦʶ ʬʘʟʦʚʦʛʦ ʩʪʘʥʫ (ʄɿʌʉ); 

¶ ʉʊʈ ʥʘ ʦʩʥʦʚʽ ʪʝʧʣʦʚʠʭ ʪʨʫʙ (ʊʊ). 

ʇʝʨʰʽ ʪʨʠ ʟʛʘʜʘʥʽ ʤʝʪʦʜʠ ʻ ʘʢʪʠʚʥʠʤʠ ʉʊʈ, ʦʩʢʽʣʴʢʠ ʜʣʷ ʨʦʙʦʪʠ ʾʤ ʧʦʪʨʽʙʥʘ ʝʣʝʢʪʨʠʯʥʘ 

ʝʥʝʨʛʽʷ, ʪʦʜʽ ʷʢ ʦʩʪʘʥʥʽ ʜʚʘ ʻ ʧʘʩʠʚʥʠʤʠ ʉʊʈ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʥʝ ʧʦʪʨʝʙʫʶʪʴ ʞʦʜʥʦʛʦ ʜʞʝʨʝʣʘ 

ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ. ʂʦʤʙʽʥʘʮʽʷ ʭʦʯʘ ʙ ʜʚʦʭ ʽʟ ʮʠʭ ʩʠʩʪʝʤ ʫʪʚʦʨʶʻ ʛʽʙʨʠʜʥʫ ʩʠʩʪʝʤʫ 

ʪʝʨʤʦʨʝʛʫʣʶʚʘʥʥʷ (ɻʉʊʈ). 

ʆʩʥʦʚʥʘ ʮʽʣʴ ʜʘʥʦʾ ʩʪʘʪʪʽ ʻ ʘʥʘʣʽʟ ʢʣʶʯʦʚʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ ʤʽʞ ʥʘʚʝʜʝʥʠʤʠ ʚʘʨʽʘʥʪʘʤʠ ʉʊʈ. 

ɺ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʭʦʜʠʣʠ ʘʥʘʣʽʟ 

ʧʨʠʥʮʠʧʫ ʨʦʙʦʪʠ ʢʦʞʥʦʾ ʟ ʩʠʩʪʝʤ, ʘʥʘʣʽʟ ʧʝʨʝʚʘʛ ʪʘ ʥʝʜʦʣʽʢʽʚ ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ ʉʊʈ. 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʔ 
ʇʦʚʽʪʨʷʥʽ ʉʊʈ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ɽʄ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʤʘʶʪʴ ʧʨʦʩʪʫ ʩʪʨʫʢʪʫʨʫ, ʚʠʩʦʢʫ 

ʥʘʜʽʡʥʽʩʪʴ, ʥʠʟʴʢʫ ʚʘʨʪʽʩʪʴ ʪʘ ʧʨʦʩʪʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ʎʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʦʩʷʛʘʶʪʴʩʷ ʟʘʚʜʷʢʠ 

ʧʨʦʩʪʽʡ ʩʭʝʤʽ ʫʩʪʘʥʦʚʢʠ, ʱʦ ʚʠʤʘʛʘʻ ʤʝʥʰʝ ʦʙʣʘʜʥʘʥʥʷ, ʥʽʞ ʽʥʰʽ ʤʝʪʦʜʠ. ʆʩʥʦʚʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ 

ʧʦʚʽʪʨʷʥʠʭ ʉʊʈ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʚʽʪʨʷ ʷʢ ʨʦʙʦʯʦʾ ʨʝʯʦʚʠʥʠ. ʆʜʥʽʻʶ ʟ ʧʝʨʝʚʘʛ ʮʠʭ ʩʠʩʪʝʤ ʟ ʪʦʯʢʠ 

ʟʦʨʫ ʙʝʟʧʝʢʠ ʪʘ ʚʧʣʠʚʫ ʥʘ ʥʘʚʢʦʣʠʰʥʻ ʩʝʨʝʜʦʚʠʱʝ ʻ ʪʝ, ʱʦ ʧʦʚʽʪʨʷ ʥʝ ʪʦʢʩʠʯʥʝ ʪʘ ʥʝ ʟʘʡʤʠʩʪʝ. ɯʩʥʫʻ 

ʢʽʣʴʢʘ ʢʣʘʩʠʬʽʢʘʮʽʡ ʮʠʭ ʩʠʩʪʝʤ ʱʦʜʦ ʪʦʛʦ, ʷʢ ʧʦʚʽʪʨʷ ʧʨʦʪʽʢʘʻ ʯʝʨʝʟ ʤʝʨʝʞʫ ʪʨʫʙ ʽ ʷʢ ʚʦʥʦ 

ʦʙʨʦʙʣʷʻʪʴʩʷ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʙʘʞʘʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ. ʇʝʨʰʘ ʚʽʜʤʽʥʥʽʩʪʴ ʧʦʣʷʛʘʻ 

ʚ ʥʘʩʪʫʧʥʦʤʫ: 

¶ ʉʠʩʪʝʤʠ ʧʨʠʤʫʩʦʚʦʾ ʢʦʥʚʝʢʮʽʾ: ʧʦʪʽʢ ʧʦʚʽʪʨʷ ʚ ʢʦʥʪʫʨʽ ʛʝʥʝʨʫʻʪʴʩʷ ʝʣʝʢʪʨʠʯʥʠʤ 

ʚʝʥʪʠʣʷʪʦʨʦʤ. ʎʷ ʩʠʩʪʝʤʘ ʚʠʤʘʛʘʻ ʧʝʚʥʦʾ ʢʽʣʴʢʦʩʪʽ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ ʯʝʨʝʟ ʧʦʪʨʝʙʫ ʝʣʝʢʪʨʠʯʥʦʛʦ 

ʜʚʠʛʫʥʘ ʚʝʥʪʠʣʷʪʦʨʘ; 
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¶ ʉʠʩʪʝʤʠ ʧʨʠʨʦʜʥʦʾ ʢʦʥʚʝʢʮʽʾ: ʧʦʪʽʢ ʧʦʚʽʪʨʷ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʨʫʭʦʤ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ, ʽ 

ʚʝʥʪʠʣʷʪʦʨ ʥʝ ʧʦʪʨʽʙʝʥ. ʑʦʙ ʟʤʝʥʰʠʪʠ ʧʝʨʝʧʘʜʠ ʪʠʩʢʫ ʧʦʚʽʪʨʷ, ʚʠʨʽʰʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʤʘʻ 

ʢʦʥʩʪʨʫʢʮʽʷ ʧʦʚʽʪʨʷʧʨʦʚʦʜʽʚ ʪʘ ʬʦʨʤ. 

 
ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘ ʨʦʙʦʪʠ ʧʦʚʽʪʨʷʥʠʭ ʩʠʩʪʝʤ ʪʝʨʤʦʨʝʛʫʣʷʮʽʾ ʙʘʪʘʨʝʾ 

 

ɼʨʫʛʘ ʚʽʜʤʽʥʥʽʩʪʴ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ , ʷʢ ʧʦʚʽʪʨʷ ʦʙʨʦʙʣʷʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʽʟʥʠʭ ʩʭʝʤ  

ʫʩʪʘʥʦʚʢʠ (ʨʠʩ.1): 

¶ ʇʘʩʠʚʥʠʡ ʤʝʪʦʜ: ʧʦʚʽʪʨʷ ʟʘʙʠʨʘʻʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟ ʘʪʤʦʩʬʝʨʠ ʪʘ ʥʘʛʨʽʚʘʻʪʴʩʷ, ʘʙʦ 

ʦʭʦʣʦʜʞʫʻʪʴʩʷ ʪʝʧʣʦʦʙʤʽʥʥʠʢʦʤ. . ʇʦʪʽʤ ʧʦʚʽʪʨʷ ʧʦʜʘʻʪʴʩʷ ʚ ʘʢʫʤʫʣʷʪʦʨʥʠʡ ʙʣʦʢ ʜʣʷ 

ʪʝʨʤʦʨʝʛʫʣʶʚʘʥʥʷ; 

¶ ɸʢʪʠʚʥʠʡ ʤʝʪʦʜ: ʯʘʩʪʠʥʘ ʚʽʜʧʨʘʮʴʦʚʘʥʦʛʦ ʧʦʚʽʪʨʷ ʧʦʜʘʻʪʴʩʷ ʜʦ ʚʭʽʜʥʦʛʦ ʦʪʚʦʨʫ ʪʘ 

ʟʤʽʰʫʻʪʴʩʷ ʟ ʟʦʚʥʽʰʥʽʤ ʧʦʚʽʪʨʷʤ ʟ ʘʪʤʦʩʬʝʨʠ. ʇʦʪʽʤ ʪʝʧʣʦʦʙʤʽʥʥʠʢ ʦʭʦʣʦʜʞʫʻ ʘʙʦ ʥʘʛʨʽʚʘʻ ʧʦʚʽʪʨʷ 

ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʦʧʪʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʜʣʷ ʢʝʨʫʚʘʥʥʷ ʘʢʫʤʫʣʷʪʦʨʥʠʤ ʙʣʦʢʦʤ. 

 
ʈʠʩʫʥʦʢ 2 ï ʉʪʨʫʢʪʫʨʘ ʙʘʪʘʨʝʾ ʟ ʧʦʚʽʪʨʷʥʦʶ ʩʠʩʪʝʤʦʶ ʪʝʨʤʦʨʝʛʫʣʷʮʽʾ ʙʘʪʘʨʝʾ 

 

ɺʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘ ʧʨʘʢʪʠʮʽ ʦʙʠʜʚʽ  ʩʠʩʪʝʤʠ  ʧʦʚʽʪʨʷʥʠʭ ʉʊʈ. ʎʽ ʫʩʪʘʥʦʚʢʠ ʤʦʞʫʪʴ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʷʢ ʩʠʩʪʝʤʠ ʦʭʦʣʦʜʞʝʥʥʷ, ʪʘʢ ʽ ʥʘʛʨʽʚʘʥʥʷ (ʨʠʩ. 2). ʌʘʢʪʠʯʥʦ, ʧʽʜ ʯʘʩ ʬʘʟʠ 
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ʦʭʦʣʦʜʞʝʥʥʷ ʻ ʭʦʣʦʜʥʠʡ ʪʝʧʣʦʦʙʤʽʥʥʠʢ (ʚʠʧʘʨʥʠʢ), ʫ ʷʢʦʤʫ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʽʪʨʷ ʟʥʠʞʫʻʪʴʩʷ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʚʠʧʘʨʥʠʢʘ ʩʠʩʪʝʤʠ HVAC ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ. ɯʥʘʢʰʝ, ʷʢʱʦ ʘʢʫʤʫʣʷʪʦʨʥʠʡ ʙʣʦʢ 

ʧʦʪʨʽʙʥʦ ʥʘʛʨʽʪʠ, ʛʘʨʷʯʠʡ ʪʝʧʣʦʦʙʤʽʥʥʠʢ (ʥʘʛʨʽʚʘʯ) ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʚʽʪʨʷ. 

ʈʽʜʠʥʥʽ ʉʊʈ ʜʫʞʝ ʩʭʦʞʽ ʥʘ ʧʦʚʽʪʨʷʥʽ ʉʊʈ, ʟʘ ʚʠʥʷʪʢʦʤ ʭʦʣʦʜʦʘʛʝʥʪʫ, ʷʢʠʤ ʻ ʨʽʜʢʘ ʨʝʯʦʚʠʥʘ, 

ʩʫʤʽʰ ʚʦʜʠ ʪʘ ʛʣʽʢʦʣʶ [2] ʘʙʦ ʜʽʝʣʝʢʪʨʠʯʥʽ ʨʽʜʠʥʠ. ʇʦʨʽʚʥʷʥʦ ʟ ʧʦʚʽʪʨʷʥʠʤʠ ʉʊʈ, ʨʽʜʠʥʥʘ ʩʠʩʪʝʤʘ 

ʦʭʦʣʦʜʞʝʥʥʷ ʻ ʝʬʝʢʪʠʚʥʽʰʦʶ, ʦʩʢʽʣʴʢʠ ʜʦʩʷʛʘʻ ʢʨʘʱʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ ʪʘ ʚʠʤʘʛʘʻ ʤʝʥʰʦʾ ʧʦʪʨʝʙʠ ʚ 

ʝʣʝʢʪʨʠʯʥʽʡ ʝʥʝʨʛʽʾ ʚʽʜ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ.  ɿʘʚʜʷʢʠ ʢʨʘʱʠʤ ʪʝʨʤʽʯʥʠʤ ʪʘʢʠʤ ʷʢ ʚʣʘʩʪʠʚʦʩʪʷʤ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʪʘ ʧʠʪʦʤʘ ʪʝʧʣʦʻʤʥʽʩʪʴ) ʪʘ ʚʠʱʽʡ ʛʫʩʪʠʥʽ ʟʘ ʦʜʥʘʢʦʚʠʭ ʫʤʦʚ, ʢʦʥʚʝʢʪʠʚʥʠʡ 

ʪʝʧʣʦʦʙʤʽʥ ʧʦʢʨʘʱʫʻʪʴʩʷ, ʘ ʤʘʩʦʚʘ ʚʠʪʨʘʪʘ ʧʨʠ ʪʽʡ ʞʝ ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ ʪʘ ʛʝʦʤʝʪʨʽʾ ʧʦʚʽʪʨʦʧʨʦʚʦʜʫ 

ʻ ʚʠʱʦʶ. ʑʦ ʩʪʦʩʫʻʪʴʩʷ ʩʭʝʤʠ ʩʠʩʪʝʤʠ, ʨʽʜʠʥʥʽ ʉʊʈ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʟʘʤʢʥʫʪʠʤ ʢʦʥʪʫʨʦʤ, ʫ ʷʢʦʤʫ 

ʨʽʜʠʥʘ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʦʙʤʝʞʝʥʦʤʫ ʧʨʦʩʪʦʨʽ. ɺʦʥʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʈʠʩ. 3. ʉʭʝʤʘ ʨʽʜʠʥʥʦʾ ʉʊʈ ʤʘʻ 

ʙʽʣʴʰʝ ʢʦʤʧʦʥʝʥʪʽʚ, ʥʽʞ ʧʦʚʽʪʨʷʥʘ. ɼʽʡʩʥʦ, ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʧʝʨʝʜʥʽʤʠ ʩʭʝʤʘʤʠ, ʚʦʥʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 

ʥʘʩʦʩʘ, ʷʢʠʡ ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʛʝʥʝʨʫʚʘʥʥʷ ʤʘʩʦʚʦʾ ʚʠʪʨʘʪʠ, ʪʘ ʨʦʟʰʠʨʶʚʘʣʴʥʦʛʦ ʙʘʢʘ ʜʣʷ ʢʝʨʫʚʘʥʥʷ 

ʟʤʽʥʘʤʠ ʦʙôʻʤʫ, ʩʧʨʠʯʠʥʝʥʠʤʠ ʢʦʣʠʚʘʥʥʷʤʠ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ʗʢ 

ʟʛʘʜʫʚʘʣʦʩʷ ʨʘʥʽʰʝ, ʨʽʜʠʥʥʘ ʩʠʩʪʝʤʘ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʷʢ ʩʠʩʪʝʤʘ ʦʭʦʣʦʜʞʝʥʥʷ, ʪʘʢ ʽ 

ʥʘʛʨʽʚʘʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʜʥʦʛʦ ʧʨʦʤʽʞʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ, ʷʢʠʡ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʷʢ 

ʦʭʦʣʦʜʞʫʚʘʯ ʘʙʦ ʥʘʛʨʽʚʘʯ. ʗʢ ʧʨʘʚʠʣʦ, ʩʠʩʪʝʤʘ HVAC ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ ʻ ʜʞʝʨʝʣʦʤ ʪʝʧʣʦʚʦʾ 

ʘʙʦ ʦʭʦʣʦʜʞʫʶʯʦʾ ʝʥʝʨʛʽʾ ʟʘ ʜʦʧʦʤʦʛʦʶ ʯʦʪʠʨʠʭʦʜʦʚʦʛʦ ʢʣʘʧʘʥʘ, ʷʢʠʡ ʤʦʞʝ ʧʝʨʝʤʠʢʘʪʠ 

ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʟ ʨʝʞʠʤʫ ʭʦʣʦʜʠʣʴʥʠʢʘ ʥʘ ʨʝʞʠʤ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ. ʋ ʜʝʷʢʠʭ ʟʘʩʪʦʩʫʚʘʥʥʷʭ ʜʣʷ 

ʭʦʣʦʜʥʦʾ ʧʦʛʦʜʠ ʪʝʧʣʦ, ʱʦ ʨʦʟʩʽʶʻʪʴʩʷ ʝʣʝʢʪʨʠʯʥʠʤ ʜʚʠʛʫʥʦʤ, ʤʦʞʝ ʧʝʨʝʜʘʚʘʪʠʩʷ ʨʽʜʠʥʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʽʥʰʦʛʦ ʧʨʦʤʽʞʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘ ʜʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʯʘʩʪʠʥʠ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ, ʨʦʟʩʽʷʥʦʾ ʚ 

ʥʘʚʢʦʣʠʰʥʻ ʩʝʨʝʜʦʚʠʱʝ [2]. ɿ ʽʥʰʦʛʦ ʙʦʢʫ, ʩʢʣʘʜʥʽʩʪʴ ʩʭʝʤʠ, ʩʧʨʠʯʠʥʝʥʘ ʙʽʣʴʰʦʶ ʢʽʣʴʢʽʩʪʶ 

ʢʦʤʧʦʥʝʥʪʽʚ, ʻ ʦʜʥʠʤ ʽʟ ʥʝʜʦʣʽʢʽʚ ʨʽʜʠʥʥʠʭ ʩʠʩʪʝʤ. ʎʷ ʧʨʦʙʣʝʤʘ ʟʙʽʣʴʰʫʻ ʚʘʛʫ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ 

ʪʘ ʟʘʡʤʘʥʠʡ ʦʙôʻʤ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʚʘʨʪʽʩʪʴ ʚʩʪʘʥʦʚʣʝʥʥʷ ʚʠʱʘ, ʥʽʞ ʽʥʰʽ 

ʨʽʰʝʥʥʷ, ʽ ʦʧʝʨʘʮʽʾ ʟ ʡʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʟʨʦʩʪʘʶʪʴ. 

 

 
ʈʠʩʫʥʦʢ 3 ï ʉʭʝʤʘ ʨʦʙʦʪʠ ʨʽʜʠʥʥʦʾ ʩʠʩʪʝʤʠ ʪʝʨʤʦʨʝʛʫʣʷʮʽʾ ʙʘʪʘʨʝʾ 

 

ʑʦʜʦ ʪʦʛʦ, ʷʢ ʨʦʙʦʯʘ ʨʽʜʠʥʘ ʚʟʘʻʤʦʜʽʻ ʟ ʧʦʚʝʨʭʥʝʶ ʙʘʪʘʨʝʡ, ʨʽʜʠʥʥʽ ʉʊʈ ʢʣʘʩʠʬʽʢʫʶʪʴʩʷ ʥʘ 

ʪʨʠ ʢʘʪʝʛʦʨʽʾ: 

¶ ɿʘʥʫʨʶʚʘʣʴʥʠʡ ʪʝʧʣʦʦʙʤʽʥ: ʝʣʝʤʝʥʪʠ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ ʧʦʚʥʽʩʪʶ ʟʘʥʫʨʝʥʽ ʚ 

ʜʽʝʣʝʢʪʨʠʯʥʫ ʨʽʜʠʥʫ. ʎʝʡ ʤʝʪʦʜ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʘʡʚʠʱʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ ʢʦʥʚʝʢʪʠʚʥʦʛʦ 

ʪʝʧʣʦʦʙʤʽʥʫ ʟʘʚʜʷʢʠ ʙʽʣʴʰʽʡ ʧʣʦʱʽ ʢʦʥʪʘʢʪʫ ʤʽʞ ʨʽʜʠʥʦʶ ʪʘ ʝʣʝʤʝʥʪʘʤʠ ʙʘʪʘʨʝʾ. 

¶ ʇʨʷʤʠʡ ʢʦʥʪʘʢʪ: ʨʽʜʠʥʘ ʧʨʦʪʽʢʘʻ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘʚʢʦʣʦ ʝʣʝʤʝʥʪʽʚ ʙʘʪʘʨʝʾ. ʎʷ ʩʭʝʤʘ ʻ ʦʜʥʽʻʶ 

ʟ ʥʘʡʝʬʝʢʪʠʚʥʽʰʠʭ ʟʘʚʜʷʢʠ ʚʝʣʠʢʽʡ ʧʣʦʱʽ ʢʦʥʪʘʢʪʥʦʾ ʧʦʚʝʨʭʥʽ. ʅʝʜʦʣʽʢʦʤ ʮʴʦʛʦ ʤʝʪʦʜʫ ʻ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʝʧʨʦʚʽʜʥʦʾ ʨʽʜʠʥʠ, ʱʦʙ ʫʥʠʢʥʫʪʠ ʢʦʨʦʪʢʦʛʦ ʟʘʤʠʢʘʥʥʷ ʤʽʞ ʝʣʝʤʝʥʪʘʤʠ. 

¶ ʅʝʧʨʷʤʠʡ ʢʦʥʪʘʢʪ: ʨʽʜʠʥʘ ʧʨʦʪʽʢʘʻ ʯʝʨʝʟ ʢʘʥʘʣʠ ʚ ʭʦʣʦʜʥʽʡ ʧʣʘʩʪʠʥʽ ʜʣʷ ʢʝʨʫʚʘʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʦʶ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ. ʍʦʣʦʜʥʘ ʧʣʘʩʪʠʥʘ ʨʦʟʤʽʱʫʻʪʴʩʷ ʚ ʙʝʟʧʦʩʝʨʝʜʥʴʦʤʫ ʢʦʥʪʘʢʪʽ ʟ 

ʧʦʚʝʨʭʥʝʶ ʝʣʝʤʝʥʪʽʚ ʙʘʪʘʨʝʾ. 

¶ ʉʊʈ ʥʘ ʦʩʥʦʚʽ ʭʦʣʦʜʦʘʛʝʥʪʫ. ɺ ʦʩʪʘʥʥʽ ʨʦʢʠ ʧʨʦʚʦʜʠʣʠʩʷ ʜʦʩʣʽʜʞʝʥʥʷ, ʷʢʽ ʟʦʩʝʨʝʜʠʣʠ ʩʚʦʶ 

ʫʚʘʛʫ ʥʘ ʚʧʨʦʚʘʜʞʝʥʥʽ ʤʘʰʠʥ, ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʟʚʦʨʦʪʥʠʭ ʮʠʢʣʘʭ. ɿʦʢʨʝʤʘ, ʮʠʢʣʠ ʧʘʨʦʢʦʤʧʨʝʩʽʡʥʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʙʘʪʘʨʝʡ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʝʮʽʘʣʴʥʦʛʦ 

ʚʠʧʘʨʥʠʢʘ, ʷʢʠʡ ʤʘʻ ʨʦʣʴ ʟʥʠʞʝʥʥʷ ʩʝʨʝʜʥʴʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ. ʅʘʡʚʘʞʣʠʚʽʰʦʶ 
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ʧʝʨʝʚʘʛʦʶ, ʜʦʩʷʛʥʫʪʦʶ ʮʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʻ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʦʙʤʽʥʫ. ɼʦʙʨʝ ʚʽʜʦʤʦ, ʱʦ ʜʚʦʬʘʟʥʠʡ 

ʪʝʧʣʦʦʙʤʽʥ ʜʦʩʷʛʘʻ ʥʘʡʚʠʱʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʢʦʥʚʝʢʪʠʚʥʦʾ ʪʝʧʣʦʚʽʜʜʘʯʽ ʧʦʨʽʚʥʷʥʦ ʟ ʨʽʜʠʥʘʤʠ ʪʘ 

ʛʘʟʘʤʠ, ʘ ʡʦʛʦ ʨʦʙʦʯʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʽʜʪʨʠʤʫʻ ʧʦʩʪʽʡʥʝ ʟʥʘʯʝʥʥʷ. ʂʨʽʤ ʪʦʛʦ, ʬʽʢʩʦʚʘʥʘ ʪʝʤʧʝʨʘʪʫʨʘ 

ʜʦʟʚʦʣʷʻ ʢʦʥʪʨʦʣʶʚʘʪʠ ʥʘʣʝʞʥʽ ʫʤʦʚʠ ʜʣʷ ʪʝʨʤʦʨʝʛʫʣʶʚʘʥʥʷ Li-ion ʙʘʪʘʨʝʾ ʪʘ ʦʪʨʠʤʫʚʘʪʠ ʙʽʣʴʰ 

ʦʜʥʦʨʽʜʥʝ ʪʝʤʧʝʨʘʪʫʨʥʝ ʧʦʣʝ. ʋ ʣʽʪʝʨʘʪʫʨʽ ʻ ʙʘʛʘʪʦ ʧʨʠʢʣʘʜʽʚ, ʢʦʣʠ ʘʢʫʤʫʣʷʪʦʨʥʽ ʙʣʦʢʠ ɽʄ 

ʦʭʦʣʦʜʞʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʭʦʣʦʜʠʣʴʥʠʢʽʚ. ʎʽ ʤʝʪʦʜʠ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʩʠʩʪʝʤʫ HVAC 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ, ʟʘʩʪʦʩʦʚʫʶʯʠ ʪʝʧʣʦʦʙʤʽʥʥʠʢ, ʨʦʟʪʘʰʦʚʘʥʠʡ ʧʘʨʘʣʝʣʴʥʦ ʜʦ ʚʠʧʘʨʥʠʢʘ. 

¶ ʉʊʈ ʥʘ ʦʩʥʦʚʽ ʤʘʪʝʨʽʘʣʽʚ ʟʽ ʟʤʽʥʦʶ ʬʘʟʦʚʦʛʦ ʩʪʘʥʫ (ʄɿʌʉ). ʄʘʪʝʨʽʘʣʠ ʟʽ ʟʤʽʥʦʶ ʬʘʟʦʚʦʛʦ 

ʩʪʘʥʫ (ʄɿʌʉ) ð ʮʝ ʤʘʪʝʨʽʘʣʠ, ʷʢʽ ʤʦʞʫʪʴ ʧʦʛʣʠʥʘʪʠ ʪʘ ʚʠʚʽʣʴʥʷʪʠ ʟʥʘʯʥʽ ʦʙʩʷʛʠ ʧʨʠʭʦʚʘʥʦʾ ʪʝʧʣʦʪʠ 

ʟʘ ʚʽʜʥʦʩʥʦ ʧʦʩʪʽʡʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ. ʎʽ ʉʊʈ ʻ ʧʘʩʠʚʥʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʷʢʽ ʥʝ ʚʠʤʘʛʘʶʪʴ ʜʦʜʘʪʢʦʚʦʾ 

ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ. ɻʦʣʦʚʥʘ ʧʝʨʝʚʘʛʘ ʧʦʚ'ʷʟʘʥʘ ʟ ʪʝʨʤʽʯʥʦʶ ʽʟʦʣʷʮʽʻʶ, ʱʦ ʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʤ ʜʣʷ 

ʧʝʨʝʨʠʚʘʥʥʷ ʣʘʥʮʶʛʦʚʦʾ ʨʝʘʢʮʽʾ, ʷʢʘ ʩʧʨʠʯʠʥʷʻ ʧʦʞʝʞʫ ʪʘ ʚʠʙʫʭ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ. 

¶ ʉʊʈ ʥʘ ʦʩʥʦʚʽ ʪʝʧʣʦʚʠʭ ʪʨʫʙ (ʊʊ). ʊʝʧʣʦʚʘ ʪʨʫʙʘ (ʊʊ) ð ʮʝ ʟʘʢʨʠʪʠʡ ʢʦʨʧʫʩ ʪʨʫʙʠ, ʚ ʷʢʦʤʫ ʻ 

ˇʥʦʪʦʚʘ ʩʪʨʫʢʪʫʨʘ ʪʘ ʧʝʚʥʘ ʢʽʣʴʢʽʩʪʴ ʨʽʜʢʦʾ ʨʦʙʦʯʦʾ ʨʽʜʠʥʠ. ʂʦʣʠ ʧʦʜʘʻʪʴʩʷ ʪʝʧʣʦ, ʨʦʙʦʯʘ ʨʽʜʠʥʘ 

ʚʠʧʘʨʦʚʫʻʪʴʩʷ, ʽ ʧʘʨʘ ʧʝʨʝʭʦʜʠʪʴ ʥʘ ʭʦʣʦʜʥʫ ʩʪʦʨʦʥʫ, ʜʝ ʚʦʥʘ ʢʦʥʜʝʥʩʫʻʪʴʩʷ, ʚʠʚʽʣʴʥʷʻ ʧʨʠʭʦʚʘʥʫ 

ʪʝʧʣʦʪʫ ʪʘ ʧʦʚʝʨʪʘʻʪʴʩʷ ʥʘ ʛʘʨʷʯʫ ʩʪʦʨʦʥʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʘʧʽʣʷʨʥʦʾ ʜʽʾ ˇʥʦʪʦʚʦʾ ʩʪʨʫʢʪʫʨʠ. ʊʝʧʣʦʚʽ 

ʪʨʫʙʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʧʝʨʝʜʘʯʽ ʪʝʧʣʘ ʟ ʤʽʥʽʤʘʣʴʥʦʶ ʨʽʟʥʠʮʝʶ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʟʤʝʥʰʝʥʥʷ 

ʪʝʧʣʦʚʦʛʦ ʦʧʦʨʫ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ. ʊʝʧʣʦʚʽ ʪʨʫʙʠ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʜʦʜʘʪʢʦʚʠʡ 

ʢʦʤʧʦʥʝʥʪ ʜʦ ʩʠʩʪʝʤʠ ʦʭʦʣʦʜʞʝʥʥʷ ʘʙʦ ʥʘʛʨʽʚʘʥʥʷ ʽ ʱʝ ʥʝ ʧʦʚʥʽʩʪʶ ʚʧʨʦʚʘʜʞʝʥʽ ʷʢ ʘʚʪʦʥʦʤʥʽ ʉʊʈ. 

3.6. ɻʽʙʨʠʜʥʽ ʉʊʈ (ɻʉʊʈ). ɻʽʙʨʠʜʥʽ ʉʊʈ (ɻʉʊʈ) ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʜʚʦʭ ʘʙʦ ʙʽʣʴʰʝ ʉʊʈ, ʷʢʽ 

ʧʨʘʮʶʶʪʴ ʨʘʟʦʤ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ ʪʝʧʣʦʦʙʤʽʥʫ ʪʘ ʟʤʝʥʰʝʥʥʷ ʟʘʛʘʣʴʥʦʾ ʚʘʛʠ ʩʠʩʪʝʤʠ. ʅʘʧʨʠʢʣʘʜ, 

ʯʠʩʝʣʴʥʽ ʩʠʤʫʣʷʮʽʾ ʧʦʢʘʟʘʣʠ, ʱʦ ʛʽʙʨʠʜʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʭʦʣʦʜʥʦʾ ʧʣʘʩʪʠʥʠ (ʥʘ ʦʩʥʦʚʽ ʄɿʌʉ) ʤʦʞʝ 

ʟʘʙʝʟʧʝʯʠʪʠ ʟʤʝʥʰʝʥʥʷ ʚʘʛʠ ʥʘ 53% ʧʦʨʽʚʥʷʥʦ ʟ ʙʘʟʦʚʦʶ ʢʦʥʩʪʨʫʢʮʽʻʶ ʦʭʦʣʦʜʞʫʚʘʣʴʥʦʾ ʧʣʘʩʪʠʥʠ 

ʯʝʨʝʟ ʤʝʥʰʫ ʛʫʩʪʠʥʫ ʄɿʌʉ. ɯʥʰʠʤ ʚʘʞʣʠʚʠʤ ʨʝʟʫʣʴʪʘʪʦʤ ʻ ʧʦʪʫʞʥʽʩʪʴ ʥʘʢʘʯʫʚʘʥʥʷ, ʷʢʘ 

ʟʤʝʥʰʫʻʪʴʩʷ ʥʘ 90%: ʟʛʽʜʥʦ ʟ ʦʮʽʥʢʘʤʠ, ʮʷ ʩʠʩʪʝʤʘ ʧʦʪʝʥʮʽʡʥʦ ʤʦʞʝ ʟʘʙʝʟʧʝʯʠʪʠ ʝʢʦʥʦʤʽʶ ʧʦʥʘʜ 

200 ʢɺʪĿʛʦʜ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ. 

ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ ɼʆʉʃɯɼɾɽʅʔ 

ʉʊʈ ʊʠʧ ʇʝʨʝʚʘʛʠ ʅʝʜʦʣʽʢʠ 

ʇʦʚʽʪʨʷʥʘ 
ɿʦʚʥʽʰʥʻ 

ʥʘʛʨʽʚʘʥʥʷ/ʦʭʦʣʦʜʞʝʥʥʷ 

ɺʠʩʦʢʘ ʥʘʜʽʡʥʽʩʪʴ  

ʅʠʟʴʢʘ ʚʘʨʪʽʩʪʴ 

ʅʠʟʴʢʘ ʝʬʝʢʪʠʚʥʽʩʪʴ.  

ʇʠʣ ʽ ʟʘʙʨʫʜʥʶʚʘʯʽ ʚ 

ʧʦʚʽʪʨʦʧʨʦʚʦʜʘʭ. 

ʈʽʜʠʥʥʘ 
ɿʦʚʥʽʰʥʻ 

ʥʘʛʨʽʚʘʥʥʷ/ʦʭʦʣʦʜʞʝʥʥʷ 

ʇʨʦʩʪʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ  

ɺʠʩʦʢʘ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʪʝʧʣʦʦʙʤʽʥʫ 

ɺʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʢʦʤʧʦʥʝʥʪʽʚ. 

ɺʠʩʦʢʘ ʚʘʨʪʽʩʪʴ ʚʩʪʘʥʦʚʣʝʥʥʷ ʪʘ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. 

ʍʦʣʦʜʦʘʛʝ

ʥʪʥʘ 

ɿʦʚʥʽʰʥʻ 

ʥʘʛʨʽʚʘʥʥʷ/ʦʭʦʣʦʜʞʝʥʥʷ 

ʅʠʟʴʢʘ ʧʦʪʨʝʙʘ ʚ ʝʥʝʨʛʽʾ 

ɺʠʩʦʢʘ  ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʪʝʧʣʦʦʙʤʽʥʫ 

ɿʤʝʥʰʝʥʥʷ ʚʘʛʠ 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ 

ɺʠʩʦʢʘ ʩʢʣʘʜʥʽʩʪʴ ʫʩʪʘʥʦʚʢʠ. 

ʅʝ ʟʘʚʞʜʠ ʟʚʦʨʦʪʥʠʡ ʧʨʠʩʪʨʽʡ 

ʤʦʞʝ ʙʫʪʠ ʨʝʚʝʨʩʠʚʥʠʤ. 

ʄɿʌʉ (PC

M) 

ɿʦʚʥʽʰʥʻ 

ʥʘʛʨʽʚʘʥʥʷ/ʦʭʦʣʦʜʞʝʥʥʷ 

ʌʽʢʩʦʚʘʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʽʜ ʯʘʩ 

ʟʤʽʥʠ ʬʘʟʦʚʦʛʦ ʩʪʘʥʫ  

ʅʝ ʧʦʪʨʝʙʫʻ ʜʦʜʘʪʢʦʚʦʾ 

ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ 

ʅʠʟʴʢʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ, ʱʦ ʥʝ 

ʜʦʟʚʦʣʷʻ ʨʦʟʩʽʶʚʘʪʠ ʪʝʧʣʦ ʧʽʜ ʯʘʩ 

ʦʭʦʣʦʜʞʝʥʥʷ. 

ɼʦʜʘʚʘʥʥʷ ʩʪʨʫʤʦʧʨʦʚʽʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʤʦʞʝ ʩʧʨʠʯʠʥʠʪʠ 

ʧʦʞʝʞʽ. 

ʊʝʧʣʦʚʽ 

ʪʨʫʙʠ 

ɿʦʚʥʽʰʥʻ 

ʥʘʛʨʽʚʘʥʥʷ/ʦʭʦʣʦʜʞʝʥʥʷ 

ʅʝ ʧʦʪʨʝʙʫʻ ʜʦʜʘʪʢʦʚʦʾ 

ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ  

ʅʠʟʴʢʘ ʚʘʨʪʽʩʪʴ  

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ  

ɺʠʩʦʢʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ 

ʄʘʣʘ ʧʣʦʱʘ ʢʦʥʪʘʢʪʫ. 

ʊʝʨʤʦʨʝʛʫʣʶʚʘʥʥʷ ʜʦʩʷʛʘʻʪʴʩʷ ʥʝ 

ʟʘʚʞʜʠ. ʅʝʤʘʻ ʘʚʪʦʥʦʤʥʠʭ 

ʟʘʩʪʦʩʫʚʘʥʴ. 

ɺʥʫʪʨʽʰʥʽ 

ʩʪʨʘʪʝʛʽʾ 

ʃʠʰʝ ʚʥʫʪʨʽʰʥʻ 

ʥʘʛʨʽʚʘʥʥʷ 

ɺʠʩʦʢʘ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʥʘʛʨʽʚʘʥʥʷ 

ɺʠʩʦʢʽ ʰʚʠʜʢʦʩʪʽ ʥʘʛʨʽʚʘʥʥʷ 

ʍʦʨʦʰʘ ʪʝʤʧʝʨʘʪʫʨʥʘ 

ɼʣʷ ʧʦʧʝʨʝʜʥʴʦʛʦ ʥʘʛʨʽʚʘʥʥʷ 

ʟʤʽʥʥʠʤ ʩʪʨʫʤʦʤ ʧʦʪʨʽʙʥʝ 

ʟʦʚʥʽʰʥʻ ʜʞʝʨʝʣʦ ʝʥʝʨʛʽʾ. 

 ɺʠʩʦʢʘ ʜʝʛʨʘʜʘʮʽʷ 
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ʉʊʈ ʊʠʧ ʇʝʨʝʚʘʛʠ ʅʝʜʦʣʽʢʠ 

ʦʜʥʦʨʽʜʥʽʩʪʴ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ ʯʝʨʝʟ 

ʫʪʚʦʨʝʥʥʷ ʣʽʪʽʻʚʦʛʦ ʦʩʘʜʫ (Li-ion 

plating). 

ɺʀʉʅʆɺʂʀ 
ʉʠʩʪʝʤʠ ʪʝʨʤʦʨʝʛʫʣʶʚʘʥʥʷ ʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʶ ʯʘʩʪʠʥʦʶ ʩʠʣʦʚʠʭ ʫʩʪʘʥʦʚʦʢ ʝʣʝʢʪʨʦʤʦʙʽʣʽʚ,  

ʥʝʟʘʤʽʥʥʦʶ ʜʣʷ ʢʦʥʪʨʦʣʶ ʩʝʨʝʜʥʴʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʘʢʫʤʫʣʷʪʦʨʥʦʛʦ ʙʣʦʢʫ, ʚʽʜ ʝʬʝʢʪʠʚʥʦʩʪʽ ʾʾ ʨʦʙʦʪʠ 

ʟʘʣʝʞʠʪʴ ʻʤʥʽʩʪʴ ʪʷʛʦʚʦʾ ʙʘʪʘʨʝʾ.  ɸʥʘʣʽʟ ʨʦʙʦʪʠ  ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʟʨʦʟʫʤʽʪʠ, ʷʢ ʘʚʪʦʤʦʙʽʣʴʥʘ 

ʧʨʦʤʠʩʣʦʚʽʩʪʴ ʚʧʨʦʚʘʜʞʫʻ ʽʥʦʚʘʮʽʾ ʪʘ ʥʦʚʽ ʪʝʭʥʽʯʥʽ ʨʽʰʝʥʥʷ ʪʘ ʚʠʩʚʽʪʣʠʪʠ ʟʚôʷʟʦʢ ʤʽʞ ʜʦʩʣʽʜʞʝʥʥʷʤʠ 

ʥʘʫʢʦʚʮʽʚ ʪʘ ʚʠʨʦʙʥʠʢʘʤʠ. ɭ ʢʽʣʴʢʘ ʩʧʦʩʦʙʽʚ ʢʝʨʫʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʦʶ ʘʢʫʤʫʣʷʪʦʨʥʠʭ ʙʣʦʢʽʚ ʧʨʠ 

ʚʠʩʦʢʠʭ ʪʘ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ  ʟʘ ʜʦʧʦʤʦʛʦʶ ʘʢʪʠʚʥʠʭ ʘʙʦ ʧʘʩʠʚʥʠʭ 

ʩʠʩʪʝʤ. ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʻ  ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʥʫʪʨʽʰʥʴʦʛʦ ʥʘʛʨʽʚʘʥʥʷ ʙʘʪʘʨʝʾ, ʧʨʠ  ʷʢʦʤʫ ʤʦʞʥʘ  ʜʦʩʷʛʘʪʠ 

ʰʚʠʜʰʦʛʦ ʥʘʛʨʽʚʘʥʥʷ, ʥʽʞ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʟʚʠʯʘʡʥʦʾ ʩʠʩʪʝʤʠ ʨʦʟʽʛʨʽʚʫ. ʇʨʦʪʝ ʮʷ ʪʝʭʥʦʣʦʛʽʷ ʱʝ ʥʝ ʻ 

ʜʦʩʢʦʥʘʣʦʶ ʪʘ ʛʦʪʦʚʦʶ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʥʘ ʧʨʘʢʪʠʮʽ  ʯʝʨʝʟ ʫʪʚʦʨʝʥʥʷ ʦʩʘʜʫ ʣʽʪʽʶ ʚ 

ʙʘʪʘʨʝʾ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʢʨʘʱʝʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ ʥʝʦʙʭʽʜʥʦ  ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ  ʚʜʦʩʢʦʥʘʣʝʥʽ  ʬʦʨʤʠ  

ʧʦʚʽʪʨʦʧʨʦʚʦʜʽʚ ʪʘ ʭʦʣʦʜʥʠʭ ʧʣʘʩʪʠʥ, ʥʦʚʠʭ ʩʭʝʤ ʫʩʪʘʥʦʚʦʢ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪ.̔ ɺʧʨʦʚʘʜʞʝʥʥʷ ʧʘʩʠʚʥʠʭ ʤʝʪʦʜʽʚ, ʪʘʢʠ ʷʢ  ʄɿʌʉ, ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʩʧʦʞʠʚʘʥʥʷ 

ʝʥʝʨʛʽʾ ʉʊʈ, ʦʩʢʽʣʴʢʠ ʪʝʧʣʦʚʘ ʝʥʝʨʛʽʷ ʨʦʙʦʪʠ  ʨʝʯʦʚʠʥ ʫ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʽ ʤʦʞʝ ʧʽʜʪʨʠʤʫʚʘʪʠ 

ʧʦʩʪʽʡʥʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʨʦʪʷʛʦʤ ʯʘʩʫ, ʥʝ ʚʠʤʘʛʘʶʯʠ ʞʦʜʥʠʭ ʝʥʝʨʛʦʚʠʪʨʘʪ. ʂʨʽʤ ʪʦʛʦ, ʥʠʟʴʢʘ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʄɿʌʉ ʻ ʚʘʞʣʠʚʦʶ ʜʣʷ ʧʦʜʦʣʘʥʥʷ ʬʝʥʦʤʝʥʫ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʛʦʥʫ, ʦʩʢʽʣʴʢʠ ʝʣʝʤʝʥʪʠ 

Li-ion ʽʟʦʣʴʦʚʘʥʽ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ. 

ɹʽʣʴʰʽʩʪʴ ʥʦʚʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ, ʚʠʧʫʱʝʥʠʭ ʥʘ ʨʠʥʦʢ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʥʝʧʨʷʤʫ ʨʽʜʠʥʥʫ 

ʉʊʈ, ʪʝʤʧʝʨʘʪʫʨʘ ʷʢʦʾ ʢʝʨʫʻʪʴʩʷ ʩʠʩʪʝʤʦʶ ʢʦʥʜʠʮʽʦʥʫʚʘʥʥʷ ʘʚʪʦʤʦʙʽʣʷ. ʂʽʣʴʢʘ ʚʠʨʦʙʥʠʢʽʚ, ʪʘʢʠʭ ʷʢ  

Nissan ʪʘ Honda, ʟʤʽʥʠʣʠ ʩʚʦʶ ʩʪʨʘʪʝʛʽʶ, ʚʽʜʤʦʚʠʚʰʠʩʴ ʚʽʜ ʧʦʚʽʪʨʷʥʦʛʦ ʤʝʪʦʜʫ ʥʘ ʢʦʨʠʩʪʴ ʨʽʜʠʥʥʠʭ 

ʉʊʈ ʯʝʨʝʟ ʾʭʥʶ ʚʠʱʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ. 

ɺʠʨʦʙʥʠʢʠ ʘʚʪʦʤʦʙʽʣʽʚ ʚʠʪʨʘʯʘʶʪʴ ʟʥʘʯʥʽ  ʨʝʩʫʨʩʠ ʥʘ ʜʦʩʣʽʜʞʝʥʥʷ ʪʦʛʦ, ʷʢ ʧʦʢʨʘʱʠʪʠ 

ʪʝʭʥʦʣʦʛʽʶ ʘʢʪʠʚʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʥʘʛʨʽʚʘʥʥʷ, ʜʦʤʽʥʫʶʯʫ ʥʘ ʘʚʪʦʤʦʙʽʣʴʥʦʤʫ 

ʨʠʥʢʫ. ʊʝʧʣʦʧʨʦʚʽʜʥʽ ʢʣʝʾ ʻ ʤʦʞʣʠʚʠʤ ʧʨʦʩʪʠʤ ʪʘ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʨʽʰʝʥʥʷʤ ʜʣʷ ʚʧʨʦʚʘʜʞʝʥʥʷ ʜʣʷ 

ʥʝʧʨʷʤʠʭ ʨʽʜʠʥʥʠʭ ʉʊʈ ʟ ʤʝʪʦʶ  ʟʙʽʣʴʰʝʥʥʷ ʢʦʥʪʘʢʪʥʦʾ ʧʦʚʝʨʭʥʽ ʤʽʞ ʭʦʣʦʜʥʦʶ ʧʣʘʩʪʠʥʦʶ ʪʘ 

ʘʢʫʤʫʣʷʪʦʨʥʠʤ ʙʣʦʢʦʤ. ʅʝʦʙʭʽʜʥʦ ʧʨʦʚʦʜʠʪʠ ʥʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʱʦ ʚʠʚʯʘʶʪʴ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʠʥ, 

ʪʘʢʠʭ ʷʢ ʜʽʝʣʝʢʪʨʠʯʥʽ ʦʣʠʚʠ, ʨʽʜʢʽ ʤʝʪʘʣʠ ʪʘ ʥʘʥʦʨʽʜʠʥʠ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʨʽʜʠʥʠ 

ʟʘʤʽʩʪʴ ʢʣʘʩʠʯʥʠʭ ʩʫʤʽʰʝʡ ʚʦʜʠ ʪʘ ʛʣʽʢʦʣʶ.  
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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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ɹʫʛʘʡʦʚʘ
1
 ʄ.ʆ., ʍʦʣʦʜʦʚʘ

1
 ʆ.ʆ., ɹʫʛʘʡʦʚ

2
 ɯ.ʉ., ʐʝʚʯʫʢ ɭ.ɺ.

1 

ʍʘʨʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʘʚʪʦʤʦʙʽʣʴʥʦ-ʜʦʨʦʞʥʽʡ ʫʥʽʚʝʨʩʠʪʝʪ
1 

ʍʘʨʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʤʽʩʴʢʦʛʦ ʛʦʩʧʦʜʘʨʩʪʚʘ ʽʤʝʥʽ ʆ.ʄ. ɹʝʢʝʪʦʚʘ
2 

 ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ
 

 

ʄʆɼɽʃʖɺɸʅʅʗ ɺʇʃʀɺʋ ʇɸʈɸʄɽʊʈɯɺ ɼʆʈʆɾʅɯʍ ʇɸɻʆʈɹɯɺ ʅɸ ʈʆɹʆʊʋ 

ʅɽʈɽɻʋʃʔʆɺɸʅʆɻʆ ʇɽʈɽʍʈɽʉʊʗ 

 

ɼʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʦʨʦʞʥʽʭ ʧʘʛʦʨʙʽʚ ʥʘ ʰʚʠʜʢʽʩʪʴ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ 

ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ ʥʝʨʝʛʫʣʴʦʚʘʥʠʭ ʧʝʨʝʭʨʝʩʪʴ. ʆʩʥʦʚʥʘ ʤʝʪʘ ʚʩʪʘʥʦʚʣʝʥʥʷ ʜʦʨʦʞʥʽʭ ʧʘʛʦʨʙʽʚ ʧʦʣʷʛʘʻ ʫ 

ʧʨʠʤʫʩʦʚʦʤʫ ʟʥʠʞʝʥʥʽ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʟ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ ʙʝʟʧʝʢʠ, ʧʨʦʪʝ ʥʝʧʨʘʚʠʣʴʥʝ ʧʨʦʻʢʪʫʚʘʥʥʷ ʯʠ 

ʨʦʟʤʽʱʝʥʥʷ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʟʘʪʨʠʤʦʢ, ʧʽʜʚʠʱʝʥʦʾ ʚʠʪʨʘʪʠ ʧʘʣʴʥʦʛʦ ʪʘ ʟʨʦʩʪʘʥʥʷ ʨʽʚʥʷ 

ʰʢʽʜʣʠʚʠʭ ʚʠʢʠʜʽʚ. ʎʝ ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʥʘʫʢʦʚʦ ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʾʭʥʴʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ. 

ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʩʪʚʦʨʝʥʥʷ ʤʦʜʝʣʝʡ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʤʽʥʠ ʰʚʠʜʢʦʩʪʽ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ 

ʟʘʣʝʞʥʦ ʚʽʜ ʛʝʦʤʝʪʨʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʦʨʦʞʥʽʭ ʧʘʛʦʨʙʽʚ ʥʘ ʥʝʨʝʛʫʣʴʦʚʘʥʦʤʫ ʧʝʨʝʭʨʝʩʪʽ. ʋ ʩʝʨʝʜʦʚʠʱʽ 

PTV VISSIM ʧʨʦʚʝʜʝʥʦ ʩʝʨʽʶ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟʽ ʟʤʽʥʦʶ ʰʠʨʠʥʠ, ʚʠʩʦʪʠ ʪʘ ʚʽʜʩʪʘʥʽ ʚʽʜ ʩʪʦʧ-ʣʽʥʽʾ. ɺʠʩʦʪʫ 

ʚʨʘʭʦʚʘʥʦ ʯʝʨʝʟ ʧʘʨʘʤʝʪʨʠ ʟʦʥʠ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʨʝʘʣʽʩʪʠʯʥʦ ʚʽʜʪʚʦʨʠʪʠ ʨʝʘʢʮʽʶ ʚʦʜʽʾʚ. 

ʆʧʨʘʮʶʚʘʥʥʷ ʜʘʥʠʭ ʫ STATISTICA ʜʘʣʦ ʟʤʦʛʫ ʧʦʙʫʜʫʚʘʪʠ ʨʝʛʨʝʩʽʡʥʽ ʤʦʜʝʣʽ ʟ ʚʠʩʦʢʦʶ ʩʪʘʪʠʩʪʠʯʥʦʶ 

ʥʘʜʽʡʥʽʩʪʶ. 

ɼʦʚʝʜʝʥʦ, ʱʦ ʥʘʡʙʽʣʴʰʠʡ ʚʧʣʠʚ ʥʘ ʫʧʦʚʽʣʴʥʝʥʥʷ ʤʘʻ ʚʠʩʦʪʘ ʜʦʨʦʞʥʴʦʛʦ ʧʘʛʦʨʙʘ, ʪʦʜʽ ʷʢ ʰʠʨʠʥʘ ʪʘ 

ʚʽʜʩʪʘʥʴ ʚʽʜ ʩʪʦʧ-ʣʽʥʽʾ ʚʠʟʥʘʯʘʶʪʴ ʭʘʨʘʢʪʝʨ ʟʤʽʥʠ ʰʚʠʜʢʦʩʪʽ ʫ ʩʢʣʘʜʥʽʰʽʡ ʟʘʣʝʞʥʦʩʪʽ. ʈʦʟʨʦʙʣʝʥʘ ʤʦʜʝʣʴ 

ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʘʪʠ ʦʧʪʠʤʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʜʦʨʦʞʥʽʭ ʧʘʛʦʨʙʽʚ, ʟʘ ʷʢʠʭ ʜʦʩʷʛʘʻʪʴʩʷ ʝʬʝʢʪ ʟʘʩʧʦʢʦʻʥʥʷ ʨʫʭʫ ʙʝʟ 

ʽʩʪʦʪʥʦʛʦ ʟʥʠʞʝʥʥʷ ʧʨʦʧʫʩʢʥʦʾ ʟʜʘʪʥʦʩʪʽ ʪʘ ʟ ʤʽʥʽʤʘʣʴʥʠʤ ʚʧʣʠʚʦʤ ʥʘ ʝʢʦʣʦʛʽʯʥʽ ʧʦʢʘʟʥʠʢʠ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʘʶʪʴ ʧʨʘʢʪʠʯʥʫ ʮʽʥʥʽʩʪʴ ʜʣʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ, ʧʨʦʻʢʪʫʚʘʥʥʷ 

ʚʫʣʠʯʥʦ-ʜʦʨʦʞʥʴʦʾ ʤʝʨʝʞʽ, ʨʦʟʨʦʙʢʠ ʩʭʝʤ ʦʨʛʘʥʽʟʘʮʽʾ ʨʫʭʫ ʪʘ ʦʮʽʥʶʚʘʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʭʦʜʽʚ ʟ 

ʫʧʦʚʽʣʴʥʝʥʥʷ ʪʨʘʥʩʧʦʨʪʫ. ɺʦʥʠ ʤʦʞʫʪʴ ʩʪʘʪʠ ʧʽʜˇʨʫʥʪʷʤ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʩʫʯʘʩʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʧʨʦʻʢʪʫʚʘʥʥʷ 

ʜʦʨʦʞʥʽʭ ʧʘʛʦʨʙʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʫʢʨʘʾʥʩʴʢʠʭ ʫʤʦʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʜʦʨʦʞʥʽʡ ʧʘʛʦʨʙ, ʪʨʘʥʩʧʦʨʪʥʠʡ ʟʘʩʽʙ, ʪʨʘʥʩʧʦʨʪʥʠʡ ʧʦʪʽʢ, ʤʦʜʝʣʶʚʘʥʥʷ, ʰʚʠʜʢʽʩʪʴ, 

ʚʠʩʦʪʘ, ʰʠʨʠʥʘ, ʚʽʜʩʪʘʥʴ ʚʽʜ ʩʪʦʧ-ʣʽʥʽʾ, ʤʽʢʨʦʩʠʤʫʣʷʮʽʷ, ʤʦʜʝʣʴ. 

 

ɺʉʊʋʇ  
ɼʦʨʦʞʥʽ ʧʘʛʦʨʙʠ (ɼʇ), ʘʙʦ ñʣʝʞʘʯʽ ʧʦʣʽʮʝʡʩʴʢʽò (ʃʇ), ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʷʢ ʝʬʝʢʪʠʚʥʠʡ ʟʘʩʽʙ 

ʧʨʠʤʫʩʦʚʦʛʦ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ (ʊɿ) ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʙʝʟʧʝʢʠ ʜʦʨʦʞʥʴʦʛʦ ʨʫʭʫ 

(ɹɼʈ). ɺʦʜʥʦʯʘʩ ʾʭʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʧʘʨʘʤʝʪʨʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʧʦʪʦʢʫ (ʊʇ). ʅʝʧʨʘʚʠʣʴʥʦ ʩʧʨʦʻʢʪʦʚʘʥʽ ʯʠ ʚʩʪʘʥʦʚʣʝʥʽ ɼʇ ʟʜʘʪʥʽ 

ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʯʘʩʫ ʧʨʦʩʪʦʾʚ ʊɿ, ʧʽʜʚʠʱʝʥʦʾ ʚʠʪʨʘʪʠ ʧʘʣʴʥʦʛʦ ʪʘ ʟʨʦʩʪʘʥʥʷ ʨʽʚʥʷ ʚʠʢʠʜʽʚ 

ʰʢʽʜʣʠʚʠʭ ʨʝʯʦʚʠʥ [1]. ʋ ʮʴʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʨʦʟʨʦʙʢʫ ʤʦʜʝʣʝʡ, ʱʦ ʜʘʶʪʴ ʟʤʦʛʫ 

ʧʨʦʛʥʦʟʫʚʘʪʠ ʟʤʽʥʫ ʰʚʠʜʢʦʩʪʽ ʊɿ ʟʘʣʝʞʥʦ ʚʽʜ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɼʇ. ɿ ʦʛʣʷʜʫ ʥʘ 

ʦʙʤʝʞʝʥʫ ʢʽʣʴʢʽʩʪʴ ʧʦʜʽʙʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚ ʋʢʨʘʾʥʽ, ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ 

ʜʣʷ ʥʘʫʢʦʚʦ ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ɼʇ ʫ ʤʘʡʙʫʪʥʴʦʤʫ. 

ɸʅɸʃɯɿ ʃɯʊɽʈɸʊʋʈʅʀʍ ɼɸʅʀʍ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ 

ɼʇ ʻ ʪʨʦʭʠ ʧʽʜʥʷʪʠʤʠ ʥʝʨʽʚʥʦʩʪʷʤʠ ʥʘ ʜʦʨʦʟʽ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʧʨʠʤʫʩʦʚʦʛʦ 

ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ [2]. ɼʇ ʻ ʥʘʡʧʦʰʠʨʝʥʽʰʠʤ ʟʘʩʦʙʦʤ ʟʘʩʧʦʢʦʻʥʥʷ ʨʫʭʫ ʟʘʚʜʷʢʠ ʥʠʟʴʢʽʡ 

ʚʘʨʪʦʩʪʽ ʪʘ ʧʨʦʩʪʦʪʽ ʚʩʪʘʥʦʚʣʝʥʥʷ. ɹʽʣʴʰʽʩʪʴ ʊɿ ʤʦʞʫʪʴ ʙʝʟʧʝʯʥʦ ʧʝʨʝʪʠʥʘʪʠ ʾʭ ʟʽ ʰʚʠʜʢʽʩʪʶ 25ï30 

ʢʤ/ʛʦʜ. ɼʇ ʨʦʟʨʦʙʣʝʥʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ñʛʦʡʜʘʣʢʠò, ʷʢʘ ʟʙʽʣʴʰʫʻ ʜʠʩʢʦʤʬʦʨʪ ʚʦʜʽʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʭʦʜʫ [2]. 

ɺ ʜʦʩʣʽʜʞʝʥʥʽ [3] ʘʚʪʦʨʘʤʠ ʧʦʷʩʥʶʻʪʴʩʷ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʥʘ 1 ʢʤ/ʛʦʜ ʢʦʞʥʠʤ 

ʩʘʥʪʠʤʝʪʨʦʤ ʟʙʽʣʴʰʝʥʥʷ ʚʠʩʦʪʠ ɼʇ. ɺ ʨʦʙʦʪʘʭ [4, 5] ʚʠʚʯʘʻʪʴʩʷ ʚʧʣʠʚ ɼʇ ʨʽʟʥʦʾ ʚʠʩʦʪʠ (3, 5 ʪʘ 7 ʩʤ) 

ʥʘ ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ ʘʚʪʦʤʦʙʽʣʽʚ. ɹʫʣʠ ʧʨʦʚʝʜʝʥʽ ʚʠʤʽʨʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʯʝʨʝʟ 1 ʜʝʥʴ ʪʘ 1 ʤʽʩʷʮʴ ʧʽʩʣʷ 

ʪʘ ʜʦ ʚʩʪʘʥʦʚʣʝʥʥʷ ɼʇ. ʇʦʨʽʚʥʷʥʥʷ ʤʽʞ ʨʽʟʥʠʤʠ ʚʠʤʽʨʶʚʘʥʥʷʤʠ ʰʚʠʜʢʦʩʪʽ ʧʨʦʚʦʜʠʣʦʩʷ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʜʠʩʧʝʨʩʽʡʥʦʛʦ (ANOVA) ʪʘ post hoc ʘʥʘʣʽʟʫ. ɸʥʘʣʽʟ ʧʦʢʘʟʘʚ, ʱʦ ʚ ʤʽʩʮʷʭ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ɼʇ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʥʘʯʥʝ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʦʨʽʚʥʷʥʦ ʟ ʧʝʨʽʦʜʦʤ ʜʦ ʾʭ ʚʩʪʘʥʦʚʣʝʥʥʷ. 

ɺ ʩʪʘʪʪʽ [6] ʨʦʟʨʦʙʣʝʥʦ ʤʦʜʝʣʴ ʜʣʷ ʦʮʽʥʢʠ ʚʧʣʠʚʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɼʇ ʥʘ ʯʘʩ ʟʘʪʨʠʤʢʠ ʚ 

ʁʦʨʜʘʥʽʾ. ʄʦʜʝʣʴ ʧʦʢʘʟʘʣʘ, ʱʦ ɼʇ ʩʧʨʠʯʠʥʷʶʪʴ ʟʥʘʯʥʽ ʟʘʪʨʠʤʢʠ ʚ ʤʽʩʮʷʭ ʾʭ ʨʦʟʪʘʰʫʚʘʥʥʷ. ɺ ʨʦʙʦʪʽ 

[7] ʪʘʢʦʞ ʧʨʝʜʩʪʘʚʣʝʥʦ ʧʨʘʢʪʠʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʜʣʷ ʟʙʦʨʫ ʪʘ ʘʥʘʣʽʟʫ ʜʘʥʠʭ ʧʨʦ ʯʘʩ ʧʦʜʦʨʦʞʽ ʥʘ 

ʦʩʥʦʚʽ GPS ʟ ʤʝʪʦʶ ʦʮʽʥʢʠ ʚʧʣʠʚʫ ɼʇ ʥʘ ʯʘʩ ʧʦʜʦʨʦʞʽ ʪʘ ʟʘʪʨʠʤʢʠ ʥʘ ʤʽʞʤʽʩʴʢʠʭ ʜʦʨʦʛʘʭ ʚ ɭʛʠʧʪʽ. 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʚʝʣʠ, ʱʦ ʥʘ ʚʝʣʠʯʠʥʫ ʟʘʪʨʠʤʢʠ ʧʦʜʦʨʦʞʽ ʚ ʨʽʟʥʠʡ ʯʘʩ ʜʦʙʠ ʚʧʣʠʚʘʻ ɼʇ. 
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ʂʽʣʴʢʘ ʜʦʩʣʽʜʞʝʥʴ ʜʦʩʣʽʜʞʫʚʘʣʠ ʚʧʣʠʚ ɼʇ ʥʘ ʦʙʩʷʛ ʪʨʘʥʩʧʦʨʪʫ ʪʘ ʨʽʚʝʥʴ ʰʫʤʫ. ɸʚʪʦʨʘʤʠ 

ʧʫʙʣʽʢʘʮʽʾ [8] ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ɼʇ ʥʘ ʦʙʩʷʛ ʪʨʘʥʩʧʦʨʪʫ ʪʘ ʨʽʚʝʥʴ ʰʫʤʫ ʚ ʞʠʪʣʦʚʦʤʫ ʨʘʡʦʥʽ ʂʫʘʣʘ-

ʃʫʤʧʫʨʫ. ɼʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʜʘʥʠʭ ʧʨʦ ʦʙʩʷʛ ʪʨʘʥʩʧʦʨʪʫ ʪʘ ʨʽʚʝʥʴ ʰʫʤʫ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʧʦʣʴʦʚʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʥʘ ʪʨʴʦʭ ʚʠʙʨʘʥʠʭ ʜʦʨʦʛʘʭ. ʇʝʨʰʝ ʚʠʤʽʨʶʚʘʥʥʷ ʨʽʚʥʷ ʰʫʤʫ ʥʘ ʜʦʨʦʟʽ ʧʦʢʘʟʘʣʦ 

ʥʘʡʚʠʱʠʡ ʦʙʩʷʛ ʪʨʘʥʩʧʦʨʪʫ ʪʘ ʥʘʡʚʠʱʠʡ ʨʽʚʝʥʴ ʰʫʤʫ. ʂʦʨʝʣʷʮʽʡʥʠʡ ʘʥʘʣʽʟ ʧʦʢʘʟʘʚ ʧʦʜʽʙʥʫ 

ʟʘʢʦʥʦʤʽʨʥʽʩʪʴ ʫ ʚʟʘʻʤʦʟʚ'ʷʟʢʫ ʤʽʞ ʦʙʩʷʛʦʤ ʪʨʘʥʩʧʦʨʪʫ ʪʘ ʨʽʚʥʝʤ ʰʫʤʫ.  

ɺ ʨʦʙʦʪʘʭ [9, 10] ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʨʘʜʘʨ-ʧʽʩʪʦʣʝʪʠ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʨʽʟʥʦʤʘʥʽʪʥʠʭ 

ʊɿ. ʋ ʩʪʘʪʪʽ [9] ʚʠʤʽʨʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʥʘ ʟʥʘʯʥʦ ʰʠʨʰʦʤʫ ʜʽʘʧʘʟʦʥʽ ð ʚʽʜ -100 ʤ ʜʦ 80 ʤ ʚʽʜ ɼʇ. 

ʅʘʪʦʤʽʩʪʴ, ʜʦʩʣʽʜʞʝʥʥʷ [10] ʟʦʩʝʨʝʜʠʣʦʩʷ ʥʘ ʚʫʞʯʽʡ ʟʦʥʽ, ʘ ʩʘʤʝ ʚʽʜ -20 ʤ ʜʦ 20 ʤ ʚʽʜ ɼʇ. ɸʣʝ 

ʦʩʥʦʚʥʠʤ ʥʝʜʦʣʽʢʦʤ ʨʦʙʽʪ [9, 10] ʻ ʥʝʤʦʞʣʠʚʽʩʪʴ ʚʠʤʽʨʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʪʦʛʦ ʩʘʤʦʛʦ ʊɿ ʫ ʜʝʢʽʣʴʢʘ 

ʪʦʯʢʘʭ. 

ɺ ʨʦʙʦʪʽ [11] ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʨʘʜʘʨ-ʧʽʩʪʦʣʝʪ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʥʘ ʰʽʩʪʴʦʭ 

ʽʜʝʥʪʠʯʥʠʭ ɼʇ. ʆʩʥʦʚʥʝ ʦʙʤʝʞʝʥʥʷ ʮʽʻʾ ʨʦʙʦʪʠ ʧʦʣʷʛʘʣʦ ʚ ʪʦʤʫ, ʱʦ ʚʦʥʘ ʥʝ ʜʦʟʚʦʣʷʣʘ ʘʥʘʣʽʟʫʚʘʪʠ 

ʟʘʛʘʣʴʥʠʡ ʚʧʣʠʚ ɼʇ ʥʘ ʰʚʠʜʢʽʩʪʴ ʊɿ, ʘ ʣʠʰʝ ʧʦʨʽʚʥʶʚʘʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʽʟʥʠʭ ʧʨʦʬʽʣʽʚ 

ʰʚʠʜʢʦʩʪʽ. 

ɺ ʩʪʘʪʪʽ [12] ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʟʘʩʪʦʩʫʚʘʣʠ ʜʨʦʥ-ʢʘʤʝʨʫ ʜʣʷ ʚʽʜʝʦʟʡʦʤʢʠ ʪʘ 

ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ Tracker. ʆʩʥʦʚʥʠʤ ʥʝʜʦʣʽʢʦʤ ʮʴʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʦ ʪʝ, ʱʦ ʚʦʥʦ 

ʧʨʦʚʦʜʠʣʦʩʷ ʣʠʰʝ ʜʣʷ ʦʜʥʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ɼʇ. 

ɺ ʜʦʩʣʽʜʞʝʥʥʷʭ [13, 14] ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚ ʨʘʜʘʨ-ʧʽʩʪʦʣʝʪ, ʧʨʦʚʦʜʷʯʠ ʚʠʤʽʨʶʚʘʥʥʷ 

ʰʚʠʜʢʦʩʪʽ ʥʘ ʚʽʜʩʪʘʥʷʭ 10 ʤ, 7 ʤ, 5 ʤ ʪʘ 2 ʤ (ʣʽʚʦʨʫʯ ʪʘ ʧʨʘʚʦʨʫʯ ʚʽʜ ʧʘʛʦʨʙʘ). ʅʝʜʦʣʽʢʦʤ ʨʦʙʦʪʠ ʻ, ʪʦ 

ʱʦ ʜʘʥʽ ʟʙʠʨʘʣʠʩʷ ʣʠʰʝ ʜʣʷ ʜʚʦʭ ʢʘʪʝʛʦʨʽʡ ʊɿ. 

ɺ ʨʦʙʦʪʽ [15] ʟʘʩʪʦʩʫʚʘʣʠ ʚʽʜʝʦʢʘʤʝʨʠ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʊɿ, ʟʙʠʨʘʶʯʠ ʜʘʥʽ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʊʇ ʢʦʞʥʽ 15 ʭʚʠʣʠʥ. ɺʠʤʽʨʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʨʦʚʦʜʠʣʠʩʷ ʥʘ ʚʽʜʩʪʘʥʷʭ 10 ʤ, 7 ʤ, 4 ʤ 

ʪʘ 1 ʤ ʜʦ ʽ ʧʽʩʣʷ ɼʇ. ʆʜʥʘʢ, ʚʠʷʚʣʝʥʦ, ʱʦ ʮʝʡ ʧʽʜʭʽʜ ʚʠʷʚʠʚʩʷ ʤʝʥʰ ʝʬʝʢʪʠʚʥʠʤ ʧʦʨʽʚʥʷʥʦ ʟ 

ʚʠʤʽʨʶʚʘʥʥʷʤ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʘʜʘʨ-ʧʽʩʪʦʣʝʪʘ. 

ɸʚʪʦʨʠ ʧʫʙʣʽʢʘʮʽʡ [16, 17]  ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʤʽʢʨʦʩʠʤʫʣʷʮʽʶ PTV VISSIM ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʨʫʭʫ ʊɿ ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʜʦʨʦʞʥʴʦʛʦ ʨʫʭʫ. ɼʣʷ ʩʠʤʫʣʷʮʽʾ ɼʇ ʟʘʩʪʦʩʦʚʫʚʘʣʠ ʽʥʩʪʨʫʤʝʥʪ 

Reduced Speed Area (RSA). ʆʜʥʘʢ, ʩʫʪʪʻʚʦʶ ʧʨʦʛʘʣʠʥʦʶ ʚ ʜʦʩʣʽʜʞʝʥʥʽ ʙʫʣʦ ʪʝ, ʱʦ ʤʦʜʝʣʴ ʥʝ ʙʫʣʘ 

ʚʽʜʢʘʣʽʙʨʦʚʘʥʘ. 

ɺ ʨʦʙʦʪʽ [18] ʚʠʤʽʨʶʚʘʣʠ ʚʧʣʠʚ ɼʇ ʥʘ ɹɼʈ ʪʘ ʨʽʚʝʥʴ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʧʝʨʝʭʨʝʩʪʷ. ʇʨʦʪʝ, ʚʦʥʠ 

ʟʘʟʥʘʯʠʣʠ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʘʜʘʨ-ʧʽʩʪʦʣʝʪʘ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʻ ʤʝʥʰ ʝʬʝʢʪʠʚʥʠʤ 

ʧʦʨʽʚʥʷʥʦ ʟ ʪʝʭʥʽʢʦʶ ʚʽʜʝʦʢʘʤʝʨʠ. 

ʆʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʠʤ ʻ ʜʦʩʣʽʜʞʝʥʥʷ [19], ʜʝ ʘʚʪʦʨʠ ʘʥʘʣʽʟʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʟʘʩʦʙʽʚ ʟʘʩʧʦʢʦʻʥʥʷ ʜʦʨʦʞʥʴʦʛʦ ʨʫʭʫ ʥʘ ʧʝʨʝʭʨʝʩʪʷʭ. ʋ ʨʦʙʦʪʽ ʘʢʮʝʥʪʦʚʘʥʦ ʫʚʘʛʫ ʥʘ ʥʝʦʙʭʽʜʥʦʩʪʽ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ɼʇ ʪʘ ʦʮʽʥʢʠ ʾʭʥʴʦʛʦ ʚʧʣʠʚʫ ʥʘ ʙʝʟʧʝʢʫ ʨʫʭʫ ʡ ʧʨʦʧʫʩʢʥʫ 

ʟʜʘʪʥʽʩʪʴ. 

ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʠ ʧʦʢʘʟʘʚ, ʱʦ ʧʦʧʝʨʝʜʥʽ ʨʦʙʦʪʠ ʥʝ ʨʦʟʨʦʙʣʷʣʠ ʨʝʛʨʝʩʽʡʥʠʭ ʤʦʜʝʣʝʡ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʤʽʥʠ ʰʚʠʜʢʦʩʪʽ ʊɿ ʟʘʣʝʞʥʦ ʚʽʜ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɼʇ ʥʘ ʥʝʨʝʛʫʣʴʦʚʘʥʠʭ 

ʧʝʨʝʭʨʝʩʪʷʭ. 

ʆʪʞʝ, ʭʦʯʘ ʥʘʫʢʦʚʽ ʧʫʙʣʽʢʘʮʽʾ ʡ ʧʽʜʢʨʝʩʣʶʶʪʴ ʟʥʘʯʝʥʥʷ ɼʇ ʜʣʷ ʙʝʟʧʝʢʠ ʪʘ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʫʭʫ, 

ʩʠʩʪʝʤʥʠʭ ʤʝʪʦʜʽʚ ʜʣʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʾʭʥʴʦʛʦ ʚʧʣʠʚʫ ʥʘ ʰʚʠʜʢʽʩʪʴ ʥʘʨʘʟʽ 

ʙʨʘʢʫʻ. ʎʝ ʜʦʢʘʟʫʻ ʘʢʪʫʘʣʴʥʽʩʪʴ ʜʘʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ, ʷʢʝ ʤʘʻ ʥʘ ʤʝʪʽ ʟʘʧʦʚʥʠʪʠ ʮʽ ʧʨʦʛʘʣʠʥʠ ʰʣʷʭʦʤ 

ʨʦʟʨʦʙʢʠ ʨʝʛʨʝʩʽʡʥʠʭ ʤʦʜʝʣʝʡ ʪʘ ʩʠʤʫʣʷʮʽʡʥʦʛʦ ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ɼʇ ʥʘ ʰʚʠʜʢʽʩʪʴ, ʱʦ ʻ ʦʩʦʙʣʠʚʦ 

ʚʘʞʣʠʚʠʤ ʜʣʷ ʋʢʨʘʾʥʠ ʟ ʦʛʣʷʜʫ ʥʘ ʥʝʜʦʩʪʘʪʥʽʩʪʴ ʧʦʜʽʙʥʠʭ ʨʦʙʽʪ. 

ʎɯʃʔ ʊɸ ɿɸɼɸʏɯ ɼʆʉʃɯɼɾɽʅʅʗ 

ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʚʫʣʠʯʥʦ-ʜʦʨʦʞʥʴʦʾ ʤʝʨʝʞʽ 

ʤʽʩʪʘ ʰʣʷʭʦʤ ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ɼʇ ʥʘ ʥʝʨʝʛʫʣʴʦʚʘʥʠʭ ʧʝʨʝʭʨʝʩʪʷʭ. ʎʝ ʜʦʧʦʤʦʞʝ ʟʤʝʥʰʠʪʠ 

ʟʘʪʨʠʤʢʠ ʨʫʭʫ, ʧʦʢʨʘʱʠʪʠ ʧʨʦʧʫʩʢʥʫ ʟʜʘʪʥʽʩʪʴ ʪʘ ʧʽʜʚʠʱʠʪʠ ɹɼʈ, ʚʨʘʭʦʚʫʶʯʠ ʚʧʣʠʚ ʮʠʭ ʟʘʩʦʙʽʚ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʩʪʘʪʠ ʚʥʝʩʢʦʤ ʫ ʩʚʽʪʦʚʫ ʧʨʘʢʪʠʢʫ ʪʘ ʩʧʨʠʷʪʠ ʘʜʘʧʪʘʮʽʾ ʩʫʯʘʩʥʠʭ 

ʧʽʜʭʦʜʽʚ ʜʦ ʫʤʦʚ ʋʢʨʘʾʥʠ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʢʦʨʠʩʥʠʤʠ ʷʢ ʜʣʷ ʤʽʩʴʢʦʛʦ ʧʣʘʥʫʚʘʥʥʷ 

ʥʘ ʣʦʢʘʣʴʥʦʤʫ ʨʽʚʥʽ, ʪʘʢ ʽ ʜʣʷ ʟʘʛʘʣʴʥʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʫ ʢʨʘʾʥʘʭ ʽʟ ʧʦʜʽʙʥʠʤʠ ʫʤʦʚʘʤʠ, 

ʩʧʨʠʷʶʯʠ ʨʦʟʨʦʙʮʽ ʝʬʝʢʪʠʚʥʠʭ ʨʽʰʝʥʴ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʨʫʭʫ ʪʘ ʟʤʝʥʰʝʥʥʷ ʟʘʪʨʠʤʦʢ. 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʔ 

ɼʘʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ɼʇ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘ ʙʝʟʧʝʢʫ 

ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʥʝʨʝʛʫʣʴʦʚʘʥʠʭ ʧʝʨʝʭʨʝʩʪʴ. ɸʚʪʦʨʘʤʠ ʨʦʙʦʪʠ, ʩʧʠʨʘʶʯʠʩʴ ʥʘ ʧʦʣʦʞʝʥʥʷ ɼʉʊʋ 

4123:2020 ɹɼʈ ñɿʘʩʦʙʠ ʟʘʩʧʦʢʦʻʥʥʷ ʨʫʭʫò [20], ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʧʨʦʚʝʩʪʠ ʩʝʨʽʶ ʩʠʤʫʣʷʮʽʡʥʠʭ 

https://www.sciencedirect.com/topics/engineering/noise-level


É ɹʫʛʘʡʦʚʘ ʄ.ʆ., ʍʦʣʦʜʦʚʘ ʆ.ʆ., ɹʫʛʘʡʦʚ ɯ.ʉ., ʐʝʚʯʫʢ ɭ.ɺ. 2025  
 

ISSN 2313-5425                  , 2025, ˉ2 (25)  123  
 

 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʫ ʧʨʦʛʨʘʤʽ PTV VISSIM ʥʘ ʥʝʨʝʛʫʣʴʦʚʘʥʦʤʫ ʧʝʨʝʭʨʝʩʪʽ. ʄʝʪʦʶ ʮʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʻ 

ʜʦʩʣʽʜʞʝʥʥʷ ʪʦʛʦ, ʷʢ ʟʤʽʥʘ ʦʙʨʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ɼʇ, ʨʦʟʪʘʰʦʚʘʥʦʛʦ ʧʝʨʝʜ ʥʝʨʝʛʫʣʴʦʚʘʥʠʤ 

ʧʝʨʝʭʨʝʩʪʷʤ (ʥʘ ʧʽʜʭʦʜʘʭ ʜʦ ʥʴʦʛʦ), ʚʧʣʠʚʘʪʠʤʝ ʥʘ ʨʽʟʥʽ ʘʩʧʝʢʪʠ ʡʦʛʦ ʨʦʙʦʪʠ. 

ʇʘʨʘʤʝʪʨʘʤʠ ɼʇ, ʷʢʽ ʤʦʞʥʘ ʟʤʽʥʶʚʘʪʠ ʫ PTV VISSIM ʻ: 

-ʰʠʨʠʥʘ ɼʇ, ʷʢʘ ʚʧʣʠʚʘʻ ʥʘ ʧʣʘʚʥʽʩʪʴ ʛʘʣʴʤʫʚʘʥʥʷ ʪʘ ʨʦʟʛʦʥʫ, ʘ ʪʘʢʦʞ ʥʘ ʧʨʦʪʷʞʥʽʩʪʴ ʟʦʥʠ 

ʚʧʣʠʚʫ (ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ 1 ʤ ʜʦ 3 ʤ); 

- ʚʽʜʩʪʘʥʴ ʚʽʜ ʩʪʦʧ-ʣʽʥʽʾ ʧʝʨʝʭʨʝʩʪʷ, ʷʢʘ ʚʠʟʥʘʯʘʻ, ʥʘ ʷʢʽʡ ʚʽʜʩʪʘʥʽ ʊɿ ʧʦʯʥʫʪʴ ʨʝʘʛʫʚʘʪʠ ʥʘ ɼʇ 

ʧʝʨʝʜ ʟʫʧʠʥʢʦʶ (ʧʨʠʡʤʘʻʪʴʩʷ 10 ï 50 ʤ). ʎʝʡ ʧʘʨʘʤʝʪʨ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʦʮʽʥʢʠ ʚʧʣʠʚʫ ɼʇ ʥʘ ʯʝʨʛʠ ʪʘ 

ʧʨʦʮʝʩ ʟʫʧʠʥʢʠ ʧʝʨʝʜ ʧʝʨʝʭʨʝʩʪʷʤ. 

ʋ ʤʝʞʘʭ ʜʘʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ, ʟ ʤʝʪʦʶ ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʪʘ ʢʦʥʪʨʦʣʴʦʚʘʥʦʩʪʽ 

ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʘʚʪʦʨʘʤʠ ʙʫʣʦ ʧʨʠʡʥʷʪʦ ʨʽʰʝʥʥʷ ʟʦʩʝʨʝʜʠʪʠ ʩʠʤʫʣʷʮʽʡʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʥʘ 

ʦʜʥʦʤʫ ʪʠʧʦʚʦʤʫ ʥʝʨʝʛʫʣʴʦʚʘʥʦʤʫ ʧʝʨʝʭʨʝʩʪʽ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʻʜʠʥʦʛʦ ʦʙ'ʻʢʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʟʚʦʣʠʪʴ 

ʝʬʝʢʪʠʚʥʦ ʢʦʥʪʨʦʣʶʚʘʪʠ ʪʘ ʤʽʥʽʤʽʟʫʚʘʪʠ ʚʧʣʠʚ ʟʦʚʥʽʰʥʽʭ ʛʝʦʤʝʪʨʠʯʥʠʭ, ʪʦʧʦʛʨʘʬʽʯʥʠʭ ʪʘ ʽʥʰʠʭ 

ʽʥʬʨʘʩʪʨʫʢʪʫʨʥʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ, ʷʢʽ ʥʝ ʻ ʧʨʝʜʤʝʪʦʤ ʧʦʪʦʯʥʦʛʦ ʘʥʘʣʽʟʫ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ, ʱʦ 

ʩʧʦʩʪʝʨʝʞʫʚʘʥʽ ʚʘʨʽʘʮʽʾ ʚ ʝʬʝʢʪʠʚʥʦʩʪʽ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʧʝʨʝʭʨʝʩʪʷ ʻ ʧʝʨʝʚʘʞʥʦ ʬʫʥʢʮʽʻʶ 

ʤʘʥʽʧʫʣʴʦʚʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ɼʇ, ʘ ʥʝ ʥʘʩʣʽʜʢʦʤ ʫʥʽʢʘʣʴʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ ʨʽʟʥʠʭ ʧʝʨʝʭʨʝʩʪʴ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʚʠʙʽʨ ʦʜʥʦʛʦ ʥʝʨʝʛʫʣʴʦʚʘʥʦʛʦ ʧʝʨʝʭʨʝʩʪʷ ʷʢ ʦʙ'ʻʢʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʩʚʽʜʦʤʠʤ ʤʝʪʦʜʦʣʦʛʽʯʥʠʤ 

ʢʨʦʢʦʤ, ʩʧʨʷʤʦʚʘʥʠʤ ʥʘ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʷʢʽʩʥʠʭ, ʨʝʣʝʚʘʥʪʥʠʭ ʪʘ ʽʥʪʝʨʧʨʝʪʦʚʘʥʠʭ ʜʘʥʠʭ ʜʣʷ 

ʧʦʜʘʣʴʰʦʾ ʨʦʟʨʦʙʢʠ ʤʦʜʝʣʽ ʚʧʣʠʚʫ ɼʇ ʥʘ ʰʚʠʜʢʽʩʪʴ ʊʇ. 

ʋ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ PTV VISSIM ʥʝʤʦʞʣʠʚʦ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʤʦʜʝʣʶʚʘʪʠ ʬʽʟʠʯʥʫ 

ʚʠʩʦʪʫ ɼʇ ʷʢ 3D-ʦʙ'ʻʢʪ. PTV VISSIM ʬʦʢʫʩʫʻʪʴʩʷ ʥʘ ʧʦʚʝʜʽʥʮʽ ʊʇ ʪʘ ʚʟʘʻʤʦʜʽʾ ʊɿ ʟ ʜʦʨʦʞʥʴʦʶ 

ʽʥʬʨʘʩʪʨʫʢʪʫʨʦʶ, ʘ ʥʝ ʥʘ ʜʝʪʘʣʴʥʦʤʫ ʛʝʦʤʝʪʨʠʯʥʦʤʫ ʨʝʣʴʻʬʽ. ʊʦʤʫ ʚʧʣʠʚ ʚʠʩʦʪʠ ɼʇ ʤʦʜʝʣʶʻʪʴʩʷ 

ʦʧʦʩʝʨʝʜʢʦʚʘʥʦ, ʯʝʨʝʟ ʚʽʜʧʦʚʽʜʥʽ ʟʤʽʥʠ ʚ ʧʘʨʘʤʝʪʨʘʭ ʧʦʚʝʜʽʥʢʠ ʚʦʜʽʾʚ. 

ɼʣʷ ʽʤʽʪʘʮʽʾ ʚʧʣʠʚʫ ʨʽʟʥʦʾ ʚʠʩʦʪʠ ɼʇ (ʥʘʧʨʠʢʣʘʜ, 0,03 ʤ, 0,07 ʤ, 0,1 ʤ), ʥʝʦʙʭʽʜʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʥʘʩʪʫʧʥʽ ʥʘʣʘʰʪʫʚʘʥʥʷ ʫ ʧʨʦʛʨʘʤʽ PTV VISSIM: ʥʘ ʜʽʣʷʥʮʽ ʜʦʨʦʛʠ, ʜʝ 

ʨʦʟʪʘʰʦʚʘʥʠʡ ɼʇ, ʩʪʚʦʨʶʻʪʴʩʷ "ʟʦʥʘ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ". ʋ ʤʝʞʘʭ ʮʽʻʾ ʟʦʥʠ ʥʝʦʙʭʽʜʥʦ ʚʩʪʘʥʦʚʠʪʠ 

ʙʘʞʘʥʫ ʰʚʠʜʢʽʩʪʴ ʜʣʷ ʨʽʟʥʠʭ ʪʠʧʽʚ ʊɿ. ʏʠʤ ʚʠʱʘ ʚʠʩʦʪʘ ɼʇ, ʪʠʤ ʥʠʞʯʦʶ ʙʫʜʝ ʙʘʞʘʥʘ ʰʚʠʜʢʽʩʪʴ, 

ʷʢʫ ʚʦʜʽʡ ʦʙʠʨʘʻ ʜʣʷ ʡʦʛʦ ʧʝʨʝʪʠʥʫ. ɼʣʷ ɼʇ ʚʠʩʦʪʦʶ 0,03 ʤ (3 ʩʤ), ʚʦʜʽʾ ʤʦʞʫʪʴ ʧʽʜʪʨʠʤʫʚʘʪʠ 

ʚʽʜʥʦʩʥʦ ʚʠʱʫ ʙʘʞʘʥʫ ʰʚʠʜʢʽʩʪʴ (ʧʨʠ ʩʠʤʫʣʷʮʽʾ ʙʫʜʝʤʦ ʧʨʠʡʤʘʪʠ, 20-25 ʢʤ/ʛʦʜ), ʜʣʷ ɼʇ ʚʠʩʦʪʦʶ 

0,07 ʤ (7 ʩʤ), ʙʘʞʘʥʘ ʰʚʠʜʢʽʩʪʴ ʤʦʞʝ ʙʫʪʠ ʟʥʘʯʥʦ ʥʠʞʯʦʶ (10-15 ʢʤ/ʛʦʜ) ʪʘ ʜʣʷ ɼʇ ʚʠʩʦʪʦʶ 0,1 ʤ 

(10 ʩʤ), ʙʘʞʘʥʘ ʰʚʠʜʢʽʩʪʴ ʙʫʜʝ ʤʽʥʽʤʘʣʴʥʦʶ (5-10 ʢʤ/ʛʦʜ) [17, 19]. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʩʪʠʯʥʦ 

ʽʤʽʪʫʚʘʪʠ ʧʦʚʝʜʽʥʢʫ ʚʦʜʽʾʚ ʟʘʣʝʞʥʦ ʚʽʜ ʚʠʩʦʪʠ ɼʇ ʫ ʩʠʤʫʣʷʮʽʡʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ PTV VISSIM. 

ʈʠʩʫʥʦʢ 1 ʜʝʤʦʥʩʪʨʫʻ ʬʨʘʛʤʝʥʪ ʽʤʽʪʘʮʽʾ ʨʫʭʫ ʊʇ ʥʘ ʥʝʨʝʛʫʣʴʦʚʘʥʦʤʫ ʧʝʨʝʭʨʝʩʪʽ. 

 

 
ʈʠʩʫʥʦʢ 1 - ɯʤʽʪʘʮʽʷ ʨʫʭʫ ʊʇ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʫ ʧʨʦʛʨʘʤʽ PTV VISSIM 

 

ʆʩʢʽʣʴʢʠ ʜʦʩʣʽʜʞʝʥʥʷ ʟʦʩʝʨʝʜʞʝʥʦ ʥʘ ʧʨʦʝʢʪʫʚʘʥʥʽ ʚʧʣʠʚʫ ɼʇ ʥʘ ʩʧʝʮʽʘʣʴʥʦ ʟʤʦʜʝʣʴʦʚʘʥʦʤʫ 

ʥʝʨʝʛʫʣʴʦʚʘʥʦʤʫ ʧʝʨʝʭʨʝʩʪʽ, ʘ ʥʝ ʥʘ ʽʩʥʫʶʯʦʤʫ ʦʙ'ʻʢʪʽ ʟ ʥʘʪʫʨʥʠʤʠ ʜʘʥʠʤʠ. ɺʘʣʽʜʘʮʽʷ ʤʦʜʝʣʽ 

ʙʘʟʫʚʘʣʘʩʷ ʥʘ ʜʚʦʭ ʢʣʶʯʦʚʠʭ ʧʽʜʭʦʜʘʭ: ʚʥʫʪʨʽʰʥʽʡ ʢʦʥʩʠʩʪʝʥʪʥʦʩʪʽ ʪʘ ʧʦʨʽʚʥʷʥʥʽ ʟ ʥʘʫʢʦʚʦ 

ʦʙˇʨʫʥʪʦʚʘʥʠʤʠ ʧʨʠʥʮʠʧʘʤʠ ʪʘ ʣʽʪʝʨʘʪʫʨʥʠʤʠ ʜʘʥʠʤʠ. 

ɺʥʫʪʨʽʰʥʷ ʚʘʣʽʜʘʮʽʷ ʤʦʜʝʣʽ ʟʜʽʡʩʥʶʚʘʣʘʩʷ ʰʣʷʭʦʤ ʘʥʘʣʽʟʫ ʣʦʛʽʯʥʦʩʪʽ ʪʘ ʧʦʩʣʽʜʦʚʥʦʩʪʽ 

ʦʪʨʠʤʘʥʠʭ ʩʠʤʫʣʷʮʽʡʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʆʯʽʢʫʚʘʣʦʩʷ, ʱʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʚʠʩʦʪʠ ɼʇ, ʙʘʞʘʥʘ ʰʚʠʜʢʽʩʪʴ, 

ʘ ʦʪʞʝ, ʽ ʩʝʨʝʜʥʷ ʰʚʠʜʢʽʩʪʴ ʧʨʦʾʟʜʫ, ʙʫʜʝ ʟʥʠʞʫʚʘʪʠʩʷ, ʱʦ ʽ ʙʫʣʦ ʧʽʜʪʚʝʨʜʞʝʥʦ ʩʠʤʫʣʷʮʽʷʤʠ. ʂʨʽʤ 

ʪʦʛʦ, ʘʥʘʣʽʟʫʚʘʣʘʩʷ ʟʘʣʝʞʥʽʩʪʴ ʽʥʰʠʭ ʧʦʢʘʟʥʠʢʽʚ (ʩʝʨʝʜʥʷ ʟʘʪʨʠʤʢʘ ʨʫʭʫ, ʩʝʨʝʜʥʷ ʜʦʚʞʠʥʘ ʟʘʪʦʨʫ, 
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ʩʝʨʝʜʥʽʡ ʯʘʩ ʧʨʦʩʪʦʶ, ʢʽʣʴʢʽʩʪʴ ʟʫʧʠʥʦʢ ʊɿ ʪʘ ʝʢʦʣʦʛʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ï ʚʠʢʠʜʠ CO, NOx ʪʘ ʚʠʪʨʘʪʠ 

ʧʘʣʠʚʘ) ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ɼʇ (ʜʠʚ. ʨʠʩ. 2).  

 

  

  

 

 
ʈʠʩʫʥʦʢ 2 - ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʚ ʧʨʦʛʨʘʤʽ PTV VISSIM 

 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʚ ʧʨʦʛʨʘʤʽ PTV VISSIM (ʜʠʚ. ʨʠʩ. 2) ʧʽʜʪʚʝʨʜʠʣʠ ʘʥʘʣʽʟ [1, 16, 17, 19], 

ʱʦʜʦ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʪʘ ʚʧʣʠʚʫ ɼʇ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʊʇ.  

ʈʠʩʫʥʦʢ 2 ʜʝʤʦʥʩʪʨʫʻ, ʱʦ ʦʧʪʠʤʽʟʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ ɼʇ ʻ ʩʢʣʘʜʥʠʤ ʟʘʚʜʘʥʥʷʤ, ʱʦ ʚʠʤʘʛʘʻ 

ʟʥʘʭʦʜʞʝʥʥʷ ʙʘʣʘʥʩʫ ʤʽʞ ʜʦʩʷʛʥʝʥʥʷʤ ʙʘʞʘʥʦʛʦ ʝʬʝʢʪʫ ʫʧʦʚʽʣʴʥʝʥʥʷ ʨʫʭʫ ʪʘ ʤʽʥʽʤʽʟʘʮʽʻʶ 

ʥʝʛʘʪʠʚʥʠʭ ʥʘʩʣʽʜʢʽʚ ʜʣʷ ʊʇ (ʟʘʪʨʠʤʢʠ, ʟʫʧʠʥʦʢ, ʝʢʦʣʦʛʽʯʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ). ɻʨʘʬʽʢʠ ʯʽʪʢʦ 

ʧʽʜʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʥʝʧʨʘʚʠʣʴʥʠʡ ʚʠʙʽʨ ʙʫʜʴ-ʷʢʦʛʦ ʟ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʥʘʯʥʦʛʦ 

ʧʦʛʽʨʰʝʥʥʷ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʧʝʨʝʭʨʝʩʪʷ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʧʨʦʛʨʘʤʽ PTV VISSIM ʙʫʣʦ ʩʬʦʨʤʦʚʘʥʦ ʰʠʨʦʢʠʡ ʤʘʩʠʚ ʚʠʭʽʜʥʠʭ 

ʜʘʥʠʭ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʜʣʷ ʧʦʙʫʜʦʚʠ ʤʦʜʝʣʽ.  

ʎʽʣʴʦʚʘ ʬʫʥʢʮʽʷ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ ɼʇ ʥʘ ʩʝʨʝʜʥʶ ʰʚʠʜʢʽʩʪʴ ʊʇ ʥʘ ʥʝʨʝʛʫʣʴʦʚʘʥʦʤʫ 

ʧʝʨʝʭʨʝʩʪʽ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʜ:  

 

( , , ) maxɼʇ ɼʇ ɼʇ stopV L H d= ­ , (1) 

 

ʜʝ 
ɼʇL - ʰʠʨʠʥʘ ɼʇ, ʤ; 

ɼʇH - ʚʠʩʦʪʘ ɼʇ, ʤ; 
stopd  - ʚʽʜʩʪʘʥʴ ʚʽʜ ʩʪʦʧ-ʣʽʥʽʾ ʜʦ ɼʇ, ʤ.  

ʆʙʤʝʞʝʥʥʷ ʤʦʜʝʣʽ (1): 
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ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʽʜ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʪʘ ʧʽʰʦʭʽʜʥʦʛʦ 

ʧʦʪʦʢʽʚ ʟʘʣʠʰʘʣʘʩʷ ʥʝʟʤʽʥʥʦʶ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʢʦʥʪʨʦʣʴʦʚʘʥʦʩʪʽ ʪʘ ʬʦʢʫʩʫ ʥʘ ʚʧʣʠʚʽ ʧʘʨʘʤʝʪʨʽʚ 

ɼʇ. 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʠʜʫ ʪʘ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʝʡ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʘ ʩʫʯʘʩʥʘ ʢʦʤʧ'ʶʪʝʨʥʘ ʧʨʦʛʨʘʤʘ 

ʦʙʨʦʙʢʠ ʩʪʘʪʠʩʪʠʢʠ STATISTICA, ʷʢʘ ʜʦʟʚʦʣʷʻ ʦʧʠʩʘʪʠ ʦʪʨʠʤʘʥʽ ʜʘʥʽ ʫ ʧʨʦʛʨʘʤʽ PTV VISSIM 

ʨʽʟʥʠʤʠ ʚʠʜʘʤʠ ʤʘʪʝʤʘʪʠʯʥʠʭ ʬʫʥʢʮʽʡ.  

ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ ɼʆʉʃɯɼɾɽʅʅʗ  
ɺ ʧʝʨʰʫ ʯʝʨʛʫ ʥʝʦʙʭʽʜʥʦ ʦʪʨʠʤʘʪʠ ʤʦʜʝʣʴ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ ɼʇ ʥʘ ʰʚʠʜʢʽʩʪʴ ʊʇ, ʱʦ 

ʜʦʟʚʦʣʠʪʴ ʚʠʟʥʘʯʠʪʠ, ʷʢʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɼʇ ʤʘʶʪʴ ʥʘʡʙʽʣʴʰʠʡ ʚʧʣʠʚ ʥʘ ʟʤʽʥʫ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ. 

ɻʨʘʬʽʢ (ʜʠʚ. ʨʠʩ. 3) ʜʝʤʦʥʩʪʨʫʻ, ʱʦ ʚʠʩʦʪʘ ɼʇ ʻ ʟʥʘʯʥʦ ʚʘʞʣʠʚʽʰʠʤ ʬʘʢʪʦʨʦʤ ʚʧʣʠʚʫ ʥʘ 

ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ, ʥʽʞ ʡʦʛʦ ʰʠʨʠʥʘ ʚ ʜʦʩʣʽʜʞʫʚʘʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʧʘʨʘʤʝʪʨʽʚ. ɿʙʽʣʴʰʝʥʥʷ ʚʠʩʦʪʠ 

ɼʇ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʽʟʢʦʛʦ ʟʤʝʥʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ. ɺʧʣʠʚ ʰʠʨʠʥʠ ɼʇ ʻ ʤʝʥʰ ʚʠʨʘʞʝʥʠʤ ʽ ʤʘʻ ʙʽʣʴʰ 

ʩʢʣʘʜʥʠʡ, ʡʤʦʚʽʨʥʦ, ʟ ʦʧʪʠʤʘʣʴʥʦʶ ʟʦʥʦʶ, ʭʘʨʘʢʪʝʨ. ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʥʠʟʴʢʠʭ ʰʚʠʜʢʦʩʪʝʡ ʥʝʦʙʭʽʜʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ɼʇ ʟ ʙʽʣʴʰʦʶ ʚʠʩʦʪʦʶ, ʧʨʦʪʝ ʩʣʽʜ ʚʨʘʭʦʚʫʚʘʪʠ ʚʧʣʠʚ ʰʠʨʠʥʠ, ʷʢʘ ʪʘʢʦʞ ʩʧʨʠʷʻ 

ʟʥʠʞʝʥʥʶ ʰʚʠʜʢʦʩʪʽ, ʦʩʦʙʣʠʚʦ ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʧʝʚʥʦʶ ʚʠʩʦʪʦʶ. ʄʦʜʝʣʴ ʧʽʜʪʚʝʨʜʞʫʻ ʥʝʣʽʥʽʡʥʠʡ 

ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʦʟʚ'ʷʟʢʫ ʤʽʞ ʮʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʪʘ ʰʚʠʜʢʽʩʪʶ ʨʫʭʫ. 

 

 
ʈʠʩʫʥʦʢ 3 - ɿʘʣʝʞʥʽʩʪʴ ʰʚʠʜʢʦʩʪʽ ʚʽʜ ʚʠʩʦʪʠ ʪʘ ʰʠʨʠʥʠ ɼʇ 

 

ʋʩʽ ʪʨʠ ʛʨʘʬʽʢʠ (ʜʠʚ. ʨʠʩ. 3 ï ʨʠʩ. 5) ʧʽʜʢʨʝʩʣʶʶʪʴ ʥʝʣʽʥʽʡʥʠʡ ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʦʟʚ'ʷʟʢʫ ʤʽʞ 

ʧʘʨʘʤʝʪʨʘʤʠ ɼʇ ʪʘ ʰʚʠʜʢʽʩʪʶ. ɺʠʩʦʪʘ ɼʇ ʻ ʢʣʶʯʦʚʠʤ ʧʘʨʘʤʝʪʨʦʤ ʜʣʷ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ, ʪʦʜʽ ʷʢ 

ʽʥʰʽ ʧʘʨʘʤʝʪʨʠ (ʚʽʜʩʪʘʥʴ ʚʽʜ ʩʪʦʧ-ʣʽʥʽʾ, ʰʠʨʠʥʘ ɼʇ, ʟʦʥʘ ʚʧʣʠʚʫ ɼʇ) ʤʘʶʪʴ ʙʽʣʴʰ ʩʢʣʘʜʥʠʡ, 

ʥʝʣʽʥʽʡʥʠʡ ʚʧʣʠʚ, ʯʘʩʪʦ ʟ ʦʧʪʠʤʘʣʴʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ, ʷʢʽ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ɼʇ. 

ʎʝ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʙʘʞʘʥʦʛʦ ʨʽʚʥʷ ʟʘʩʧʦʢʦʻʥʥʷ ʨʫʭʫ, ʧʨʦʝʢʪʫʚʘʥʥʷ ʜʦʨʦʞʥʽʭ 

ʧʘʛʦʨʙʽʚ ʤʘʻ ʙʘʟʫʚʘʪʠʩʷ ʥʘ ʢʦʤʧʣʝʢʩʥʠʭ ʤʦʜʝʣʷʭ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʮʽ ʥʝʣʽʥʽʡʥʽ ʟʘʣʝʞʥʦʩʪʽ ʪʘ ʚʟʘʻʤʦʜʽʾ 

ʤʽʞ ʧʘʨʘʤʝʪʨʘʤʠ, ʘ ʥʝ ʥʘ ʽʟʦʣʴʦʚʘʥʽʡ ʦʮʽʥʮʽ ʢʦʞʥʦʛʦ ʬʘʢʪʦʨʘ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʠʭ ʤʦʜʝʣʝʡ ʜʦʟʚʦʣʷʻ 

ʟʥʘʡʪʠ ʙʘʣʘʥʩ ʤʽʞ ʝʬʝʢʪʠʚʥʠʤ ʟʥʠʞʝʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʪʘ ʤʽʥʽʤʽʟʘʮʽʻʶ ʥʝʛʘʪʠʚʥʠʭ ʥʘʩʣʽʜʢʽʚ ʜʣʷ ʊʇ. 

ʈʝʟʫʣʴʪʘʪʠ ʦʙʨʦʙʢʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣʠʮʽ 1. 

ɿ ʦʪʨʠʤʘʥʠʭ ʤʦʜʝʣʝʡ ( ʜʠʚ. ʪʘʙʣ. 1) ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʢʠ, ʱʦ ʚʩʽ ʦʪʨʠʤʘʥʽ ʤʦʜʝʣʽ ʻ 

ʘʜʝʢʚʘʪʥʠʤʠ, ʧʨʦ ʱʦ ʩʚʽʜʯʘʪʴ ʚʠʩʦʢʽ ʢʦʝʬʽʮʽʻʥʪʠ ʢʦʨʝʣʷʮʽʾ (R
2
 ʚʽʜ 0,83 ʜʦ 0,92) ʪʘ ʟʥʘʯʥʽ ʟʥʘʯʝʥʥʷ 

ʢʨʠʪʝʨʽʶ ʌʽʰʝʨʘ (F ʚʽʜ 103,03 ʜʦ 240,25), ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʾʭʥʶ ʩʪʘʪʠʩʪʠʯʥʫ ʟʥʘʯʫʱʽʩʪʴ ʪʘ ʜʦʙʨʫ 

ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʜʘʥʠʤ. ɿʦʢʨʝʤʘ, ʤʦʜʝʣʴ, ʱʦ ʚʨʘʭʦʚʫʻ ʟʘʣʝʞʥʽʩʪʴ ʰʚʠʜʢʦʩʪʽ ʚʽʜ 

ʚʠʩʦʪʠ ʪʘ ʰʠʨʠʥʠ ɼʇ, ʻ ʥʘʡʙʽʣʴʰ ʪʦʯʥʦʶ ʪʘ ʘʜʝʢʚʘʪʥʦʶ, ʤʘʶʯʠ ʥʘʡʚʠʱʠʡ ʢʦʝʬʽʮʽʻʥʪ ʢʦʨʝʣʷʮʽʾ 0,92 

ʪʘ ʥʘʡʤʝʥʰʫ ʩʪʘʥʜʘʨʪʥʫ ʧʦʭʠʙʢʫ 0,77. 
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ʈʠʩʫʥʦʢ 4 - ɿʘʣʝʞʥʽʩʪʴ ʰʚʠʜʢʦʩʪʽ ʚʽʜ ʚʠʩʦʪʠ ʪʘ ʚʽʜʩʪʘʥʴ ʚʽʜ ʩʪʦʧ-ʣʽʥʽʾ ʜʦ ɼʇ 

 

 

 
ʈʠʩʫʥʦʢ 5 - ɿʘʣʝʞʥʽʩʪʴ ʰʚʠʜʢʦʩʪʽ ʚʽʜ ʰʠʨʠʥʠ ʪʘ ʚʽʜʩʪʘʥʴ ʚʽʜ ʩʪʦʧ-ʣʽʥʽʾ ʜʦ ɼʇ 

 

ʊʘʙʣʠʮʷ 1 ï ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʧʨʦʛʨʘʤʽ STATISTICA 
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ʅʘʩʪʫʧʥʠʡ ʝʪʘʧ ʧʝʨʝʜʙʘʯʘʻ ʨʦʟʨʦʙʢʫ ʤʦʜʝʣʽ ʟʘ ʬʦʨʤʫʣʦʶ 1. ʄʝʪʦʶ ʻ ʩʪʚʦʨʝʥʥʷ ʤʘʪʝʤʘʪʠʯʥʦʾ 

ʟʘʣʝʞʥʦʩʪʽ, ʷʢʘ ʙʫʜʝ ʢʦʤʧʣʝʢʩʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʚʩʽ ʪʨʠ ʢʣʶʯʦʚʽ ʧʘʨʘʤʝʪʨʠ ɼʇ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʰʚʠʜʢʽʩʪʴ ʊʇ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʠ STATISTICA ʙʫʣʘ ʦʪʨʠʤʘʥʘ ʨʝʛʨʝʩʽʷ ʪʘ ʨʝʟʫʣʴʪʘʪʠ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʷʢʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩʫʥʢʫ 6. 



É ɹʫʛʘʡʦʚʘ ʄ.ʆ., ʍʦʣʦʜʦʚʘ ʆ.ʆ., ɹʫʛʘʡʦʚ ɯ.ʉ., ʐʝʚʯʫʢ ɭ.ɺ. 2025  
 

ISSN 2313-5425                  , 2025, ˉ2 (25)  127  
 

 

 
ʈʠʩʫʥʦʢ 6 - ʈʝʟʫʣʴʪʘʪʠ ʤʥʦʞʠʥʥʦʾ ʨʝʛʨʝʩʽʾ 

 

ɺʩʽ ʧʨʝʜʠʢʪʦʨʠ ʚ ʤʦʜʝʣʽ ʚʠʷʚʠʣʠʩʴ ʩʪʘʪʠʩʪʠʯʥʦ ʜʦʩʪʦʚʽʨʥʠʤʠ (p-value=0,00), ʘ ʾʾ ʟʘʛʘʣʴʥʘ 

ʩʪʘʪʠʩʪʠʯʥʘ ʟʥʘʯʫʱʽʩʪʴ ʧʽʜʪʚʝʨʜʞʝʥʘ ʚʠʩʦʢʦʶ F-ʩʪʘʪʠʩʪʠʢʦʶ 1238,9. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʪʘ ʚʠʩʦʢʦʤʫ 

ʢʦʝʬʽʮʽʻʥʪʫ ʢʦʨʝʣʷʮʽʾ 93,5%, ʦʪʨʠʤʘʥʘ ʤʦʜʝʣʴ ʚʚʘʞʘʻʪʴʩʷ ʘʜʝʢʚʘʪʥʦʶ. ʎʽʣʴʦʚʘ ʬʫʥʢʮʽʷ ʤʘʻ 

ʥʘʩʪʫʧʥʠʡ ʚʠʜ: 

 

28,1 1,5 39,15 0,16ɼʇ ɼʇ ɼʇ stopV L H d= + Ö - Ö - Ö, (3) 

 

ɺʠʭʦʜʷʯʠ ʟ ʮʠʭ ʧʦʢʘʟʥʠʢʽʚ (ʜʠʚ. ʨʠʩ. 7), ʤʦʞʥʘ ʦʜʥʦʟʥʘʯʥʦ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʧʦʙʫʜʦʚʘʥʘ 

ʨʝʛʨʝʩʽʡʥʘ ʤʦʜʝʣʴ ʻ ʚʠʩʦʢʦ ʩʪʘʪʠʩʪʠʯʥʦ ʟʥʘʯʫʱʦʶ ʪʘ ʘʜʝʢʚʘʪʥʦʶ. ɺʦʥʘ ʫʩʧʽʰʥʦ ʧʦʷʩʥʶʻ ʟʤʽʥʠ 

ʰʚʠʜʢʦʩʪʽ ʽ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʨʦʟʫʤʽʥʥʷ ʚʧʣʠʚʫ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. 

 

 
ʈʠʩʫʥʦʢ 7 - ɼʠʩʧʝʨʩʽʡʥʠʡ ʘʥʘʣʽʟ (ANOVA) 

 

ɻʨʘʬʽʢ (ʜʠʚ. ʨʠʩ. 8) ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʽʟʫʘʣʴʥʦʾ ʦʮʽʥʢʠ, ʯʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʟʘʣʠʰʢʠ  

ʨʝʛʨʝʩʽʡʥʦʾ ʤʦʜʝʣʽ ʧʨʠʧʫʱʝʥʥʶ ʧʨʦ ʥʦʨʤʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ, ʱʦ ʻ ʦʜʥʠʤ ʟ ʢʣʶʯʦʚʠʭ ʧʨʠʧʫʱʝʥʴ ʜʣʷ 

ʜʦʩʪʦʚʽʨʥʦʩʪʽ ʩʪʘʪʠʩʪʠʯʥʠʭ ʚʠʩʥʦʚʢʽʚ ʫ ʨʝʛʨʝʩʽʡʥʦʤʫ ʘʥʘʣʽʟʽ. 

 

 
ʈʠʩʫʥʦʢ 8 - ɻʨʘʬʽʢ ʥʦʨʤʘʣʴʥʦʾ ʡʤʦʚʽʨʥʦʩʪʽ ʟʘʣʠʰʢʽʚ 

 

ʆʩʢʽʣʴʢʠ ʪʦʯʢʠ ʥʘ ʛʨʘʬʽʢʫ ʥʦʨʤʘʣʴʥʦʾ ʡʤʦʚʽʨʥʦʩʪʽ ʟʘʣʠʰʢʽʚ ʣʝʞʘʪʴ ʧʝʨʝʚʘʞʥʦ ʚʟʜʦʚʞ ʧʨʷʤʦʾ 

ʣʽʥʽʾ, ʮʝ ʦʟʥʘʯʘʻ, ʱʦ ʧʨʠʧʫʱʝʥʥʷ ʧʨʦ ʥʦʨʤʘʣʴʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʟʘʣʠʰʢʽʚ ʚʠʢʦʥʫʻʪʴʩʷ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʚʜʷʢʠ ʚʠʩʦʢʠʤ ʧʦʢʘʟʥʠʢʘʤ ʜʦʩʪʦʚʽʨʥʦʩʪʽ, ʨʦʟʨʦʙʣʝʥʘ ʤʦʜʝʣʴ ʤʦʞʝ ʙʫʪʠ 

ʝʬʝʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ ɼʇ ʥʘ ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ ʊɿ ʥʘ 

ʥʝʨʝʛʫʣʴʦʚʘʥʦʤʫ ʧʝʨʝʭʨʝʩʪʽ.  

ɺʀʉʅʆɺʂʀ 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʻ ʥʘʜʟʚʠʯʘʡʥʦ ʮʽʥʥʠʤ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ ʥʘʦʯʥʦ ʪʘ ʢʽʣʴʢʽʩʥʦ 

ʦʮʽʥʠʪʠ ʚʧʣʠʚ ɼʇ ʥʘ ʊʇ ʚ ʫʤʦʚʘʭ ʤʦʜʝʣʶʚʘʥʥʷ. ɼʣʷ ʧʨʦʻʢʪʫʚʘʣʴʥʠʢʽʚ ʽ ʤʽʩʴʢʠʭ ʽʥʞʝʥʝʨʽʚ ʮʝ 

ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ, ʘʜʞʝ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʦʙˇʨʫʥʪʦʚʘʥʦ ʚʠʟʥʘʯʘʪʠ ʧʘʨʘʤʝʪʨʠ ʝʣʝʤʝʥʪʽʚ ʟʘʩʧʦʢʦʻʥʥʷ 
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ʨʫʭʫ, ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʙʘʣʘʥʩ ʤʽʞ ʙʝʟʧʝʢʦʶ ʪʘ ʧʨʦʧʫʩʢʥʦʶ ʟʜʘʪʥʽʩʪʶ ʡ ʚʨʘʭʦʚʫʚʘʪʠ ʫʤʦʚʠ ʢʦʥʢʨʝʪʥʠʭ 

ʧʝʨʝʭʨʝʩʪʴ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʩʪʘʪʠ ʢʦʨʠʩʥʠʤʠ ʫ ʪʨʘʥʩʧʦʨʪʥʦʤʫ ʧʣʘʥʫʚʘʥʥʽ, 

ʧʨʦʻʢʪʫʚʘʥʥʽ ʚʫʣʠʯʥʦ-ʜʦʨʦʞʥʴʦʾ ʤʝʨʝʞʽ, ʨʦʟʨʦʙʮʽ ʩʭʝʤ ʦʨʛʘʥʽʟʘʮʽʾ ʨʫʭʫ ʪʘ ʧʨʠ ʦʮʽʥʶʚʘʥʥʽ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʭʦʜʽʚ ʟʽ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ. 

ɼʦʚʝʜʝʥʦ, ʱʦ ʚʠʩʦʪʘ ɼʇ ʻ ʢʣʶʯʦʚʠʤ ʬʘʢʪʦʨʦʤ, ʱʦ ʚʠʟʥʘʯʘʻ ʩʪʫʧʽʥʴ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʊɿ, ʟ 

ʷʩʢʨʘʚʦ ʚʠʨʘʞʝʥʦʶ ʥʝʣʽʥʽʡʥʦʶ ʟʘʣʝʞʥʽʩʪʶ, ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʬʦʨʤʫʶʯʠ ʧʦʚʝʜʽʥʢʫ ʚʦʜʽʾʚ ʧʨʠ ʧʝʨʝʪʠʥʽ. 

ʉʘʤʝ ʚʠʩʦʪʘ, ʯʝʨʝʟ ʩʚʦʶ ʧʨʷʤʫ ʢʦʨʝʣʷʮʽʶ ʟ ʬʽʟʠʯʥʠʤ ʚʧʣʠʚʦʤ ʥʘ ʊɿ ʪʘ ʜʠʩʢʦʤʬʦʨʪʦʤ ʜʣʷ ʚʦʜʽʷ, 

ʟʤʫʰʫʻ ʚʦʜʽʾʚ ʩʫʪʪʻʚʦ ʟʥʠʞʫʚʘʪʠ ʰʚʠʜʢʽʩʪʴ ʜʣʷ ʙʝʟʧʝʯʥʦʛʦ ʪʘ ʢʦʤʬʦʨʪʥʦʛʦ ʧʨʦʾʟʜʫ. 
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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 (1ï3 m), height (0.03ï0.10 m), and distance from the stop 

line (10ï50 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 (RĮ = 

0.83ï0.92). 

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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ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʚʦʜʥʦʛʦ ʛʦʩʧʦʜʘʨʩʪʚʘ ʪʘ ʧʨʠʨʦʜʦʢʦʨʠʩʪʫʚʘʥʥʷ, ʤ. ʈʽʚʥʝ 

 

ɸʅɸʃɯɿ ɺʇʃʀɺʋ ɽʃɽʄɽʅʊɯɺ ʈʋʐɯʗ ɺɸɾʂʀʍ ʊʈɸʂʊʆʈɯɺ ʅɸ ɺɽʃɽʏʀʅʋ ʊʀʉʂʋ ʅɸ 

ɻʈʋʅʊ 

 

ʋʱʽʣʴʥʝʥʥʷ ˇʨʫʥʪʫ ʻ ʬʽʟʠʯʥʠʤ ʧʨʦʮʝʩʦʤ ʡʦʛʦ ʜʝʛʨʘʜʘʮʽʾ, ʱʦ ʟʤʝʥʰʫʻ ʧʦʨʠʩʪʽʩʪʴ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, 

ʧʦʩʠʣʶʻ ʝʨʦʟʽʡʥʽ ʧʨʦʮʝʩʠ ʪʘ ʟʥʠʞʫʻ ʚʨʦʞʘʡʥʽʩʪʴ. ʈʦʩʣʠʥʠ, ʚʠʨʦʱʝʥʽ ʥʘ ʫʱʽʣʴʥʝʥʠʭ ʜʽʣʷʥʢʘʭ, ʤʘʶʪʴ ʩʣʘʙʰʠʡ 

ʨʦʟʚʠʪʦʢ ʽ ʤʝʥʰʫ ʞʠʪʪʻʟʜʘʪʥʽʩʪʴ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʧʦʛʽʨʰʫʻʪʴʩʷ ʛʘʟʦʦʙʤʽʥ ʫ ˇʨʫʥʪʽ, ʽ ʮʝ ʚʧʣʠʚʘʻ ʥʘ 

ʜʦʩʪʫʧʥʽʩʪʴ ʢʠʩʥʶ ʪʘ ʽʥʰʠʭ ʛʘʟʽʚ ʜʣʷ ʢʦʨʽʥʥʷ ʨʦʩʣʠʥ. ʉʫʯʘʩʥʘ ʧʨʘʢʪʠʢʘ ʨʦʩʣʠʥʥʠʮʪʚʘ ʧʦʢʘʟʫʻ, ʱʦ ʰʠʨʦʢʝ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʘʞʢʠʭ ʪʨʘʢʪʦʨʽʚ ʥʘ ʧʦʣʷʭ ʧʽʜʚʠʱʫʻ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʽ ʯʘʩʪʦʪʫ ʤʝʭʘʥʽʯʥʦʛʦ ʚʧʣʠʚʫ ʥʘ ˇʨʫʥʪ. 

ɹʘʛʘʪʦʢʨʘʪʥʝ ʧʝʨʝʩʫʚʘʥʥʷ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʦʾ ʪʝʭʥʽʢʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʥʦʛʦ ʫʱʽʣʴʥʝʥʥʷ ˇʨʫʥʪʫ ʥʘ 

ʛʣʠʙʠʥʫ ʜʦ 100 ʩʤ, ʧʨʠ ʮʴʦʤʫ ʤʘʰʠʥʥʽ ʢʦʣʽʾ ʤʦʞʫʪʴ ʟʘʡʤʘʪʠ ʜʦ 80 % ʦʙʨʦʙʣʶʚʘʥʦʾ ʧʣʦʱʽ. ʇʽʜ ʜʽʻʶ ʚʘʞʢʦʾ 

ʪʝʭʥʽʢʠ ʱʽʣʴʥʽʩʪʴ ˇʨʫʥʪʫ ʟʨʦʩʣʘ  ʥʘ 20ï40 %. ɿʥʠʞʝʥʥʷ ʫʱʽʣʴʥʝʥʥʷ ˇʨʫʥʪʫ ï ʦʜʥʘ ʟ ʚʘʞʣʠʚʠʭ ʩʪʨʘʪʝʛʽʡ. 

ʋʜʦʩʢʦʥʘʣʝʥʥʷ ʭʦʜʦʚʠʭ ʩʠʩʪʝʤ ʤʘʰʠʥ ʽ ʘʛʨʝʛʘʪʽʚ, ʘ ʪʘʢʦʞ ʟʥʠʞʝʥʥʷ ʾʭʥʴʦʾ ʤʘʩʠ ʚʽʜʽʛʨʘʶʪʴ ʢʣʯʁʦʚʫ ʨʦʣʴ ʫ 

ʮʴʦʤʫ ʧʨʦʮʝʩʽ.  

ʋ  ʜʘʥʽʡ ʨʦʙʦʪʽ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʨʦʙʥʠʢʠ ʚʘʞʢʠʭ ʧʦʪʫʞʥʠʭ ʪʨʘʢʪʦʨʽʚ ʧʦʩʪʽʡʥʦ ʰʫʢʘʶʪʴ ʰʣʷʭʠ 

ʟʤʝʥʰʝʥʥʷ ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ, ʟʦʢʨʝʤʘ ʟʘ ʨʘʭʫʥʦʢ ʟʤʽʥʠ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʪʝʭʥʦʣʦʛʽʡ 

ʚʠʛʦʪʦʚʣʝʥʥʷ, ʤʘʪʝʨʽʘʣʽʚ ʩʢʣʘʜʦʚʠʭ ʨʫʰʽʾʚ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ ʪʘʢʠʭ ʪʨʘʢʪʦʨʽʚ, ʟʦʢʨʝʤʘ, ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʧʨʘʚʠʣʴʥʦ ʧʽʜʽʙʨʘʥʦʾ ʢʦʣʽʩʥʦʾ ʢʦʤʧʣʝʢʪʘʮʽʾ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʦʧʝʨʘʮʽʡ, ʱʦ ʚʠʤʘʛʘʶʪʴ ʤʽʥʽʤʘʣʴʥʦʛʦ 

ʚʧʣʠʚʫ ʥʘ ˇʨʫʥʪ. 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʦʩʦʙʣʠʚʦʩʪʝʡ ʢʦʥʩʪʨʫʢʮʽʡ ʨʫʰʽʾʚ ʩʫʯʘʩʥʠʭ ʪʨʘʢʪʦʨʽʚ ʟʥʘʯʥʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʷʢʽ 

ʟʘʩʪʦʩʦʚʫʶʪʴ ʟ ʤʝʪʦʶ ʟʥʠʞʝʥʥʷ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ. ɿʦʢʨʝʤʘ, ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʦʜʝʣʽ ʢʦʣʽʩʥʠʭ ʨʫʰʽʾʚ ʪʨʘʢʪʦʨʽʚ 

ʧʦʪʫʞʥʦʩʪʽ 300-500 ʢ.ʩ.,  ʚʠʢʦʥʘʥʦ ʨʦʟʨʘʭʫʥʦʢ ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ; ʧʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʟʥʘʯʝʥʴ 

ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ ʪʨʘʢʪʦʨʽʚ ʽʟ ʢʦʣʽʩʥʠʤʠ, ʥʘʧʽʚʛʫʩʝʥʠʯʥʠʤʠ ʽ ʧʦʚʥʦʛʫʩʝʥʠʯʥʠʤʠ ʨʫh ʽʷʤʠ ʧʦʪʫʞʥʽʩʪʶ 

300-500 ʢ.ʩ.; ʚʠʢʦʥʘʥʦ ʘʥʘʣʽʟ ʟʘ ʪʘʢʠʤ ʩʘʤʠʤ ʘʣʛʦʨʠʪʤʦʤ ʜʣʷ ʪʨʘʢʪʦʨʽʚ ʧʦʪʫʞʥʽʩʪʶ 500 ʢ.ʩ. 

 

ɺʉʊʋʇ 

ɻʨʫʥʪʠ ʻ ʚʘʞʣʠʚʠʤ ʜʞʝʨʝʣʦʤ ʞʠʪʪʻʚʦ ʚʘʞʣʠʚʠʭ ʨʝʩʫʨʩʽʚ ʜʣʷ ʣʶʜʩʪʚʘ. ʅʘ ʜʘʥʠʡ ʯʘʩ ʩʢʣʘʣʘʩʴ 

ʩʠʪʫʘʮʽʷ, ʢʦʣʠ ʥʘʰʽ ʛʨʫʥʪʠ ʪʝʨʧʣʷʪʴ ʥʝʛʘʪʠʚʥʠʡ ʚʧʣʠʚ, ʱʦ ʚʝʜʝ ʜʦ ʟʥʘʯʥʦʛʦ ʦʙʤʝʞʘʥʥʷ 

ʟʘʙʝʟʧʝʯʝʥʦʩʪʽ ʣʶʜʝʡ ʩʪʨʘʪʝʛʽʯʥʦ ʥʝʦʙʭʽʜʥʠʤʠ ʨʝʩʫʨʩʘʤʠ ʜʣʷ ʚʠʞʠʚʘʥʥʷ. ɿʨʦʩʪʘʥʥʷ ʥʝʛʘʪʠʚʥʦʛʦ 

ʚʪʨʫʯʘʥʥʷ ʣʶʜʝʡ ʫ ʧʨʠʨʦʜʥʽ ʧʨʦʮʝʩʠ ʧʨʠʚʝʣʦ ʜʦ ʧʦʩʠʣʝʥʥʷ ʦʧʫʩʪʝʣʶʚʘʥʥʷ ʪʘ ʜʝʛʨʘʜʘʮʽʾ ʟʝʤʝʣʴ, 

ʪʦʙʪʦ ʜʦ ʚʪʨʘʪʠ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ˇʨʫʥʪʫ.  

 ɿ ʨʦʟʚʠʪʢʦʤ ʪʝʭʥʽʯʥʦʛʦ ʧʨʦʛʨʝʩʫ, ʚʧʨʦʚʘʜʞʝʥʥʷʤ ʧʦʪʫʞʥʦʾ ʪʨʘʢʪʦʨʥʦʾ ʝʥʝʨʛʝʪʠʢʠ ʽʥʪʝʥʩʠʚʥʘ 

ʜʽʷ ʨʫʰʽʾʚ ʩʫʯʘʩʥʦʾ ʪʝʭʥʽʢʠ ʥʘ ˇʨʫʥʪ ʚʠʢʣʠʢʘʣʘ ʧʦʛʽʨʰʝʥʥʷ ʾʾ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʱʦ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʥʫʣʦ 

ʥʘ ʨʦʜʶʯʽʩʪʴ ˇʨʫʥʪʫ ʪʘ ʚʨʦʞʘʡ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʢʫʣʴʪʫʨ [1ï2]. ʆʩʦʙʣʠʚʫ ʥʝʙʝʟʧʝʢʫ ʩʪʘʥʦʚʠʪʴ 

ʢʫʤʫʣʷʪʠʚʥʠʡ ʝʬʝʢʪ ʧʝʨʝʫʱʽʣʴʥʝʥʥʷ ˇʨʫʥʪʫ ʚʽʜ ʧʦʚʪʦʨʶʚʘʥʠʭ ʚʧʣʠʚʽʚ ʨʫʰʽʾʚ. ʉʪʫʧʽʥʴ ʫʱʽʣʴʥʝʥʥʷ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʘʩʠ ʪʨʘʢʪʦʨʘ, ʪʠʧʫ ʨʫʰʽʷ, ʪʠʧʫ ˇʨʫʥʪʫ ʪʘ ʪʝʭʥʦʣʦʛʽʾ ʚʠʢʦʥʘʥʥʷ ʧʦʣʴʦʚʠʭ ʨʦʙʽʪ. 

ʆʜʥʠʤ ʽʟ ʥʘʧʨʷʤʢʽʚ ʚʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ ʟʤʝʥʰʝʥʥʷ ʥʝʛʘʪʠʚʥʦʛʦ ʚʧʣʠʚʫ ʥʘ ʛʨʫʥʪ, ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʦʜʫʪʠʚʥʦʩʪʽ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʨʦʙʽʪ ʻ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʨʫʰʽʡʥʠʭ ʩʠʩʪʝʤ ʪʨʘʢʪʦʨʽʚ ʽʟ ʤʝʪʦʶ 

ʟʤʝʥʰʝʥʥʷ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ.  

ɸʅɸʃɯɿ ʃɯʊɽʈɸʊʋʈʅʀʍ ɼɸʅʀʍ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ 

ɼʦʩʣʽʜʞʝʥʥʷʤ ʚʧʣʠʚʫ ʨʫʰʠʡʥʠʭ ʩʠʩʪʝʤ ʪʨʘʢʪʦʨʽʚ ʥʘ ʛʨʫʥʪ ʧʨʠʩʚʷʯʝʥʦ ʨʦʙʦʪʠ ʉʧʽʨʽʥʘ ɸ.ɺ.,  

ʄ.ʗ. ɼʦʚʞʠʢʘ ʆ.ʖ. ʈʝʙʨʦʚʘ, ɸʥʪʦʱʝʥʢʦʚʘ ʈ. ɺ., Inge Hakansson, A. SğowiŒska-Jurkiewicz, H. DomaŨağ 

[3-9] ʪʘ ʽʥʰʠʭ ʚʯʝʥʠʭ, ʷʢʽ  ʜʦʚʦʜʷʪʴ, ʱʦ ʚ ʧʨʦʮʝʩʽ ʦʙʨʦʙʽʪʢʫ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʢʫʣʴʪʫʨ ʨʫʰʽʡ 

ʪʨʘʢʪʦʨʘ ʚʧʣʠʚʘʻ ʥʘ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ˇʨʫʥʪʫ, ʚ ʦʩʥʦʚʥʦʤʫ ʧʦʛʽʨʰʫʶʯʠ ʾʭ. ʅʘ ʧʽʜʩʪʘʚʽ 

ʜʦʩʣʜ̔ʞʝʥʴ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʽʜʚʠʱʝʥʥʷ ʱʽʣʴʥʦʩʪʽ ˇʨʫʥʪʫ, ʚʠʢʣʠʢʘʥʝ ʚʧʣʠʚʦʤ ʨʫʰʽʾʚ ʪʨʘʢʪʦʨʽʚ ʪʘ 

ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʤʘʰʠʥ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴh ʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʛʨʫʥʪʫ ʚ 2 - 3 ʨʘʟʠ. ʇʠʪʦʤʠʡ ʦʧʽʨ 

ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʦʨʥʦʛʦ ʰʘʨʫ ʧʽʩʣʷ ʧʨʦʭʦʜʫ ʪʨʘʢʪʦʨʽʚ ʧʽʜʚʠʱʫʻʪʴʩʷ ʥʘ 15 - 65 %  [10]. ʊʘʢʦʞ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʤʝʥʰʝʥʥʷ ʤʽʥʝʨʘʣʟ̔ʘʮʽʾ ʦʨʛʘʥʽʯʥʠʭ ʨʝʯʦʚʠʥ, ʜʦʩʪʫʧʥʦʩʪʽ ʨʝʩʫʨʩʽʚ ʜʣʷ ʨʦʩʣʠʥ, 

ʧʨʦʥʠʢʥʦʩʪʽ ˇʨʫʥʪʫ, ʟʜʘʪʥʦʩʪʽ ʜʦ ʧʨʦʨʦʩʪʘʥʥʷ ʟʝʨʥʘ, ʘ ʪʘʢʦʞ ʨʦʟʚʠʪʢʫ ʪʘ ʧʨʦʥʠʢʥʦʩʪʽ ʢʦʨʝʥʽʚ [11]. 

ɺʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ ʫʱʽʣʴʥʝʥʥʷ ʛʨʫʥʪʽʚ ʻ ʧʨʝʜʤʝʪʦʤ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ ʙʘʛʘʪʴʦʭ ʚʯʝʥʠʭ [12 

-16]. 

S. Mudarisov [12] ʜʦʩʣʽʜʠʚʰʠ ʛʝʦʤʝʪʨʽʶ ʦʧʦʨʥʦʾ ʯʘʩʪʠʥʠ ʛʫʩʝʥʠʯʥʦʛʦ ʪʨʘʢʪʦʨʘ ʧʨʠʡʰʦʚ ʜʦ 

ʚʠʩʥʦʚʢʫ, ʱʦ ʧʣʦʩʢʘ ʛʝʦʤʝʪʨʽʷ ʦʧʦʨʥʦʾ ʯʘʩʪʠʥʠ ʛʫʩʝʥʠʯʥʦʛʦ ʪʨʘʢʪʦʨʘ ʟ ʥʘʧʽʚʞʦʨʩʪʢʦʶ ʧʽʜʚʽʩʢʦʶ 

ʩʪʚʦʨʶʻ ʤʘʢʩʠʤʘʣʴʥʠʡ ʪʠʩʢ ʥʘ ˇʨʫʥʪ ʧʝʨʰʠʤ ʪʘ ʦʩʪʘʥʥʽʤ ʦʧʦʨʥʠʤʠ ʢʘʪʢʘʤʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 
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ʟʙʽʣʴh ʝʥʥʷ ʫʱʽʣʴʥʝʥʥʷ ˇʨʫʥʪʫ. ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʛʝʦʤʝʪʨʽʾ. ʅʘ ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʘʚʪʦʨʦʤ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʷʢʘ ʨʦʟʢʨʠʚʘʻ ʟʘʢʦʥʦʤʽʨʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʪʠʩʢʫ ʧʦ 

ʜʦʚʞʠʥʽ ʛʫʩʝʥʠʮʽ. ʊʘʢʠʤ ʯʠʥʦʤ ʘʚʪʦʨ ʜʦʚʽʚ ʤʦʞʣʠʚʽʩʪʴ ʟʤʝʥʰʝʥʥʷ ʪʠʩʢʫ ʥʘ ˇʨʫʥʪ ʰʣʷʭʦʤ ʟʤʽʥʠ 

ʢʦʥʩʪʨʫʢʮʽʾ ʦʧʦʨʥʠʭ ʛʫʩʝʥʠʮʴ, ʷʢʝ ʟʘʙʝʟʧʝʯʫʻ  ʨʘʮʽʦʥʘʣʴʥʠʤ ʨʦʟʪʘʰʫʚʘʥʥʷʤ ʮʝʥʪʨʫ ʤʘʩ ʪʨʘʢʪʦʨʘ.  

ʋ ʨʦʙʦʪʽ [13] ʘʚʪʦʨʦʤ ʜʦʚʝʜʝʥʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʜʚʦʻʥʠʭ ʰʠʥ ʽ ʙʘʣʘʩʪʫʚʘʥʥʷ 

ʪʨʘʢʪʦʨʘ ʜʣʷ ʟʥʠʞʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʪʠʩʢʫ ʪʨʘʢʪʦʨʘ ʥʘ ˇʨʫʥʪ. ɸʚʪʦʨʦʤ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜʠʢʫ 

ʚʠʙʦʨʫ ʤʘʩʠ ʙʘʣʘʩʪʥʠʭ ʚʘʛ ʜʣʷ ʫʩʪʘʥʦʚʢʠ ʚ ʜʠʩʢʘʭ ʟʘʜʥʽʭ ʢʦʣʽʩ ʪʘ ʥʘ ʧʝʨʝʜʥʶ ʥʘʚʽʩʥʫ ʩʠʩʪʝʤʫ 

ʪʨʘʢʪʦʨʘ.  

ʈʷʜ ʚʯʝʥʠʭ [14 -16] ʪʝʦʨʝʪʠʯʥʠʤ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʰʣʷʭʦʤ ʜʦʩʣʽʜʞʫʚʘʣʠ ʚʧʣʠʚ ʪʘʢʠʭ 

ʧʘʨʘʤʝʪʨʽʚ, ʷʢ ʪʠʩʢ ʚ ʰʠʥʘʭ ʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʨʘʜʽʫʩʘʤʠ ʧʝʨʝʜʥʽʭ ʽ ʟʘʜʥʽʭ ʢʦʣʽʩ, ʨʠʩʫʥʦʢ 

ʧʨʦʪʝʢʪʦʨʘ ʪʦʱʦ ʥʘ ʚʝʣʠʯʠʥʫ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ.  

ʗʢ ʙʘʯʠʤʦ ʨʫʰʽʡʥʘ ʩʠʩʪʝʤʘ ʪʨʘʢʪʦʨʘ ʤʘʻ ʟʥʘʯʥʠʡ ʚʧʣʠʚ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʡʦʛʦ ʚʟʘʻʤʦʜʽʾ ʟ 

ʛʨʫʥʪʦʤ. ʆʩʦʙʣʠʚʦʾ ʘʢʪʫʘʣʴʥʦʩʪʽ ʪʘʢʽ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘʙʫʚʘʶʪʴ ʥʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ, ʢʦʣʠ ʧʝʨʝʚʘʛʫ 

ʚʜ̔ʜʘʙʪʴ ʚʘʞʢʠʤ ʪʨʘʢʪʦʨʘʤ ʟ ʧʦʴʫʞʥʽʩʪʶ 300 ʡ ʙʽʣʴʰʝ ʢ.ʩ. ʽ ʥʘʯʥʦʶ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʶ ʚʘʛʦʶ. 

ʎɯʃʔ ʊɸ ɿɸɼɸʏɯ ɼʆʉʃɯɼɾɽʅʅʗ 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʘʥʘʣʽʟ ʦʩʦʙʣʠʚʦʩʪʝʡ ʢʦʥʩʪʨʫʢʮʽʡ ʨʫʰʽʾʚ ʩʫʯʘʩʥʠʭ ʪʨʘʢʪʦʨʽʚ ʟʥʘʯʥʦʾ 

ʧʦʪʫʞʥʦʩʪʽ, ʷʢʽ ʟʘʩʪʦʩʦʚʫʶʪʴ ʟ ʤʝʪʦʶ ʟʥʠʞʝʥʥʷ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ ɼʣʷ ʜʦʩʛ̫ʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʮʽʣʽ 

-ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʦʜʝʣʽ ʢʦʣʽʩʥʠʭ ʨʫʰʽʾʚ ʪʨʘʢʪʦʨʽʚ ʧʦʪʫʞʥʦʩʪʽ 300-500 ʢ.ʩ.; 

-ʚʠʢʦʥʘʥʦ ʨʦʟʨʘʭʫʥʦʢ ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ; 

-ʧʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʟʥʘʯʝʥʴ ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ ʪʨʘʢʪʦʨʽʚ ʽʟ ʢʦʣʽʩʥʠʤʠ, 

ʥʘʧʽʚʛʫʩʝʥʠʯʥʠʤʠ ʽ ʧʦʚʥʦʛʫʩʝʥʠʯʥʠʤʠ ʨʫʰʽʷʤʠ ʧʦʪʫʞʥʽʩʪʶ 300-500 ʢ.ʩ.; 

-ʚʠʢʦʥʘʥʦ ʘʥʘʣʽʟ ʟʘ ʪʘʢʠʤ ʩʘʤʠʤ ʘʣʛʦʨʠʪʤʦʤ ʜʣʷ ʪʨʘʢʪʦʨʽʚ ʧʦʪʫʞʥʽʩʪʶ 500 ʢ.ʩ. 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʔ 

ʅʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʻ ʤʦʜʝʣʽ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʪʨʘʢʪʦʨʽʚ ʥʘ ʢʦʣʽʩʥʦʤʫ ʭʦʜʫ, ʜʣʷ ʷʢʠʭ 

ʪʘʢʠʡ ʢʣʶʯʦʚʠʡ ʝʣʝʤʝʥʪ ʨʫʰʽʷ ʷʢ ʰʠʥʠ, ʟʘʙʝʟʧʝʯʫʶʪʴ ʢʦʥʪʘʢʪ ʤʽʞ ʰʘʩʽ ʪʘ ʧʦʚʝʨʭʥʝʶ ʜʦʨʦʛʠ. ɺʦʥʠ 

ʚʠʢʦʥʫʶʪʴ ʚʘʞʣʠʚʽ ʬʫʥʢʮʽʾ ð ʩʧʨʠʡʤʘʶʪʴ ʚʘʛʫ ʤʘʰʠʥʠ, ʘʤʦʨʪʠʟʫʶʪʴ ʥʝʨʽʚʥʦʩʪʽ ʜʦʨʦʞʥʴʦʛʦ 

ʧʦʢʨʠʪʪʷ,  ʟʘʙʝʟʧʝʯʫʶʪʴ ʟʯʝʧʣʝʥʥʷ ʟ ʜʦʨʦʛʦʶ, ʝʬʝʢʪʠʚʥʝ ʛʘʣʴʤʫʚʘʥʥʷ ʪʘ ʩʪʽʡʢʽʩʪʴ ʧʽʜ ʯʘʩ ʧʦʚʦʨʦʪʽʚ.  

ʗʢ ʟʘʟʥʘʯʝʥʦ ʚʠʱʝ, ʰʠʥʠ ʟʜʘʪʥʽ ʟʤʝʥʰʠʪʠ ʪʠʩʢ ʥʘ ʛʨʫʥʪ. ʈʦʟʛʣʷʥʝʤʦ ʾʭʥʽ ʦʩʦʙʣʠʚʦʩʪʽ. ɿ ʮʽʻʶ 

ʤʝʪʦʶ ʧʨʦʘʥʘʣʽʟʫʻʤʦ ʤʦʜʝʣʽ ʰʠʥ ʪʨʘʢʪʦʨʽʚ ʽʟ ʢʦʣʽʩʥʠʤ ʨʫh ʽʻʤ ʧʦʪʫʞʥʽʩʪʶ 300 ï 500 ʢ.ʩ.. 

ʊʨʘʢʪʦʨ John Deere ʤʦʜʝʣʽ 8R 370 (ʨʠʩ.1) ʧʦʪʫʞʥʽʩʪʶ 370 ʢ.ʩ. ʋ ʜʘʥʽʡ ʤʦʜʝʣʽ ʚʠʢʦʨʠʩʪʘʥʦ 

ʠhʨʦʢʦʧʨʦʬʽʣʴʥʽ ʰʠʥʠ Michelin VF 710/70R42, ʷʢʽ ʩʧʝʮʽʘʣʴʥʦ ʨʦʟʨʦʙʣʝʥʽ ʜʣʷ ʪʨʘʢʪʦʨʽʚ ʽʟ 

ʥʦʤʽʥʘʣʴʥʦʶ ʧʦʪʫʞʥʽʩʪʶ ʜʦ 550 ʢ.ʩ., ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʝʣʠʢʝ ʪʷʛʦʚʝ ʟʫʩʠʣʣʷ ʪʘ ʟʘʭʠʩʪ ʛʨʫʥʪʫ 

ʚʠʢʦʥʫʶʯʠ ʧʦʣʴʦʚʽ ʨʦʙʦʪʠ ʧʨʠ ʜʫʞʝ ʥʠʟʴʢʦʤʫ ʪʠʩʢʫ ʚʽʜ 0.6 ʙʘʨ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʨʘʢʪʦʨʘ ʟ ʨʫʰʽʷʤʠ, 

ʱʦ ʤʽʩʪʷʪʴ ʪʘʢʽ ʰʠʥʠ ʟʘʙʝʟʧʝʯʫʻ ʟʨʦʩʪʘʥʥʷ ʚʨʦʞʘʡʥʦʩʪʽ ʥʘ 4%. 

 
ʈʠʩʫʥʦʢ 1 ï ʊʨʘʢʪʦʨ John Deere ʤʦʜʝʣʽ 8R 370 

 

ɼʣʷ ʟʤʝʥʰʝʥʥʷ ʪʠʩʢʫ ʚ ʰʠʥʘʭ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʧʣʷʤʠ ʢʦʥʪʘʢʪʫ ʟ ʛʨʫʥʪʦʤ 

ʚʠʢʦʨʠʩʪʘʥʘ ʩʠʩʪʝʤʘ CTIS, ʷʢʘ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠ ʪʠʩʢ ʫ ʰʠʥʘʭ ʧʽʜ ʯʘʩ ʨʫʭʫ, ʪʠʤ ʩʘʤʠʤ ʧʦʢʨʘʱʫʶʯʠ 

ʧʨʦʭʜ̔ʥʽʩʪʴ ʘʚʪʦʤʦʙʽʣʷ ʥʘ ʧʝʨʝʩʽʯʝʥʽʡ ʤʽʩʮʝʚʦʩʪʽ. ʏʝʨʝʟ ʥʠʞʯʠʡ ʪʠʩʢ ʰʠʥʘ ʜʝʬʦʨʤʫʻʪʴʩʷ, ʽ 

ʦʜʥʦʯʘʩʥʦ ʟʙʽʣʴʰʫʻʪʴʩʷ ʧʣʦʱʘ ʢʦʥʪʘʢʪʫ ʟ ˇʨʫʥʪʦʤ. 
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ʊʘʢʦʞ ʫ ʜʘʥʽʡ ʤʦʜʝʣʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ  ʬʣʦʪʘʮʽʡʥʽ ʰʠʥʠ Flotation 4WD, ʷʢʽ ʨʦʟʨʦʙʣʝʥʽ ʜʣʷ ʨʦʙʦʪʠ 

ʥʘ ʤ'ʷʢʠʭ ˇʨʫʥʪʘʭ ʟ ʤʽʥʽʤʘʣʴʥʠʤ ʪʠʩʢʦʤ ʧʽʜ ʯʘʩ ʢʦʯʝʥʥʷ. ʈʠʩʫʥʦʢ ʮʝʥʪʨʘʣʴʥʦʾ ʯʘʩʪʠʥʠ ʧʨʦʪʝʢʪʦʨʘ 

ʫʪʚʦʨʶʻ ʱʽʣʴʥʝ ʚʟʘʻʤʥʝ ʟʘʯʝʧʣʝʥʥʷ ʪʘ ʚʠʛʥʫʪʫ ʣʽʥʽʶ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ  ʥʠʟʴʢʝ ʩʧʨʘʮʴʦʚʫʚʘʥʥʷ 

ʧʦʚʝʨʭʦʥʴ ʰʠʥʠ ʥʘ ʪʚʝʨʜʠʭ ʧʦʢʨʠʪʪʷʭ. 

ʊʨʘʢʪʦʨ Fendt 930 Vario (ʨʠʩ.2) ʥʦʤʽʥʘʣʴʥʦʾ ʧʦʪʫʞʥʦʩʪʽ 300 ʢ.ʩ. ʽʟ ʢʦʣʽʩʥʠʤ ʨʫʰʽʻʤ. 

ɿʘʩʪʦʩʦʚʘʥʦ ʨʘʜʽʘʣʴʥʽ VF/IF ʰʠʥʠ, ʷʢʽ  ʩʧʨʠʡʤʘʶʪʴ ʥʘ 20% ʙʽʣʴʰʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʨʠ ʪʦʤʫ ʞ ʪʠʩʢʫ ʚ 

ʥʘʩʦʩʽ, ʱʦ ʡ ʟʚʠʯʘʡʥʘ ʨʘʜʽʘʣʴʥʘ ʰʠʥʘ. ʐʠʥʠ IF/VF ʟʜʘʪʥʽ ʧʨʘʮʶʚʘʪʠ ʟʘ ʧʦʨʽʚʥʷʥʦ ʥʠʟʴʢʦʛʦ ʪʠʩʢʫ ʚ 

ʰʠʥʘʭ ʽ ʚʠʪʨʠʤʫʚʘʪʠ ʚʝʣʠʢʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʟʘʚʜʷʢʠ ʟʜʘʪʥʦʩʪʽ ʾʭʥʴʦʾ ʙʦʢʦʚʠʥʠ ʧʨʘʮʶʚʘʪʠ ʧʨʠ 

ʟʥʘʯʥʦʤʫ ʟʛʠʥʘʥʥʽ (ʟʚʽʜʩʠ ʡ ʪʝʨʤʽʥ çʟʛʠʥʘʥʥʷè ʚ ʾʭʥʽʡ ʥʦʤʝʥʢʣʘʪʫʨʽ) [17]. ʐʠʥʠ IF/VF ʨʦʟʨʦʙʣʝʥʽ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʚʠʤʦʛ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʫ ʟʚ'ʷʟʢʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʦʾ ʪʝʭʥʽʢʠ, ʷʢʘ 

ʧʦʩʪʽʡʥʦ ʩʪʘʻ ʙʽʣʴʰʦʶ, ʚʘʞʯʦʶ ʪʘ ʧʦʪʫʞʥʽʰʦʶ. ʅʘ ʨʠʩ.3 ʟʦʙʨʘʞʝʥʦ ʨʽʟʥʠʮʶ ʪʠʩʢʫ ʚ ʰʠʥʽ Standard 

Ag ʪʘ IF Ag. 

 
ʈʠʩʫʥʦʢ 2 - ʊʨʘʢʪʦʨ Fendt 930 Vario 

 
ʈʠʩʫʥʦʢ 3 ï ʊʠʩʢ ʚ ʰʠʥʽ Standard Ag ʪʘ IF Ag 

 

ʊʨʘʢʪʦʨ New Holland T8.435 ʟ ʥʦʤʽʥʘʣʴʥʦʶ ʧʦʪʫʞʥʽʩʪʶ 380 ʢ.ʩ.. (ʨʠʩ. 4). ʈʫʰʽʡ ʢʦʣʽʩʥʠʡ, 

ʦʩʥʘʱʝʥʦ ʰʠʥʘʤʠ Michelin Axiobib 2 VF ʘʙʦ Bridgestone VT-Tractor, ʷʢʽ ʟʥʠʞʫʶʪʴ ʫʱʽʣʴʥʝʥʥʷ 

ˇʨʫʥʪʫ. 

ʐʠʥʠ Michelin Axiobib 2 VF ʻ ʥʦʚʽʪʥʽʤ ʧʨʦʜʫʢʪʦʤ ɯʩʧʘʥʩʴʢʦʛʦ ʚʠʨʦʙʥʠʢʘ Michelin ʽʟ 

ʨʘʜʽʘʣʥɹʦʶ ʢʦʥʩʪʨʫʢʮʽʻʶ ʢʘʨʢʘʩʫ ʨʦʟʨʦʙʣʝʥʽ ʩʧʝʮʽʘʣʴʥʦ ʜʣʷ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʦʾ ʪʝʭʥʽʢʠ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʰʠʥ ʜʦʟʚʦʣʷʻ ʟʙʽʣʴʰʠʪʠ ʥʘ 4% ʚʨʦʞʘʡʥʽʩʪʴ ʟʘʚʜʷʢʠ ʟʘʭʠʩʪʫ ˇʨʫʥʪʫ ʚʽʜ ʫʱʽʣʴʥʝʥʥʷ ʪʘ 

ʫʪʚʦʨʝʥʥʷ ʢʦʣʽʾ [18]. 
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ʈʠʩʫʥʦʢ 4 - ʊʨʘʢʪʦʨ New Holland T8.435 

 

ʊʨʘʢʪʦʨ Case IH Magnum 380 (ʨʠʩ.5). Case IH Magnum AFS Connect ï ʟʘʩʪʦʩʦʚʫʻ Firestone 

Destination Farm IF ʘʙʦ Trelleborg TM150 VF, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʝʣʠʢʠʡ ʢʦʥʪʘʢʪ ʽʟ ˇʨʫʥʪʦʤ ʧʨʠ 

ʥʠʟɹʢʦʤʫ ʪʠʩʢʫ. 

 
ʈʠʩʫʥʦʢ 5 - ʊʨʘʢʪʦʨ Case IH Magnum 380 

 

ʐʠʥʠ Firestone Destination Farm IF ʚʠʛʦʪʦʚʣʝʥʽ ʟʘ ʽʥʥʦʚʘʮʽʡʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ AD2, ʤʘʶʪʴ 

ʧʽʜʩʠʣʝʥʠʡ ʙʦʨʪ ʦʙʦʜʘ ʡ ʟʘʙʝʟʧʝʯʫʶʪʴ ʨʽʚʥʦʤʽʨʥʫ ʧʣʦʱʫ ʢʦʥʪʘʢʪʫ ʟ ʛʨʫʥʪʦʤ. ʐʠʥʠ ʤʘʶʪʴ 

ʦʨʠʛʽʥʘʣʴʥʫ ʙʘʛʘʪʦʢʫʪʦʚʫ ʢʦʥʬʽʛʫʨʘʮʽʶ ʧʨʦʪʝʢʪʦʨʘ ʽʟ ʟʙʽʣʴʰʝʥʥʷʤ ʚʠʩʦʪʠ ʚʽʜ ʢʨʘʶ ʜʦ ʮʝʥʪʨʫ ʢʦʣʝʩʘ. 

ɸʥʘʣʽʟ ʰʠʥ ʢʦʣʽʩʥʠʭ ʪʨʘʢʪʦʨʽʚ ʧʦʪʫʞʥʽʩʪʶ 300-500 ʢ.ʩ. ʚʽʜʦʤʠʭ ʚʠʨʦʙʠʢʽʚ John Deere,  CLAAS,  

Fendt,  New Holland,  Case IH ʜʦʟʚʦʣʠʚ ʚʩʪʘʥʦʚʠʪʠ ʪʠʧ ʰʠʥ, ʷʢʽ ʚʠʨʦʙʥʠʢʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʙʝʨʝʞʝʥʥʷ ʛʨʫʥʪʽʚ ʟʘ ʨʘʭʫʥʦʢ ʚʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ ʟʤʝʥʰʝʥʥʷ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ. ɼʝʷʢʽ 

ʦʩʦʙʣʠʚʦʩʪʽ ʰʠʥ ʧʨʠʚʝʜʝʥʦ ʥʠʞʯʝ (ʪʘʙʣ. 1). 

 

ʊʘʙʣʠʮʷ 1 ʐʠʥʠ, ʷʢ ʟʘʩʽʙ ʚʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ ʛʨʫʥʪʦʟʙʝʨʝʞʝʥʥʷ 

ˉ ʟʘ 

ʧʦʨʷʜʢʦʤ 

ʊʠʧ ʰʠʥ ʂʦʨʦʪʢʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʉʫʪʪʻʚʘ ʧʝʨʝʚʘʛʘ 

1 ʐʠʨʦʢʦʧʨʦʬʽʣʴʥʽ 

(flotation tires) 

ɺʝʣʠʢʘ ʰʠʨʠʥʘ ʽ 

ʧʣʦɦ ʘ ʢʦʥʪʘʢʪʫ ʟ 

ˇʨʫʥʪʦʤ 

ɿʤʝʥʰʫʶʪʴ ʧʠʪʦʤʠʡ 

ʪʠʩʢ, ʧʽʜʭʦʜʷʪʴ ʜʣʷ 

ʤôʷʢʠʭ ˇʨʫʥʪʽʚ 

2 
ʈʘʜʽʘʣʴʥʽ ʰʠʥʠ ʟ 

ʥʠʟʴʢʠʤ ʪʠʩʢʦʤ 

(IF / VF 

ʪʝʭʥʦʣʦʛʽʾ) 

IF ð Increased Flexion, 

VF ð Very High 

Flexion 

ɼʦʟʚʦʣʷʶʪʴ 

ʧʨʘʮʚʁʘʪʠ ʧʨʠ 

ʟʥʠʞʝʥʦʤʫ ʪʠʩʢʫ ʙʝʟ 

ʚʪʨʘʪʠ 

ʚʘʥʪʘʞʦʧʽʜʡʦʤʥʦʩʪʽ 

3 ʐʠʥʠ ʟ ʩʠʩʪʝʤʦʶ 

ʨʝʛʫʣʶʚʘʥʥʷ 

ʪʠʩʢʫ (CTIS) 

ʄʦʞʥʘ ʟ ʢʘʙʽʥʠ 

ʟʤ̔ʥʶʚʘʪʠ ʪʠʩʢ 

ʟʘʣʝʞʥʦ ʚʽʜ ʫʤʦʚ 

ʆʧʪʠʤʽʟʫʻ ʟʯʝʧʣʝʥʥʷ 

ʡ ʟʥʠʞʫʻ 

ʫʱʽʣʴʥʝʥʥʷ ˇʨʫʥʪʫ 
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ɼʣʷ ʙʽʣʴʰ ʧʦʛʣʠʙʣʝʥʦʛʦ ʘʥʘʣʽʟʫ ʥʘʤʠ ʚʠʢʦʥʘʥʦ ʨʦʟʨʘʭʫʥʦʢ ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ ʥʘ ˇʨʫʥʪ ʜʣʷ 

ʢʦʞʥʦʾ ʟ ʥʘʚʝʜʝʥʠʭ ʤʦʜʝʣʝʡ ʪʨʘʢʪʦʨʽʚ.  

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʠʢʦʨʠʩʪʘʥʦ ʧʦʢʘʟʥʠʢʠ ʚʠʨʦʙʥʠʢʽʚ:  

-ʤʘʩʘ ʪʨʘʢʪʦʨʘ (ʙʝʟ ʜʦʜʘʪʢʦʚʦʛʦ ʙʘʣʘʩʪʫ); 

- ʨʦʙʦʯʠʡ ʪʠʩʢ ʫ ʰʠʥʘʭ.  

ɺʝʣʠʯʠʥʘ ʧʣʦʱʽ ʧʣʷʤʠ ʢʦʥʪʘʢʪʫ ʚʠʟʥʘʯʘʣʘʩʴ ʷʢ ʚʽʜʥʦʰʝʥʥʷ ʚʘʛʠ ʪʨʘʢʪʦʨʘ ʜʦ ʚʝʣʝʯʠʥʠ 

ʨʦʙʦʯʦʛʦ ʪʠʩʢʫ.  

ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ ɼʆʉʃɯɼɾɽʅʔ 

ʈʝʟʫʣʴʪʘʪʠ ʦʮʽʥʶʚʘʥʥʷ ʧʣʦʱʽ ʧʣʷʤʠ ʢʦʥʪʘʢʪʫ ʰʠʥ ʽʟ ʛʨʫʥʪʦʤ ʽ ʚʝʣʠʯʠʥʠ ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ 

ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣʠʮʽ 2. 

ɻʨʘʬʽʯʥʘ ʽʥʪʝʨʧʨʝʪʘʮʽʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʜʘʥʘ ʥʘ ʨʠʩ. 6. 

ʊʘʙʣʠʮʷ 2 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʟʥʘʯʝʥʥʷ ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ ʘ ʛʨʫʥʪ 

ɺʠʨʦʙʥʠʢ ʄʦʜʝʣʴ ʄʘʩʘ 

(ʢʛ) 

ʊʠʩʢ ʚ 

ʰʠʥʘʭ 

(ʙʘʨ) 

ʆʨʽʻʥʪʦʚʘʥʘ 

ʢʦʥʪʘʢʪʥʘ 

ʧʣʦʱʘ (ʤĮ) 

ʇʠʪʦʤʠʡ 

ʪʠʩʢ 

(ʢʛ/cʤĮ) 

John Deere 8R 370 12 700 1.2 1.038 1.224 

John Deere 8R 370 12 700 0.8 1.557 0.816 

Fendt 930 Vario 10 260 1.2 0.839 1.224 

Fendt 930 Vario 10 260 0.8 1.258 0.816 

New Holland T8.435 11 880 1.2 0.971 1.224 

New Holland T8.435 11 880 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 

Terra Trac 

16 200 1.2 1.324 1.224 

CLAAS Axion 960 

Terra Trac 

16 200 0.8 1.987 0.816 

 

 
ʈʠʩʫʥʦʢ 6 ï ʉʝʨʝʜʥʽʡ ʧʠʪʦʤʠʡ ʪʠʩʢ ʥʘ ʛʨʫʥʪ ʜʣʷ ʨʽʟʥʠʭ ʪʠʧʽʚ ʨʫʰʽʾʚ ʪʨʘʢʪʦʨʽʚ ʽʟ ʥʦʤʽʥʘʣʴʥʦʶ 

ʧʦʪʫʞʥʽʩʪʶ 300-500 ʢ.ʩ. 

 

ʊʘʢʦʞ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʨʦʟʨʘʭʫʥʢʠ ʜʣʷ ʪʨʘʢʪʦʨʽʚ ʽʟ ʧʽʚʛʫʩʝʥʠʯʥʠʤʠ ʧʦʚʥʦʛʫʩʝʥʠʯʥʠʤʠ 

ʨʫʰʽʤ̫ʠ. ʇʦʨʽʚʥʷʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 6.  ɼʣʷ ʘʥʘʣʽʟʫ ʨʦʟʛʣʷʜʘʣʠʩʴ ʛʫʩʝʥʠʯʥʽ 

ʩʠʩʪʝʤʠ Rowtrac (ʨʠʩ. 7), SmartTrac 
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ʈʠʩʫʥʦʢ 7 ï ʊʨʘʢʪʦʨ ʥʘ ʧʽʚʛʫʩʝʥʠʯʥʦʤʫ ʭʦʜʫ ʩʠʩʪʝʤʠ Rowtrac 

 

ʊʘʢʦʞ ʥʘʤʠ ʚʠʢʦʥʘʥʦ ʘʥʘʣʽʟ ʭʦʜʦʚʠʭ ʩʠʩʪʝʤ ʪʨʘʢʪʦʨʽʚ ʧʦʪʫʞʥʽʩʪʶ 500 ʢ.ʩ. ɺʠʢʦʥʘʥʦ 

ʦʙʨʘʭʫʥʢʠ ʜʣʷ ʤʦʜʝʣʝʡ ʚʽʜʦʤʠʭ ʚʠʨʦʙʥʠʢʽʚ ʪʠʩʢʫ ʥʘʛʨʫʥʪ. ʈʝʟʫʣʪɹʘʪʠ ʥʘʚʝʜʝʥʦ ʥʠʞʯʝ ʚ ʪʘʙʣʠʮʽ 3.  

 

ʊʘʙʣʠʮʷ 3 ï ʈʝʟʫʣʴʪʘʪʠ ʦʮʽʥʶʚʘʥʥʷ ʧʣʦʱʽ ʧʣʷʤʠ ʢʦʥʪʘʢʪʫ ʪʘ ʪʠʩʢʫ ʜʣʷ ʪʨʘʢʪʦʨʽʚ ʧʦʪʫʞʥʽʩʪʶ 500 ʢ.ʩ. 

ʄʦʜʝʣʴ 

ʪʨʘʢʪʦʨʘ 

ʄʘʩʘ, 

ʢʛ 

ʂʦʣʝʩʘ 

1.2 ʙʘʨ, 

 ʤĮ 

ʂʦʣʝʩʘ 

0.8 

ʙʘʨ, 

 ʤĮ 

ɻʫʩʝʥʠʮʷ 

40 ʢʇa, 

 ʤĮ 

ɻʫʩʝʥʠʮʷ 

49 ʢʇa,  

ʤĮ 

Case IH Steiger 620 

Quadtrac 

   22 120 1.808 2.712 5.425 4.428 

ʇʠʪʦʤʠʡ ʪʠʩʢ, ʢʛ/cʤĮ - 1,223 0,8156 0,4077 0,0479 

John Deere 9R 640 21 174 1.731 2.596 5.193 4.240 

ʇʠʪʦʤʠʡ ʪʠʩʢ, ʢʛ/cʤĮ - 1,2232 0,8156 0,4077 0,4994 

New Holland T9.670 25 401 2.077 3.115 6.230 5.086 

ʇʠʪʦʤʠʡ ʪʠʩʢ, ʢʛ/cʤĮ - 1,2229 0,8154 0,4077 0,4994 

CLAAS Xerion 5000 16 570 1.355 2.032 4.064 3.317 

ʇʠʪʦʤʠʡ ʪʠʩʢ, ʢʛ/cʤĮ - 1,2229 0,8155 0,4077 0,4995 

Challenger MT875E 19 321 1.579 2.369 4.738 3.868 

ʇʠʪʦʤʠʡ ʪʠʩʢ, ʢʛ/cʤĮ - 1,2236 0,8156 0,4077 0,4995 

 

ʗʢ ʚʠʜʥʦ ʟ ʪʘʙʣʠʮʽ, ʧʝʨʝʭʽʜ ʽʟ ʢʦʣʽʩʥʦʾ ʥʘ ʥʘʧʽʚʛʫʩʝʥʠʯʥʫ ʘʙʦ ʛʫʩʝʥʠʯʥʫ ʭʦʜʦʚʫ ʩʠʩʪʝʤʫ 

ʩʫʪʪʻʚʦ ʟʙʽʣʴʰʫʻ ʧʣʦʱʫ ʢʦʥʪʘʢʪʫ ʟ ˇʨʫʥʪʦʤ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʧʨʠʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ 

ʥʘ ʛʨʫʥʪ, ʟʤʝʥʰʫʶʯʠ ʫʱʽʣʴʥʝʥʥʷ.  

ɺʀʉʅʆɺʂʀ 

1.ɺʠʢʦʨʠʩʪʘʥʥʷ ʥʘʧʽʚʛʫʩʝʥʠʯʥʠʭ ʘʙʦ ʛʫʩʝʥʠʯʥʠʭ ʨʫʰʽʾʚ ʜʣʷ ʚʘʞʢʠʭ ʪʨʘʢʪʦʨʽʚ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ 

ʟʙʽʣʴʰʠʪʠ ʧʣʦʱʫ ʢʦʥʪʘʢʪʫ, ʚ ʩʝʨʝʜʥʴʦʤʫ ʫ 2,5ï3 ʨʘʟʠ, ʟ ˇʨʫʥʪʦʤ ʫ ʧʦʨʽʚʥʷʥʥʷ ʟ ʢʦʣʩ̔ʥʠʤʠ. 

2.ɿʤʝʥʰʝʥʥʷ ʪʠʩʢʫ ʚ ʰʠʥʘʭ ʟ 1.2 ʜʦ 0.8 ʙʘʨ ʜʦʟʚʦʣʷʻ ʪʘʢʦʞ ʟʤʝʥʰʠʪʠ ʪʠʩʢ ʥʘ ʛʨʫʥʪ, ʚ 

ʩʝʨʝʜʥʦɹʤʫ ʥʘ 33-40%. 

3.ɿʘ ʫʤʦʚʠ ʜʦʩʷʛʥʝʥʥʷ ʤʽʥʽʤʘʣʴʥʦ ʤʦʞʣʠʚʦʛʦ ʫʱʽʣʴʥʝʥʥʷ ʛʨʫʥʪʫʨʝʢʦʤʝʥʜʦʚʘʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ 

ʧʽʚʛʫʩʝʥʠʯʥʽ ʘʙʦ ʛʫʩʝʥʠʯʥʽ ʩʠʩʪʝʤʠ Rowtrac, SmartTrac.  

4.ɿʘ ʧʦʪʨʝʙʠ ʟʥʘʯʥʦʛʦ ʟʤʝʥʰʝʥʥʷ ʪʠʩʢʫ ʥʘ ʛʨʫʥʪ ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʜʣʷ ʢʦʣʽʩʥʠʭ ʨʫʰʽʾʚ ʦʙʠʨʘʪʠ 

ʰʠʥʠ ʰʠʨʦʢʦʛʦ ʧʨʦʬʽʣʶ (flotation), ʘ ʪʘʢʦʞ  VF-ʰʠʥʠ. 
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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 20ï40%. 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 300ï500 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 300ï500 hp range) were compared. A 

similar analysis was also carried out for tractors with a power output of 500 hp. 
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ʍʘʨʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʘʚʪʦʤʦʙʽʣʴʥʦ-ʜʦʨʦʞʥʽʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʤ. ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ   

 

ʆʎɯʅʂɸ ɺʇʃʀɺʋ ʅɽʃɯʅɯʁʅʀʍ ʍɸʈɸʂʊɽʈʀʉʊʀʂ ʂʆʄʇʆʅɽʅʊɯɺ ʇɯɼɺɯʉʂʀ, 

ɸʄʆʈʊʀɿɸʊʆʈɸ,  ʅɸ ʈɽɿʋʃʔʊɸʊʀ  ɰʍ ɼɯɸɻʅʆʉʊʋɺɸʅʅʗ 

 

ɸʤʦʨʪʠʟʘʪʦʨʠ ʚ ʘʚʪʦʤʦʙʽʣʽ ʻ ʢʣʶʯʦʚʠʤ ʝʣʝʤʝʥʪʦʤ ʧʽʜʚʽʩʢʠ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʢʦʤʬʦʨʪ ʪʘ ʙʝʟʧʝʢʫ ʧʽʜ 

ʯʘʩ ʨʫʭʫ. ɺʦʥʠ ʧʨʘʮʶʶʪʴ ʫ ʧʘʨʽ ʟ ʧʨʫʞʥʠʤ ʧʨʠʩʪʨʦʻʤ, ʧʦʛʣʠʥʘʶʯʠ ʝʥʝʨʛʽʶ ʫʜʘʨʽʚ ʪʘ ʧʦʰʪʦʚʭʽʚ, ʱʦ 

ʚʠʥʠʢʘʶʪʴ ʧʨʠ ʥʘʾʟʜʽ ʥʘ ʥʝʨʽʚʥʽʩʪʴ ʜʦʨʦʛʠ. ɸʤʦʨʪʠʟʘʪʦʨ ʟʘʧʦʙʽʛʘʻ ʨʦʟʛʦʡʜʫʚʘʥʥʶ ʢʫʟʦʚʘ, ʟʤʝʥʰʫʻ ʚʽʙʨʘʮʽʶ 

ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ ʧʣʘʚʥʠʡ ʨʫʭ ʢʫʟʦʚʘ. ʋ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʟ ʥʘʧʨʘʮʶʚʘʥʥʷʤ ʧʘʨʘʤʝʪʨʠ ʘʤʦʨʪʠʟʘʪʦʨʘ 

ʧʦʛʽʨʰʫʶʪʴʩʷ, ʟʥʠʞʫʻʪʴʩʷ ʙʝʟʧʝʢʘ, ʢʦʤʬʦʨʪ, ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʘʚʪʦʤʦʙʽʣʷ, ʧʦʛʽʨʰʫʻʪʴʩʷ ʩʪʽʡʢʽʩʪʴ, 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʛʘʣʴʤʽʚʥʠʡ ʰʣʷʭ, ʧʨʦʛʨʝʩʫʻ ʨʦʟʛʦʡʜʫʚʘʥʥʷ ʢʫʟʦʚʘ ʧʨʠ ʨʫʩʽ, ʟ'ʷʚʣʷʶʪʴʩʷ ʩʪʫʢʽʪ ʪʘ ʰʫʤʠ ʫ 

ʧʽʜʚʽʩʮʽ, ʥʝʨʽʚʥʦʤʽʨʥʝ ʟʥʦʰʫʚʘʥʥʷ ʰʠʥ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʝʨʽʦʜʠʯʥʦ ʢʦʥʪʨʦʣʶʚʘʪʠ ʩʪʘʥ 

ʘʤʦʨʪʠʟʘʪʦʨʽʚ ʟʘʩʦʙʘʤʠ ʜʽʘʛʥʦʩʪʠʢʠ. ʐʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʙʝʟʨʦʟʙʽʨʥʘ ʜʽʘʛʥʦʩʪʠʢʘ, ʦʩʢʽʣʴʢʠ ʤʦʥʪʘʞʥʦ-

ʜʝʤʦʥʪʘʞʥʽ ʨʦʙʦʪʠ ʤʘʶʪʴ ʚʝʣʠʢʫ ʪʨʫʜʦʤʽʩʪʢʽʩʪʴ, ʚʠʤʘʛʘʶʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʧʝʮʽʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ 

ʢʚʘʣʽʬʽʢʦʚʘʥʠʭ ʩʧʝʮʽʘʣʽʩʪʽʚ. ʅʘ ʧʨʘʢʪʠʮʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʪʝʥʜʦʚʝ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʟʙʫʜʞʝʥʥʷ ʧʽʜʚʽʩʢʠ ʧʝʨʽʦʜʠʯʥʠʤ ʩʠʛʥʘʣʦʤ, ʧʨʠ ʮʴʦʤʫ, ʚʝʣʠʢʦʶ ʤʽʨʦʶ, ʪʝʩʪʫʻʪʴʩʷ ʥʝ ʘʤʦʨʪʠʟʘʪʦʨ, ʘ ʧʽʜʚʽʩʢʘ 

ʟʘʛʘʣʦʤ. ʊʦʤʫ, ʧʨʠ ʪʝʩʪʫʚʘʥʥʽ ʧʽʜʚʽʩʢʠ ʫ ʟʙʦʨʽ, ʫ ʚʠʩʥʦʚʢʫ ʧʨʦ ʪʝʩʪʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ ʤʽʩʪʠʪʴʩʷ ʽʥʬʦʨʤʘʮʽʷ 

ʧʨʦ ʽʥʰʽ ʢʦʤʧʦʥʝʥʪʠ ʧʽʜʚʽʩʢʠ. ʎʝ ʻ ʜʞʝʨʝʣʦʤ ʧʦʤʠʣʦʢ ʧʽʜ ʯʘʩ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʽʚ. ʂʦʤʧʦʥʝʥʪʠ 

ʧʽʜʚʽʩʢʠ ʤʦʞʫʪʴ ʤʘʪʠ ʷʢ ʣʽʥʽʡʥʽ, ʪʘʢ ʽ ʥʝʣʽʥʽʡʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʨʠʯʦʤʫ ʪʽ ʡ ʽʥʰʽ ʯʝʨʝʟ ʥʘʷʚʥʽʩʪʴ ʧʦʤʠʣʦʢ ʽ 

ʥʝʩʚʦʻʯʘʩʥʫ ʟʘʤʽʥʫ ʘʤʦʨʪʠʟʘʪʦʨʘ ʤʦʞʫʪʴ ʦʙʤʝʞʫʚʘʪʠ ʡʦʛʦ ʬʘʢʪʠʯʥʫ ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ. ʋ ʮʽʡ ʨʦʙʦʪʽ, ʽʟ 

ʟʘʣʫʯʝʥʥʷʤ ʤʝʪʦʜʫ ʽʤʽʪʘʮʽʡʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʚʧʣʠʚ ʥʝʣʽʥʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʪʘʢʠʭ ʷʢ ʩʫʭʝ 

ʪʝʨʪʷ ʪʘ ʣʶʬʪ ʫ ʧʽʜʚʽʩʮʽ, ʥʘ ʧʦʭʠʙʢʫ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʤʦʨʪʠʟʘʪʦʨ, ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ, ʥʝʣʽʥʽʡʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʦʭʠʙʢʠ, ʤʦʜʝʣʶʚʘʥʥʷ. 

 

ɺʉʊʋʇ 

ʇʽʜʚʽʩʢʘ ʘʚʪʦʤʦʙʽʣʷ ʟʜʽʡʩʥʶʻ ʜʚʽ ʥʘʡʚʘʞʣʠʚʽʰʽ ʬʫʥʢʮʽʾ ï ʢʦʤʬʦʨʪ ʪʘ ʙʝʟʧʝʢʫ ʨʫʭʫ. ʂʦʤʬʦʨʪ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʧʨʘʚʠʣʴʥʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ "ʰʚʠʜʢʽʩʪʴ - ʩʠʣʘ" ʧʨʦʪʷʛʦʤ ʭʦʜʫ ʰʪʦʢʘ ʘʤʦʨʪʠʟʘʪʦʨʘ 

ʧʨʠ ʩʪʠʩʥʝʥʥʽ ʪʘ ʚʽʜʜʘʯʽ, ʘ ʙʝʟʧʝʢʘ - ʩʪʘʙʽʣʴʥʽʩʪʶ ʢʦʥʪʘʢʪʫ ʰʠʥʠ ʟ ʜʦʨʦʛʦʶ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ 

"ʰʚʠʜʢʽʩʪʴ - ʩʠʣʘ" ʫ ʧʽʜʚʽʩʮʽ ʘʚʪʦʤʦʙʽʣʷ ʬʦʨʤʫʻʪʴʩʷ ʪʝʨʪʷʤ ʨʽʟʥʠʭ ʚʠʜʽʚ. ɻʦʣʦʚʥʠʤ ʯʠʥʦʤ, ʮʝ ʪʝʨʪʷ ʚ 

ʘʤʦʨʪʠʟʘʪʦʨʘʭ, ʧʨʫʞʥʠʭ ʝʣʝʤʝʥʪʘʭ, ʰʘʨʥʽʨʘʭ ʚʘʞʝʣʽʚ ʧʽʜʚʽʩʢʠ, ʨʫʣʴʦʚʦʛʦ ʧʨʠʚʦʜʫ, ʰʠʥʘʭ. ʆʩʥʦʚʥʽ 

ʜʞʝʨʝʣʘ ʟʛʘʩʘʥʥʷ ʫ ʧʽʜʚʽʩʮʽ: ʧʦʩʪʽʡʥʝ (ʩʫʭʝ ʪʝʨʪʷ) ʫ ʰʘʨʥʽʨʘʭ ʧʽʜʚʽʩʢʠ ʪʘ ʨʫʣʴʦʚʦʛʦ ʧʨʠʚʦʜʫ; ʪʝʨʪʷ, 

ʱʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʽʜʥʦʩʥʦʾ ʰʚʠʜʢʦʩʪʽ ʢʫʟʦʚʘ ʪʘ ʢʦʣʝʩʘ, ʱʦ ʤʘʻ ʤʽʩʮʝ ʫ ʛʽʜʨʘʚʣʽʯʥʠʭ ʘʤʦʨʪʠʟʘʪʦʨʘʭ; 

ʤʽʞʤʦʣʝʢʫʣʷʨʥʝ ʪʝʨʪʷ; ʪʝʨʪʷ, ʧʦʚ'ʷʟʘʥʝ ʟ ʰʠʥʦʶ. ʊʝʨʪʷ ʚʩʽʭ ʚʠʜʽʚ, ʟʘ ʚʠʥʷʪʢʦʤ ʪʝʨʪʷ ʚ 

ʘʤʦʨʪʠʟʘʪʦʨʘʭ, ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʢʦʣʠʚʘʥʥʷ ʘʚʪʦʤʦʙʽʣʽʚ, ʪʦʤʫ ʚ ʩʫʯʘʩʥʠʭ ʘʚʪʦʤʦʙʽʣʷʭ ʮʽ ʚʠʜʠ 

ʪʝʨʪʷ ʟʤʝʥʰʫʶʪʴ ʜʦ ʤʽʥʽʤʫʤʫ. ɿ ʧʨʦʙʽʛʦʤ ʘʚʪʦʤʦʙʽʣʷ ʨʽʟʥʽ ʚʠʜʠ ʪʝʨʪʷ ʥʝ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʟʤʽʥʥʠʤʠ. 

ɹʽʣʴʰʽʩʪʴ ʚʠʜʽʚ ʜʽʶʪʴ ʧʘʨʘʣʝʣʴʥʦ ʪʝʨʪʶ ʚ ʘʤʦʨʪʠʟʘʪʦʨʘʭ, ʪʦʤʫ ʚʠʟʥʘʯʝʥʥʷ ʾʭ ʚʝʣʠʯʠʥ, ʚʢʣʶʯʘʶʯʠ 

ʪʝʨʪʷ ʚ ʘʤʦʨʪʠʟʘʪʦʨʘʭ, ʧʦʚ'ʷʟʘʥʝ ʟ ʧʝʚʥʠʤʠ ʪʨʫʜʥʦʱʘʤʠ. 

ɯʩʥʫʻ ʪʘʢʠʡ ʩʪʘʥ ʥʝʩʧʨʘʚʥʦʛʦ ʘʤʦʨʪʠʟʘʪʦʨʘ, ʫ ʷʢʦʤʫ ʟʤʽʥʘ ʥʘʧʨʷʤʫ ʨʫʭʫ ʰʪʦʢʘ ʧʦʯʘʪʢʦʚʠʡ 

ʯʘʩ ʚʟʘʛʘʣʽ ʥʝ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʫʩʠʣʣʷʤ, ʪʦʙʪʦ ʤʘʻ ʤʽʩʮʝ ʣʶʬʪ. ʎʝʡ ʨʝʞʠʤ ʽ ʮʝʡ ʩʪʘʥ ʪʘʢʦʞ ʮʽʢʘʚʠʡ 

ʜʣʷ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ ʪʘ ʦʮʽʥʢʠ ʧʦʭʠʙʦʢ ʧʨʠ ʬʦʨʤʫʣʶʚʘʥʥʽ ʜʽʘʛʥʦʟʫ. 

ɸʅɸʃɯɿ ʃɯʊɽʈɸʊʋʈʅʀʍ ɼɸʅʀʍ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ  

ɺʽʜʦʤʦ ʜʦʩʪʘʪʥʶ ʢʽʣʴʢʽʩʪʴ ʤʝʪʦʜʽʚ ʪʘ ʟʘʩʦʙʽʚ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʧʽʜʚʽʩʦʢ/ʘʤʦʨʪʠʟʘʪʦʨʽʚ, ʱʦ 

ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʬʫʥʢʮʽʦʥʘʣʴʥʠʤʠ ʪʘ ʤʝʪʨʦʣʦʛʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ [1].  ɼʦʩʪʫʧʥʠʤ ʪʘ ʥʘʡʧʨʦʩʪʽʰʠʤ 

ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʻ çʊʝʩʪʝʨ ʘʤʦʨʪʠʟʘʪʦʨʽʚ ʥʘ ʘʚʪʦʤʦʙʽʣʽ SAT USB M-TRONICè, ʱʦ ʧʨʠʚʦʜʠʪʴʩʷ ʚ ʜʽʶ 

ʤ'ʷʟʦʚʦʶ ʩʠʣʦʶ ʦʧʝʨʘʪʦʨʘ [2].  ʗʢ ʜʽʘʛʥʦʩʪʠʯʥʠʡ ʧʘʨʘʤʝʪʨ ʧʨʦʧʦʥʫʚʘʣʦʩʷ ʚʽʜʥʦʰʝʥʥʷ ʜʚʦʭ ʩʫʩʽʜʥʽʭ 

ʘʤʧʣʽʪʫʜ. ɹʫʣʦ ʟʥʷʪʦ ʟ ʚʠʨʦʙʥʠʮʪʚʘ ʯʝʨʝʟ ʥʠʟʴʢʫ ʪʦʯʥʽʩʪʴ ʯʝʨʝʟ ʚʝʣʠʢʫ ʟʘʣʝʞʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʫ 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʚʽʜ ʚʝʣʠʯʠʥʠ ʩʫʭʦʛʦ ʪʝʨʪʷ ʚ ʧʽʜʚʽʩʮʽ.  

ʅʘʡʙʽʣʴʰ ʧʦʧʫʣʷʨʥʠʡ ʤʝʪʦʜ ʪʘ ʟʘʩʦʙʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʽʚ ʚ ʋʢʨʘʾʥʽ ʩʚʦʛʦ ʯʘʩʫ 

ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ çɸʩʦʮʽʘʮʽʻʶ ʚʠʨʦʙʥʠʢʽʚ ʘʤʦʨʪʠʟʘʪʦʨʽʚ ʫ ɭʚʨʦʧʽè ï ʤʝʪʦʜ EuSAMA [3]. ʊʫʪ ʷʢ 

ʜʽʘʛʥʦʩʪʠʯʥʠʡ ʧʘʨʘʤʝʪʨ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚʽʜʥʦʰʝʥʥʷ ʤʽʥʽʤʘʣʴʥʦʛʦ ʟʘ ʚʠʧʨʦʙʫʚʘʥʥʷ ʜʠʥʘʤʽʯʥʦʛʦ 

ʟʫʩʠʣʣʷ ʢʦʣʝʩʘ ʥʘ ʦʧʦʨʥʫ ʧʦʚʝʨʭʥʶ ʜʦ ʩʪʘʪʠʯʥʦʛʦ ʟʫʩʠʣʣʷ. ɭ ʧʨʦʧʦʟʠʮʽʾ ʱʦʜʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ 

ʤʝʪʦʜʫ, ʟʦʢʨʝʤʘ ʟ ʤʝʪʦʶ ʟʥʠʞʝʥʥʷ ʧʦʭʠʙʦʢ ʚʽʜ ʜʽʾ ʩʪʦʨʦʥʥʽʭ ʬʘʢʪʦʨʽʚ [4,5].  

ʋ ʨʝʟʦʥʘʥʩʥʦʤʫ ʤʝʪʦʜʽ (BOGE, MAXA) ʷʢ ʜʽʘʛʥʦʩʪʠʯʥʠʡ ʧʘʨʘʤʝʪʨ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʘʤʧʣʽʪʫʜʘ ʢʦʣʠʚʘʥʥʷ ʥʝʧʽʜʨʝʩʦʨʝʥʦʾ ʤʘʩʠ, ʚʽʜʩʦʪʢʦʚʠʡ ʢʦʝʬʽʮʽʻʥʪ ʟʘʛʘʩʘʥʥʷ ʽ, ʚ ʧʽʟʥʽʰʠʭ ʚʝʨʩʽʷʭ, 

ʚʽʜʥʦʩʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʜʝʤʧʬʽʨʫʚʘʥʥʷ [6,7]. ʄʦʜʠʬʽʢʦʚʘʥʽ ʚʝʨʩʽʾ ʤʝʪʦʜʫ ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʥʠʞʝʥʥʷ 

ʧʦʭʠʙʦʢ ʤʝʪʦʜʫ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʟʘ ʨʘʭʫʥʦʢ ʟʥʠʞʝʥʥʷ ʚʧʣʠʚʫ ʩʪʦʨʦʥʥʽʭ  ʯʠʥʥʠʢʽʚ. 
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ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʟʘʚʜʷʢʠ ʨʦʟʚʠʪʢʫ ʪʝʭʥʽʢʠ ʦʙʨʦʙʢʠ ʩʠʛʥʘʣʽʚ ʟ'ʷʚʠʣʠʩʷ ʪʘʢʽ ʤʝʪʦʜʠ 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʽʚ: 

- ʤʝʪʦʜ ʬʘʟʦʚʦʛʦ ʢʫʪʘ [8]; 

- ʊɽʊɸ - ʤʝʪʦʜ (ʚʽʜʥʦʩʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʜʝʤʧʬʽʨʫʚʘʥʥʷ) [9]; 

- ʤʝʪʦʜ ʧʦʣʦʚʠʥʥʦʛʦ ʢʫʪʘ (ʧʦʪʫʞʥʦʩʪʽ) [10]. 

ʇʝʨʰʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʜʦʩʣʽʜʞʝʥʥʷ ʤʝʪʦʜʽʚ ʻ ʘʥʘʣʽʟ ʚʽʜʧʦʚʽʜʥʠʭ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, 

ʚʢʣʶʯʘʶʯʠ ʦʜʥʦʟʥʘʯʥʽʩʪʴ, ʯʫʪʣʠʚʽʩʪʴ, ʧʦʭʠʙʢʫ ʚʽʜ ʜʽʾ ʩʪʦʨʦʥʥʽʭ ʬʘʢʪʦʨʽʚ [7,11]. ʆʩʥʦʚʥʠʤ ʤʝʪʦʜʦʤ 

ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʠʡʥʷʪʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʧʨʠʯʦʤʫ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʚʦ-, ʪʨʠʤʘʩʦʚʽ ʤʦʜʝʣʽ çʯʚʝʨʪʽ 

ʘʚʪʦʤʦʙʽʣʷè ʜʨʫʛʦʛʦ ʪʘ ʪʨʝʪʴʦʛʦ ʧʦʨʷʜʢʽʚ [12,13, 14]. 

ɼʨʫʛʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʜʦʩʣʽʜʞʝʥʴ ʩʣʽʜ ʥʘʟʚʘʪʠ ʽʛʥʦʨʫʚʘʥʥʷ ʚʧʣʠʚʫ ʥʝʣʽʥʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʢʦʤʧʦʥʝʥʪʽʚ ʥʘ ʨʝʟʫʣʴʪʘʪʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʧʽʜʚʽʩʢʠ/ʘʤʦʨʪʠʟʘʪʦʨʘ. ɺʠʥʷʪʢʦʤ ʻ ʨʦʙʦʪʠ ʘʚʪʦʨʽʚ Lozia Z. 

[15], Zdanowicz, P, [16], ʷʢʽ ʟʘʧʨʦʚʘʜʠʣʠ ʤʦʜʝʣʽ ʥʝʣʽʥʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʫʞʥʦʛʦ ʧʨʠʩʪʨʦʶ 

ʧʽʜʚʽʩʢʠ ʽ ʰʠʥʠ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʩʫʭʦʛʦ ʪʝʨʪʷ ʚ ʧʽʜʚʽʩʮʽ ʥʘ ʨʝʟʫʣʴʪʘʪʠ 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʽʚ ʤʝʪʦʜʦʤ EuSAMA ʘʚʪʦʨʦʤ Zdanowicz, P, ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʘʚʪʦʤʦʙʽʣʽ 

ʟ ʚʠʩʦʢʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʩʫʭʦʛʦ ʪʝʨʪʷ ʚ ʧʽʜʚʽʩʢʘʭ ʜʦʩʷʛʘʶʪʴ ʭʦʨʦʰʠʭ ʘʙʦ ʥʘʚʽʪʴ ʜʫʞʝ ʭʦʨʦʰʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ ʫ ʪʝʩʪʽ, ʥʘʚʽʪʴ ʷʢʱʦ ʜʝʤʧʬʫʶʯʽ ʝʣʝʤʝʥʪʠ ʧʽʜʚʽʩʦʢ ʧʦʚʥʽʩʪʶ ʟʥʦʰʝʥʽ. ʎʝ ʚʢʘʟʫʻ ʥʘ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʫʨʘʭʫʚʘʥʥʷ ʩʫʭʦʛʦ ʪʝʨʪʷ ʧʽʜ ʯʘʩ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ. 

ʃʶʬʪ ʚ ʘʤʦʨʪʠʟʘʪʦʨʽ ʚʠʥʠʢʘʻ ʧʨʠ ʥʝʩʪʘʯʽ ʛʽʜʨʘʚʣʽʯʥʦʾ ʨʽʜʠʥʠ, ʧʝʨʝʛʨʽʚʽ ʘʙʦ ʧʨʠ 

ʥʝʧʨʘʚʠʣʴʥʦʤʫ ʤʦʥʪʘʞʽ. ʇʨʠ ʪʝʩʪʫʚʘʥʥʽ ʥʘ ʩʪʝʥʜʽ ʧʨʦʷʚʣʷʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʩʪʫʢʦʪʽʚ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʩʫʪʪʻʚʠʡ ʚʧʣʠʚ ʥʝʣʽʥʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʤʧʦʥʝʥʪʽʚ ʧʽʜʚʽʩʢʠ ʥʘ ʨʝʟʫʣʴʪʘʪʠ 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ, ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʶʪʴ ʬʨʘʛʤʝʥʪʘʨʥʠʡ ʭʘʨʘʢʪʝʨ ʪʘ ʩʪʦʩʫʶʪʴʩʷ ʦʢʨʝʤʠʭ ʤʝʪʦʜʽʚ 

ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ. ʎʷ ʩʠʪʫʘʮʽʷ ʩʢʣʘʣʘʩʷ ʯʝʨʝʟ ʥʘʷʚʥʽʩʪʴ ʚʽʜʦʤʠʭ ʩʢʣʘʜʥʦʱʽʚ ʽʥʪʝʛʨʫʚʘʥʥʷ ʣʽʥʽʡʥʠʭ 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʤʦʜʝʣʽ ʟ ʥʝʣʽʥʽʡʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʛʣʷʜʽ. ɺʠʭʽʜ ʽʟ ʩʠʪʫʘʮʽʾ 

ʤʦʞʣʠʚʠʡ ʚ ʥʘʢʦʧʠʯʝʥʥʽ ʧʨʠʚʘʪʥʠʭ ʨʽʰʝʥʴ ʽʟ ʥʘʩʪʫʧʥʠʤ ʫʟʘʛʘʣʴʥʝʥʥʷʤ. ʆʜʥʠʤ ʽʟ ʪʘʢʠʭ ʧʨʠʚʘʪʥʠʭ 

ʨʽʰʝʥʴ ʻ ʤʘʪʝʨʽʘʣ ʮʽʻʾ ʩʪʘʪʪʽ. 

ʎɯʃʔ ʊɸ ɿɸɼɸʏɯ ɼʆʉʃɯɼɾɽʅʅʗ 

ʄʝʪʦʶ ʮʽʻʾ ʨʦʙʦʪʠ ʻ ʚʠʟʥʘʯʝʥʥʷ ʘʤʧʣʽʪʫʜʥʦʾ, ʬʘʟʦʚʦʾ ʨʝʘʢʮʽʾ ʥʝʧʽʜʨʝʩʦʨʝʥʠʭ ʯʘʩʪʠʥ ʧʨʠ 

ʪʝʩʪʫʚʘʥʥʽ ʘʚʪʦʤʦʙʽʣʷ ʥʘ ʩʪʝʥʜʽ, ʟʘʣʝʞʥʦ ʚʽʜ ʟʤʽʥʠ ʥʝʣʽʥʽʡʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʽʜʚʽʩʢʠ ʘʚʪʦʤʦʙʽʣʷ ʧʨʠ 

ʥʘʚʘʥʪʘʞʝʥʥʽ ʥʘ ʚʽʩʴ ʜʦ 740 ʢʛ. ʗʢ ʥʝʣʽʥʽʡʥʽ ʧʘʨʘʤʝʪʨʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʩʫʭʝ ʪʝʨʪʷ ʽ ʣʶʬʪ ʫ 

ʧʽʜʚʽʩʮʽ. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʧʨʦʙʽʛʫ ʜʘʥʽ ʧʘʨʘʤʝʪʨʠ ʥʝ ʟʘʣʠʰʘʶʪʴʩʷ ʧʦʩʪʽʡʥʠʤʠ, ʷʢ ʽ ʾʭ ʚʧʣʠʚ ʥʘ ʪʦʯʥʽʩʪʴ 

ʜʽʘʛʥʦʟʫ. ɿʥʘʥʥʷ ʟʘʣʝʞʥʦʩʪʝʡ çʥʝʣʽʥʽʡʥʽ ʧʘʨʘʤʝʪʨʠè - ʘʤʧʣʽʪʫʜʥʽ, ʬʘʟʦʚʽ ʧʘʨʘʤʝʪʨʠ ʧʨʠ ʩʪʝʥʜʦʚʦʤʫ 

ʪʝʩʪʫʚʘʥʥʽ ʜʦʟʚʦʣʷʶʪʴ ʦʮʽʥʠʪʠ ʧʦʭʠʙʢʫ  ʢʦʥʢʨʝʪʥʦʛʦ ʤʝʪʦʜʫ ʪʘ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʧʝʚʥʠʭ ʫʤʦʚ. 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʔ 

ʗʢ ʦʩʥʦʚʥʠʡ ʤʝʪʦʜ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʠʡʥʷʪʦ ʤʦʜʝʣʶʚʘʥʥʷ. ʋ ʯʠʩʣʝʥʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ 

ʧʽʜʪʚʝʨʜʞʝʥʦ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʘʜʝʢʚʘʪʥʦʩʪʽ ʽʤʽʪʘʮʽʡʥʦʾ ʤʦʜʝʣʽ. ʅʘʩʧʨʘʚʜʽ ʜʚʦʤʘʩʦʚʘ ʤʦʜʝʣʴ ʻ 

ʢʣʘʩʠʢʦʶ ʪʝʦʨʽʾ ʜʠʥʘʤʽʢʠ ʤʝʭʘʥʽʯʥʠʭ ʩʠʩʪʝʤ. ɿ ʽʥʰʦʛʦ ʙʦʢʫ, ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʥʠʟʠʪʠ 

ʚʘʨʪʽʩʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʚʥʘʩʣʽʜʦʢ ʚʠʢʣʶʯʝʥʥʷ ʪʨʫʜʦʤʽʩʪʢʦʾ ʨʦʟʙʠʨʘʥʥʷ-ʩʢʣʘʜʘʥʥʷ ʧʽʜʚʽʩʢʠ ʪʘ 

ʥʝʤʦʞʣʠʚʦʩʪʽ ʧʽʩʣʷ ʯʝʨʛʦʚʦʛʦ ʩʢʣʘʜʘʥʥʷ ʟ ʧʦʚʥʦʶ ʜʦʩʪʦʚʽʨʥʽʩʪʶ ʧʦʚʝʨʥʫʪʠ ʩʧʦʣʫʯʝʥʥʷ ʜʦ 

ʧʦʯʘʪʢʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ. ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʦʩʷ ʚ ʯʘʩʦʚʽʡ ʦʙʣʘʩʪʽ ʫ ʩʝʨʝʜʦʚʠʱʽ MATLAB 

SIMULINK, ʨʠʩʫʥʦʢ 1. ʗʢ ʦʙ'ʻʢʪ ʜʦʩʣʽʜʞʝʥʴ ʙʫʚ ʦʙʨʘʥʠʡ ʘʚʪʦʤʦʙʽʣʴ SKODA FABIA 1,6. 

ɺʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʜʚʦʤʘʩʦʚʘ ʤʦʜʝʣʴ ʘʚʪʦʤʦʙʽʣʷ [17], ʚ ʷʢʽʡ ʤʦʜʫʣʽ b1 ʪʘ Sign-S ʙʫʣʠ ʟʘʤʽʥʝʥʽ ʥʘ 

ʙʽʙʣʽʦʪʝʯʥʽ Covlumb & Viscons Fridom ʪʘ Backlash ʚʽʜʧʦʚʽʜʥʦ. ʇʝʨʰʠʡ ʨʝʘʣʽʟʫʻ ʥʝʣʽʥʽʡʥʫ ʬʫʥʢʮʽʶ 

"ʩʫʭʝ ʪʝʨʪʷ", ʜʨʫʛʠʡ - ʥʝʣʽʥʽʡʥʫ ʬʫʥʢʮʽʶ "ʣʶʬʪ". 

ʃʶʬʪ ʤʦʜʝʣʶʚʘʚʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʦʥʠ ʥʝʯʫʪʣʠʚʦʩʪʽ, ʪʦʙʪʦ ʯʘʩʪʠʥʠ ʢʦʝʬʽʮʽʻʥʪʘ 

ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʟʽ ʟʥʘʯʝʥʥʷʤ, ʱʦ ʜʦʨʽʚʥʶʻ ʥʫʣʶ. 

ɼʦʧʫʱʝʥʥʷ, ʧʨʠʡʥʷʪʽ ʫ ʨʦʟʨʘʭʫʥʢʫ: 

- ʽʟʦʣʴʦʚʘʥʘ çʯʚʝʨʪʴ ʧʽʜʚʽʩʢʠè ʘʚʪʦʤʦʙʽʣʷ; 

- ʜʚʦʤʘʩʦʚʘ ʤʦʜʝʣʴ ʟ ʜʚʦʤʘ ʩʪʫʧʝʥʷʤʠ ʩʚʦʙʦʜʠ; 

- ʣʽʥʽʡʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʫʞʥʠʭ ʝʣʝʤʝʥʪʽʚ c1, ʩ2.  
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ʈʠʩʫʥʦʢ 1. ʂʦʤʧ'ʶʪʝʨʥʘ ʤʦʜʝʣʴ. 

 

ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʦʩʷ ʜʣʷ ʰʝʩʪʠ ʟʥʘʯʝʥʴ ʩʫʭʦʛʦ ʪʝʨʪʷ ʪʘ ʰʝʩʪʠ ʟʥʘʯʝʥʴ ʟʦʥʠ 

ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪʫ) ʧʨʠ ʢʦʝʬʽʮʽʻʥʪʽ ʜʝʤʧʬʽʨʫʚʘʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʭʦʨʦʰʦʤʫ, ʟʘʜʦʚʽʣʴʥʦʤʫ ʪʘ 

ʥʝʟʘʜʦʚʽʣʴʥʦʤʫ ʩʪʘʥʫ ʘʤʦʨʪʠʟʘʪʦʨʘ, ʪʘʙʣʠʮʷ 1. ɺʠʭʽʜʥʽ ʜʘʥʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮ ̔2. 

 

ʊʘʙʣʠʮʷ 1 - ɺʽʜʧʦʚʽʜʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʽʚ EuSAMA ʪʘ ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʝʤʧʬʽʨʫʚʘʥʥʷ 

ʘʤʦʨʪʠʟʘʪʦʨʽʚ ʧʨʠ ʥʘʚʘʥʪʘʞʝʥʥʽ ʥʘ ʚʽʩʴ 740 ʢʛ: [18] 

ʆʮ̔ ʥʢʘ: ʚʝʨʭʥʽʡ ʢʨʘʡ 

ʜʽʘʧʘʟʦʥʫ: 

ʂʦʝʬʽʮʽʝʥʪ EuSAMA,  

% 

ʂʦʝʬʽʮʽʝʥʪ 

ʜʝʤʧʬʫʚʘʥʠʷ                     

ʘʤʦʨʪʠʟʘʪʦʨʘ,  ʅ*ʩ/ʤ 

çɼʦʙʨʝè              (ɿʦʥʘ A)  70+ 1460+ 

çɼʦʩʠʪɹè            (ɿʦʥʘ B)   50 700 

çʅʝʜʦʩʪʘʪʥʴʦè   (ɿʦʥʘ C)  30 430 

çʇʦʛʘʥʦè            (ɿʦʥʘ D)  20 20 

çʇʦʛʘʥʦè            (ɿʦʥʘ E)   0-  0 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩʫʥʢʘʭ 2 ï 9.  

 

ʊʘʙʣʠʮʷ 2 -  ɺʠʭʽʜʥʽ ʜʘʥʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʇʦʢʘʟʥʠʢ ɿʥʘʯʝʥʥʷ ʆʜʠʥʠʮʷ ʚʠʤʽʨʫʫ 

ɸʤʧʣʽʪʫʜʘ  ʥʝʨʽʚʥʦʩʪʽ A = 0,003 ʤ 

ʄʘʩʘ ʢʫʟʦʚʘ  m1 =  376 ʢʛ 

ɾʦʨʩʪʢʽʩʪʴ ʧʨʫʞʠʥʠ c1  =  25000 ʅ/ʤ 

ɼʝʤʧʬʽʨʫʚʘʥʥʷ                    

ʘʤʦʨʪʠʟʘʪʦʨʘ 
b1  = 1460é430 ʅ*ʩ/ʤ 

ʇʽʜʨʝʩʦʨʝʥʘ ʤʘʩʘ m2 =  35 ʢʛ 

ɾʦʨʩʪʢʽʩʪʴ ʰʠʥʠ ʩ2  =  273 ʢʅ/ʤ 

ɼʝʤʧʬʽʨʫʚʘʥʥʷ  ʰʠʥʠ b2 = 200 ʅ*ʩ/ʤ 

ʉʫʭʝ ʪʝʨʪʷ ʚ ʧʽʜʚʽʩʮʽ  s = 0é150 ʅ 

ʃʶʬʪ (ʟʦʥʘ ʥʝʯʫʪʣʠʚʦʩʪʠ) Y=0é250 ʅ*ʩ/ʤ 

ʇʘʨʮʽʘʣʴʥʽ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʧʽʜʚʽʩʢʠ: ɤ1 = 1,3 ɻʮ; ɤ2=14 ɻʮ. 

 

ʅʘ ʨʠʩʫʥʢʘʭ 2 ï 5 ʧʨʝʜʩʪʘʚʣʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʝʷʢʠʭ ʤʝʪʦʜʽʚ ʚʽʜ 

ʚʝʣʠʯʠʥʠ ʩʫʭʦʛʦ (ʧʦʩʪʽʡʥʦʛʦ ʪʝʨʪʷ) ʫ ʧʽʜʚʽʩʮʽ ʟʘ ʪʨʴʦʭ ʟʥʘʯʝʥʴ ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʤʧʬʽʨʫʚʘʥʥʷ 

ʘʤʦʨʪʠʟʘʪʦʨʘ. 
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1 ï b1=1460 ʅ*ʩ/ʤ; 2 - b1 = 700 ʅ * ʩ / ʤ; 3 - b1 = 430 ʅ * ʩ / ʤ 

ʈʠʩʫʥʦʢ 2. ɺʧʣʠʚ ʩʫʭʦʛʦ ʪʝʨʪʷ ʥʘ çʧʘʨʘʤʝʪʨ EuSAMAè ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʢʦʝʬʽʮʽʻʥʪʘ 

ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ 

ʗʢ ʚʠʧʣʠʚʘʻ ʟ ʨʠʩʫʥʢʘ 2, ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʟʥʘʯʝʥʴ ʩʫʭʦʛʦ ʪʝʨʪʷ, çʧʘʨʘʤʝʪʨ EuSAMAè ʟʨʦʩʪʘʻ 

ʤʘʡʞʝ ʣʽʥʽʡʥʦ, ʧʨʠʯʦʤʫ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʯʫʪʣʠʚʽʩʪʴ çʧʘʨʘʤʝʪʨʘ EuSAMAè 

ʟʨʦʩʪʘʻ. 

 

 
1 ï b1=1460 ʅ*ʩ/ʤ; 2 - b1 = 700 ʅ * ʩ / ʤ; 3 - b1 = 430 ʅ * ʩ / ʤ 

ʈʠʩʫʥʦʢ 3. ɺʧʣʠʚ ʩʫʭʦʛʦ ʪʝʨʪʷ ʥʘ ʧʘʨʘʤʝʪʨ çʬʘʟʦʚʠʡ ʢʫʪè ʟʘ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʢʦʝʬʽʮʽʻʥʪʘ 

ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ 

 

ʅʘ ʨʠʩ.3 ʧʘʨʘʤʝʪʨ çʬʘʟʦʚʠʡ ʢʫʪè ʜʝʤʦʥʩʪʨʫʻ ʦʜʥʘʢʦʚʫ ʯʫʪʣʠʚʽʩʪʴ ʚʩʽʤ ʟʥʘʯʝʥʥʷʤ ʢʦʝʬʽʮʽʻʥʪʘ 

ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ, ʧʨʦ ʱʦ ʩʚʽʜʯʠʪʴ ʦʜʥʘʢʦʚʠʡ ʥʘʭʠʣ ʢʨʠʚʠʭ. ɸʙʩʦʣʶʪʥʘ ʚʝʣʠʯʠʥʘ 

ʯʫʪʣʠʚʦʩʪʽ ʤʘʢʩʠʤʘʣʴʥʘ ʩʝʨʝʜ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʨʦʟʛʣʷʜʘʶʪʴʩʷ, ʪʘʙʣʠʮʷ 3. 
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1 ï b1=1460 ʅ*ʩ/ʤ; 2 - b1 = 700 ʅ * ʩ / ʤ; 3 - b1 = 430 ʅ * ʩ / ʤ. 

ʈʠʩʫʥʦʢ 4. ɺʧʣʠʚ ʩʫʭʦʛʦ ʪʝʨʪʷ ʥʘ ʧʘʨʘʤʝʪʨ çʚʽʜʥʦʩʥʝ ʜʝʤʧʬʽʨʫʚʘʥʥʷè ʟʘ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ 

ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ 

 

ʈʠʩʫʥʦʢ 4 ʽʣʶʩʪʨʫʻ ʤʘʡʞʝ ʣʽʥʽʡʥʝ ʟʨʦʩʪʘʥʥʷ ʚʽʜʥʦʩʥʦʛʦ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʩʫʭʦʛʦ 

ʪʝʨʪʷ ʧʨʠ ʚʩʽʭ ʟʥʘʯʝʥʥʷʭ ʢʦʝʬʽʮʽʻʥʪʘ ʯʫʪʣʠʚʦʩʪʽ. 

 

 
1 ï b1=1460 ʅ*ʩ/ʤ; 2 - b1 = 700 ʅ * ʩ / ʤ; 3 - b1 = 430 ʅ * ʩ / ʤ. 

ʈʠʩʫʥʦʢ 5. ɺʧʣʠʚ ʩʫʭʦʛʦ ʪʝʨʪʷ ʥʘ ʨʝʟʦʥʘʥʩʥʫ ʯʘʩʪʦʪʫ ʥʝʧʽʜʨʝʩʦʨʝʥʦʾ ʤʘʩʠ ʧʨʠ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʥʷʭ ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ 

 

ʅʘ ʨʠʩʫʥʢʫ 5 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʨʝʟʦʥʘʥʩʥʦʾ ʯʘʩʪʦʪʠ ʥʝʧʽʜʨʝʩʦʨʝʥʦʾ  ʤʘʩʠ ʚʽʜ ʩʫʭʦʛʦ 

ʪʝʨʪʷ.  ʈʝʟʦʥʘʥʩʥʘ ʯʘʩʪʦʪʘ ʥʝ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʷʢ ʩʘʤʦʩʪʽʡʥʠʡ ʜʽʘʛʥʦʩʪʠʯʥʠʡ ʧʘʨʘʤʝʪʨ, ʘʣʝ ʤʦʞʝ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʘ ʫ ʩʢʣʘʜʥʠʭ ʚʠʧʘʜʢʘʭ ʷʢ ʜʦʜʘʪʢʦʚʘ ʽʥʬʦʨʤʘʮʽʷ. 

ʅʘ ʨʠʩʫʥʢʘʭ 6 ï 9 ʧʨʝʜʩʪʘʚʣʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʽʜ ʟʦʥʠ ʥʝʯʫʪʣʠʚʦʩʪʽ 

(ʣʶʬʪʫ) ʫ ʧʽʜʚʽʩʮʽ ʟʘ ʪʨʴʦʭ ʟʥʘʯʝʥʴ ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ. 
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1 ï b1=1460 ʅ*ʩ/ʤ; 2 - b1 = 700 ʅ * ʩ / ʤ; 3 - b1 = 430 ʅ * ʩ / ʤ 

ʈʠʩʫʥʦʢ 6. ɺʧʣʠʚ ʟʦʥʠ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪʫ) ʥʘ ʧʘʨʘʤʝʪʨ EuSAMA ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ 

ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ 

 

 
1 ï b1=1460 ʅ*ʩ/ʤ; 2 - b1 = 700 ʅ * ʩ / ʤ; 3 - b1 = 430 ʅ * ʩ / ʤ 

ʈʠʩʫʥʦʢ 7. ɺʧʣʠʚ ʟʦʥʠ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪʫ) ʥʘ ʧʘʨʘʤʝʪʨ çʬʘʟʦʚʠʡ ʢʫʪè ʟʘ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ 

ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ 

 

ʅʘ ʨʠʩʫʥʢʘʭ  6,7,8 ʧʦʢʘʟʘʥʦ, ʱʦ ʟʘʣʝʞʥʦʩʪʽ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʽʜ ʰʠʨʠʥʠ ʟʦʥʠ 

ʥʝʯʫʪʣʠʚʦʩʪʽ ( ʚʝʣʠʯʠʥʠ ʣʶʬʪʘ) ʤʘʡʞʝ ʣʽʥʽʡʥʽ ʪʘ ʾʭ ʟʥʘʯʝʥʥʷ ʟʥʠʞʫʶʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʣʶʬʪʫ. 

ɿʘʣʝʞʥʽʩʪʴ ʥʝʩʫʪʪʻʚʘ ʜʣʷ ʩʧʨʘʚʥʦʛʦ ʘʤʦʨʪʠʟʘʪʦʨʘ ʜʣʷ çʧʘʨʘʤʝʪʨʘ ESè ʽ ʬʘʟʦʚʦʛʦ ʢʫʪʘ. 

 
1 ï b1=1460 ʅ*ʩ/ʤ; 2 - b1 = 700 ʅ * ʩ / ʤ; 3 - b1 = 430 ʅ * ʩ / ʤ 
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ʈʠʩʫʥʦʢ 8. ɺʧʣʠʚ ʟʦʥʠ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪʫ) ʥʘ ʧʘʨʘʤʝʪʨ çʚʽʜʥʦʩʥʝ ʜʝʤʧʬʽʨʫʚʘʥʥʷè ʟʘ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʴ ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ 

 

 
1 ï b1=1460 ʅ*ʩ/ʤ; 2 - b1 = 700 ʅ * ʩ / ʤ; 3 - b1 = 430 ʅ * ʩ / ʤ 

ʈʠʩʫʥʦʢ 9. ɺʧʣʠʚ ʟʦʥʠ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪʫ) ʥʘ ʨʝʟʦʥʘʥʩʥʫ ʯʘʩʪʦʪʫ ʥʝʧʽʜʨʝʩʦʨʝʥʦʾ ʤʘʩʠ ʧʨʠ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ 

 

ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ ɼʆʉʃɯɼɾɽʅʔ 

ɿʚʝʜʝʥʘ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʯʫʪʣʠʚʽʩʪʴ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʦ ʟʤʽʥʠ ʩʫʭʦʛʦ ʪʝʨʪʷ ʫ ʧʽʜʚʽʩʮʽ 

ʪʘ ʟʦʥʠ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪʫ) ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʪʘʙʣʠʮʷʭ 3,4. 

 

ʊʘʙʣʠʮʷ 3 ï ʂʦʝʬʽʮʽʻʥʪʠ ʯʫʪʣʠʚʽʩʪʽ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʦ ʟʤʽʥʠ ʩʫʭʦʛʦ ʪʝʨʪʷ ʫ ʧʽʜʚʽʩʮʽ 

ʇʘʨʘʤʝʪʨ ʂʦʝʬʽʮʽʻʥʪʠ ʯʫʪʣʠʚʦʩʪʽ ʧʨʠ ʢʦʝʬʽʮʽʻʥʪʽ ʜʝʤʧʬʽʨʫʚʘʥʥʷ:  

1460 700 430 

ES 0,0145 0,0266 0,1023 

ʌʘʟʦʚʠʡ ʢʫʪ 0,0596 0,1049 0,1317 

ɺʽʜʥʦʩʥʝ           

ʜʝʤʧʬʽʨʫʚʘʥʥʷ 

0,0508 0,0875 0,1003 

 

ʊʘʙʣʠʮʷ 4 ï ʏʫʪʣʠʚʽʩʪʴ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʦ ʟʤʽʥʠ ʟʦʥʠ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪ) ʫ 

ʧʽʜʚʽʩʮʽ. 

ʇʘʨʘʤʝʪʨ ʂʦʝʬʽʮʽʻʥʪʠ ʯʫʪʣʠʚʦʩʪʽ ʧʨʠ ʢʦʝʬʽʮʽʻʥʪʽ ʜʝʤʧʬʽʨʫʚʘʥʥʷ: 

1460 700 430 

ES -0,0046 -0.0091 -0,0459 

ʌʘʟʦʚʠʡ ʢʫʪ -0,0042 -0,1376 -0,1733 

ɺʽʜʥʦʩʥʝ 

ʜʝʤʧʬʽʨʫʚʘʥʥʷ 

-0,0294 -0,0627 -0,0564 

 

ʇʨʠʤʽʪʢʘ: ʟʥʘʢ ç-ç ʩʚʽʜʯʠʪʴ ʧʨʦ ʩʧʘʜʘʥʥʷ ʬʫʥʢʮʽʾ. 

ʂʦʝʬʽʮʽʻʥʪ ʯʫʪʣʠʚʦʩʪʽ ʚʠʟʥʘʯʘʚʩʷ ʷʢ ʚʽʜʥʦʰʝʥʥʷ ʨʽʟʥʠʮʽ ʜʚʦʭ ʩʫʩʽʜʥʽʭ ʟʥʘʯʝʥʴ ʜʦ ʤʝʥʰʦʾ ʾʭ. 

ʋ ʪʘʙʣʠʮʽ ʥʘʚʝʜʝʥʦ ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʯʫʪʣʠʚʦʩʪʽ, ʦʙʨʘʥʝ ʟ ʨʷʜʫ ʟʥʘʯʝʥʴ ʧʨʠ 

ʧʝʚʥʦʤʫ ʢʦʝʬʽʮʽʻʥʪʽ ʜʝʤʧʬʽʨʫʚʘʥʥʷ.  

ʗʢ ʚʠʧʣʠʚʘʻ ʟ ʪʘʙʣʠʮʽ, ʤʽʥʽʤʘʣʴʥʠʡ ʚʧʣʠʚ ʩʫʭʦʛʦ ʪʝʨʪʷ ʩʭʠʣʴʥʠʡ ʜʦ ʜʽʘʛʥʦʩʪʠʯʥʦʛʦ 

çʧʘʨʘʤʝʪʨʘ ESè ï ʤʝʪʦʜ EuSAMA. ʄʽʥʽʤʘʣʴʥʠʡ ʚʧʣʠʚ ʪʘʢʦʞ ʧʨʠʪʘʤʘʥʥʠʡ ʚʩʽʤ ʜʽʘʛʥʦʩʪʠʯʥʠʤ 

ʧʘʨʘʤʝʪʨʘʤ ʧʨʠ ʩʧʨʘʚʥʽʡ ʧʽʜʚʽʩʮʽ ʟ b1= 1460 ʅ*ʩ/ʤ. ɺ ʽʥʰʠʭ ʫʤʦʚʘʭ ʧʘʨʘʤʝʪʨʠ çʬʘʟʦʚʠʡ ʢʫʪè ʪʘ 

çʚʽʜʥʦʩʥʝ ʜʝʤʧʬʽʨʫʚʘʥʥʷè ʤʘʶʪʴ ʧʨʠʙʣʠʟʥʦ ʦʜʥʘʢʦʚʫ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʚʝʣʠʯʠʥʠ ʩʫʭʦʛʦ ʪʝʨʪʷ. 

çʇʘʨʘʤʝʪʨ ESè ʜʝʤʦʥʩʪʨʫʻ ʤʽʥʽʤʘʣʴʥʫ  ʟʘʣʝʞʥʽʩʪʴ ʪʘʢʦʞ ʽ ʚʽʜ ʣʶʬʪʘ ʚ ʧʽʜʚʽʩʮʽ, ʪʘʙʣʠʮʷ 4. 

ʅʘʡʙʽʣʴʰʦʶ ʤʽʨʦʶ ʚʧʣʠʚʫ ʣʶʬʪʘ ʧʽʜʜʘʻʪʴʩʷ ʧʘʨʘʤʝʪʨ çʬʘʟʦʚʠʡ ʢʫʪè. ʇʘʨʘʤʝʪʨ çʚʽʜʥʦʩʥʝ 

ʜʝʤʧʬʽʨʫʚʘʥʥʷè ʧʨʠ ʮʴʦʤʫ ʧʦʢʘʟʫʻ ʧʦʤʽʨʥʫ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʣʶʬʪʫ ʫ ʧʽʜʚʽʩʮʽ ʪʘ ʩʣʘʙʢʫ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ 

ʩʪʘʥʫ ʘʤʦʨʪʠʟʘʪʦʨʘ ʧʨʠ ʬʽʢʩʦʚʘʥʦʤʫ ʟʥʘʯʝʥʥʽ ʣʶʬʪʫ. 
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ɿʽ ʟʨʦʩʪʘʥʥʷʤ ʟʦʥʠ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪʫ) ʧʽʜʚʽʩʢʠ ʨʝʟʦʥʘʥʩʥʘ ʯʘʩʪʦʪʘ ʥʝʧʽʜʨʝʩʦʨʝʥʠʭ  ʯʘʩʪʠʥ 

ʪʘʢʦʞ ʟʨʦʩʪʘʻ, ʨʠʩ.9. 

ʋ ʪʘʙʣʠʮʽ 5 ʧʨʝʜʩʪʘʚʣʝʥʽ ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʚʽʜʥʦʩʥʦʾ ʧʦʭʠʙʢʠ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʜʣʷ ʦʙʦʭ ʚʠʜʽʚ ʥʝʣʽʥʽʡʥʠʭ ʝʣʝʤʝʥʪʽʚ ʟʘ ʪʠʭ ʞʝ ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʝʤʧʬʽʨʫʚʘʥʥʷ, ʱʦ ʡ ʫ ʧʦʧʝʨʝʜʥʽʡ 

ʪʘʙʣʠʮʽ. ʋ ʚʩʽʭ ʚʠʧʘʜʢʘʭ ʚʽʜʥʦʩʥʘ ʧʦʭʠʙʢʘ ʚʠʟʥʘʯʘʣʘʩʷ ʥʘ ʤʝʞʽ ʜʽʘʧʘʟʦʥʫ, ʧʨʠ ʮʴʦʤʫ ʷʢ ʜʨʫʛʝ ʜʽʶʯʝ 

ʟʥʘʯʝʥʥʷ ʧʨʠʡʤʘʣʦʩʷ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʘ ʧʨʠ ʥʫʣʴʦʚʦʤʫ ʟʥʘʯʝʥʥʽ ʥʝʣʽʥʽʡʥʠʭ ʝʣʝʤʝʥʪʽʚ. 

 

ʊʘʙʣʠʮʷ 5. ʄʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʚʽʜʥʦʩʥʦʾ ʧʦʭʠʙʢʠ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, %. 

ʅʝʣʽʥʽʡʥʠʡ 

 ʝʣʝʤʝʥʪ 

ɼ̔ʘʛʥʦʩʪʠʯʥʠʡ 

ʧʘʨʘʤʝʪʨ 

ʂʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʽʨʫʚʘʥʠʷ: 

1460 700 430 

 

ʉʫʭʝ ʪʝʨʪʷ 

ʇʘʨʘʤʝʪʨ EU 6,96 17,95 36,57 

ʌʘʟʦʚʠʡ ʢʫʪ 51,41 75,55 123,40 

ɺʽʜʥʦʩʥʝ 

ʜʝʤʧʬʽʨʫʚʘʥʥʷ 

21,41 26,89 28,33 

ɿʦʥʘ ʥʝʯʫʪʣʠʚʦʩʪʽ 

(ʣʶʬʪ) 

ʇʘʨʘʤʝʪʨ EU 1,52 6,144 16,98 

ʌʘʟʦʚʠʡ ʢʫʪ 1,55 35,82 73,25 

ɺʽʜʥʦʩʥʝ 

ʜʝʤʧʬʽʨʫʚʘʥʥʷ 

14,11 23,53 7,95 

ʗʢ ʚʠʧʣʠʚʘʻ ʟ ʪʘʙʣʠʮʽ, ʩʫʭʝ ʪʝʨʪʷ ʪʘ ʟʦʥʘ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪ) ʤʘʢʩʠʤʘʣʴʥʦ ʚʧʣʠʚʘʻ ʥʘ 

ʜʽʘʛʥʦʩʪʠʯʥʠʡ ʧʘʨʘʤʝʪʨ çʬʘʟʦʚʠʡ ʢʫʪè. ɼʘʥʽ ʪʘʙʣʠʮʽ 5 ʚ ʦʢʨʝʤʠʭ ʚʠʧʘʜʢʘʭ ʤʦʞʫʪʴ ʙʫʪʠ ʦʩʥʦʚʦʶ 

ʚʠʟʥʘʯʝʥʥʷ ʡʤʦʚʽʨʥʦʩʪʽ ʬʦʨʤʫʣʶʚʘʥʥʷ ʥʝʧʨʘʚʠʣʴʥʦʛʦ ʚʠʩʥʦʚʢʫ ʧʨʠ ʪʝʩʪʫʚʘʥʥʽ ʧʽʜʚʽʩʢʠ. 

ɺʀʉʅʆɺʂʀ 

ʅʝʣʽʥʽʡʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʥʝʥʪʽʚ ʧʽʜʚʽʩʢʠ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʝʣʠʯʠʥʫ 

ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʪʠʤ ʩʘʤʠʤ ʚʠʢʣʠʢʘʶʯʠ ʧʦʭʠʙʢʠ ʧʨʠ ʜʽʘʛʥʦʩʪʫʚʘʥʥʽ.  

ʉʫʭʝ ʪʝʨʪʷ ʚ ʧʽʜʚʽʩʮʽ ʚʠʢʣʠʢʘʻ ʟʨʦʩʪʘʥʥʷ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ 

ʧʝʨʝʦʮʽʥʢʫ ʚʣʘʩʪʠʚʦʩʪʝʡ ʘʤʦʨʪʠʟʘʪʦʨʘ ʟ ʥʘʩʪʫʧʥʦʶ ʨʝʢʦʤʝʥʜʘʮʽʻʶ ʝʢʩʧʣʫʘʪʫʚʘʪʠ ʥʝʩʧʨʘʚʥʠʡ 

ʘʤʦʨʪʠʟʘʪʦʨ. 

ɿʚʦʨʦʪʥʠʡ ʝʬʝʢʪ ʚʠʢʣʠʢʘʻ ʥʝʣʽʥʽʡʥʠʡ ʧʘʨʘʤʝʪʨ ï ʟʦʥʘ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪʫ) ʧʽʜʚʽʩʢʠ. ɿ ʾʾ 

ʟʙʽʣʴʰʝʥʥʷʤ ʟʥʘʯʝʥʥʷ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʟʥʠʞʫʶʪʴʩʷ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʤʦʞʣʠʚʘ ʥʝʜʦʦʮʽʥʢʘ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʝʤʧʬʽʨʫʚʘʥʥʷ ʘʤʦʨʪʠʟʘʪʦʨʘ,  ʪʦʙʪʦ ʡʦʛʦ ʥʘʜʤʽʨʥʘ ʟʘʤʽʥʘ. 

ʉʫʭʝ ʪʝʨʪʷ ʪʘ ʟʦʥʘ ʥʝʯʫʪʣʠʚʦʩʪʽ (ʣʶʬʪ) ʫ ʧʽʜʚʽʩʮʽ ʤʘʢʩʠʤʘʣʴʥʦ ʚʧʣʠʚʘʻ ʥʘ ʜʽʘʛʥʦʩʪʠʯʥʠʡ 
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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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ʃʫʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

 

ɺʀʂʆʈʀʉʊɸʅʅʗ ʄɸʐʀʅʆɹʋɼɯɺʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ʇʈʀ ʈɽʄʆʅʊɯ ʊɸ ɺɯɼʅʆɺʃɽʅʅɯ 

ɼɽʊɸʃɽʁ 

 

ɽʢʦʥʦʤʽʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʩʦʙʽʚʘʨʪʽʩʪʴ ʚʽʜʥʦʚʣʝʥʥʷ ʟʘʟʚʠʯʘʡ 

ʥʠʞʯʘ ʟʘ ʚʘʨʪʽʩʪʴ ʥʦʚʠʭ ʜʝʪʘʣʝʡ, ʪʘʢ ʷʢ ʧʨʠ ʮʴʦʤʫ ʥʝʚʝʣʠʢʘ ʪʨʫʜʦʤʽʩʪʢʽʩʪʴ ʪʘ ʪʨʠʚʘʣʽʩʪʴ ʧʨʦʮʝʩʫ, ʘ ʪʘʢʦʞ 

ʥʝʚʝʣʠʢʽ ʟʘʪʨʘʪʠ ʥʘ ʤʘʪʝʨʽʘʣʠ. ʆʜʥʠʤ ʽʟ ʥʘʡʢʨʘʱʠʭ ʪʘ ʧʨʦʛʨʝʩʠʚʥʠʭ ʩʧʦʩʦʙʽʚ ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʻ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʘʣʴʚʘʥʽʯʥʠʭ ʧʦʢʨʠʪʪʽʚ. ʈʦʟʛʣʷʜʘʶʪʴʩʷ ʧʨʦʙʣʝʤʠ ʪʘ ʤʦʞʣʠʚʦʩʪʽ, ʧʦʚôʷʟʘʥʽ ʟ ʥʘʥʝʩʝʥʥʷʤ 

ʛʘʣʴʚʘʥʽʯʥʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʘʚʪʦʤʦʙʽʣʴʥʠʭ ʢʦʤʧʦʥʝʥʪʘʭ ʧʽʜ ʯʘʩ ʨʝʤʦʥʪʫ. ʊʝʭʥʦʣʦʛʽʯʥʽ ʧʨʦʮʝʩʠ ʛʘʣʴʚʘʥʽʟʘʮʽʾ 

ʧʦʚʷʟʘʥʽ ʟ ʥʝʦʙʭʽʜʥʽʩʪʶ ʥʘʷʚʥʦʩʪʽ ʚʘʨʪʽʩʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʚʝʣʠʢʠʤʠ ʚʠʪʨʘʪʘʤʠ ʝʥʝʨʛʽʾ, ʚʦʜʠ ʽ ʭʽʤʽʯʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʘ ʪʘʢʦʞ ʰʢʽʜʣʠʚʠʤ ʚʧʣʠʚʦʤ ʥʘ ʥʘʚʢʦʣʠʰʥʻ ʩʝʨʝʜʦʚʠʱʝ. ɺ ʫʤʦʚʘʭ ʚʽʜʩʫʪʥʦʩʪʽ ʘʚʪʦʨʝʤʦʥʪʥʠʭ 

ʟʘʚʦʜʽʚ ʮʝʡ ʩʧʦʩʽʙ ʚʽʜʥʦʚʣʝʥʥʷ ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ ʜʦ ʤʘʰʠʥʦʙʫʜʽʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. ʆʩʥʦʚʥʽ ʤʝʪʦʜʠ ʚʢʣʶʯʘʶʪʴ 

ʥʘʩʪʘʣʶʚʘʥʥʷ, ʭʨʦʤʫʚʘʥʥʷ ʪʘ ʥʽʢʝʣʶʚʘʥʥʷ. ɺʠʙʽʨ ʜʦʮʽʣʴʥʦʛʦ ʤʝʪʘʣʫ ʜʣʷ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʟʘʣʝʞʠʪʴ 

ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ ʚʽʜ ʚʨʘʭʫʚʘʥʥʷ ʢʨʠʪʝʨʽʾʾʚ ʚʘʨʪʦʩʪʽ ʧʦʢʨʠʪʪʷ, ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʧʦʚʝʨʭʥʽ, ʪʨʠʚʘʣʦʩʪʽ ʥʘʥʝʩʝʥʥʷ 

ʪʘ ʢʦʝʬʽʮʽʻʥʪʘ ʚʽʜʙʠʪʪʷ, ʘ ʪʘʢʦʞ ʝʢʦʣʦʛʽʯʥʦʛʦ ʢʨʠʪʝʨʽʶ. ʇʨʠʡʥʷʪʽ ʪʝʭʥʽʯʥʽ ʨʽʰʝʥʥʷ ʱʦʜʦ ʚʠʙʦʨʫ ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʙʫʣʠ ʚʩʪʘʥʦʚʣʝʥʽ ʤʝʪʦʜʦʤ ʘʥʘʣʽʟʫ ʽʻʨʘʨʭʽʡ. ɺʠʙʠʨʘʶʯʠ ʤʝʪʘʣ ʜʣʷ ʛʘʣʴʚʘʥʽʯʥʦʛʦ 

ʧʦʢʨʠʪʪʷ, ʷʢʠʡ ʚʽʜʧʦʚʽʜʘʚ ʙʠ ʨʽʟʥʠʤ ʢʨʠʪʝʨʽʷʤ, ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʜʦʮʽʣʴʥʝ ʧʦʢʨʠʪʪʷ ʜʣʷ ʜʝʪʘʣʝʡ ʘʚʪʦʤʦʙʽʣʷ. 

ʅʽʢʝʣʴ ʻ ʥʘʡʙʽʣʴʰ ʧʨʽʦʨʠʪʝʪʥʠʤ ʚʝʢʪʦʨʦʤ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʝʤʦʥʪ ʘʚʪʦʤʦʙʽʣʽʚ, ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʘʚʪʦʤʦʙʽʣʽʚ, ʛʘʣʴʚʘʥʽʯʥʽ ʧʦʢʨʠʪʪʷ, ʤʝʪʦʜ 

ʘʥʘʣʽʟʫ ʽʻʨʘʨʭʽʡ, ʢʨʠʪʝʨʽʾ ʚʠʙʦʨʫ ʜʦʮʽʣʴʥʦʛʦ ʧʦʢʨʠʪʪʷ. 

 

ɺʉʊʋʇ 

ʉʫʯʘʩʥʽ ʘʚʪʦʤʦʙʽʣʽ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʦʙʦʶ ʩʢʣʘʜʥʽ ʪʝʭʥʽʯʥʽ ʩʠʩʪʝʤʠ ʜʦʚʛʦʪʨʠʚʘʣʦʛʦ 

ʢʦʨʠʩʪʫʚʘʥʥʷ. ʇʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ ʘʚʪʦʤʦʙʽʣʽʚ ʚʽʜʙʫʚʘʶʪʴʩʷ ʥʝʟʚʦʨʦʪʥʽ ʧʦʛʽʨʰʝʥʥʷ ʨʦʙʦʯʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʾʭ ʩʢʣʘʜʦʚʠʭ ʯʘʩʪʠʥ. ɿʘ ʩʫʯʘʩʥʠʭ ʝʢʦʥʦʤʽʯʥʠʭ ʫʤʦʚ ʘʚʪʦʨʝʤʦʥʪʥʝ ʚʠʨʦʙʥʠʮʪʚʦ 

ʥʘʙʫʚʘʻ ʥʦʚʦʛʦ ʧʽʜʭʦʜʫ. ɹʘʛʘʪʦʥʦʤʝʥʢʣʘʪʫʨʥʽʩʪʴ ʜʝʪʘʣʝʡ, ʱʦ ʫʪʚʦʨʠʣʘʩʷ ʚʥʘʩʣʽʜʦʢ ʟʥʘʯʥʦʾ 

ʨʽʟʥʦʤʘʥʽʪʥʦʩʪʽ ʨʫʭʦʤʦʛʦ ʩʢʣʘʜʫ, ʧʨʠ ʥʝʟʥʘʯʥʽʡ ʢʽʣʴʢʦʩʪʽ ʢʦʞʥʦʛʦ ʥʘʡʤʝʥʫʚʘʥʥʷ ʧʨʝʜôʷʚʣʷʻ 

ʦʩʦʙʣʠʚʽ ʚʠʤʦʛʠ ʜʦ ʚʠʙʦʨʫ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʚʽʜʥʦʚʣʝʥʥʷ ʪʘ ʟʤʽʮʥʝʥʥʷ ʜʝʪʘʣʝʡ.  

ɸʅɸʃɯɿ ʃɯʊɽʈɸʊʋʈʅʀʍ ɼɾɽʈɽʃ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ 

ɼʦ ʚʽʜʦʤʠʭ ʩʧʦʩʦʙʽʚ ʥʘʨʦʱʫʚʘʥʥʷ ʰʘʨʫ ʤʝʪʘʣʫ ʚʽʜʥʦʩʷʪʴ ʥʘʧʣʘʚʣʝʥʥʷ, ʛʘʟʦʪʝʨʤʽʯʥʝ 

ʥʘʧʠʣʝʥʥʷ, ʧʨʠʧʽʢʘʥʥʷ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ ʝʣʝʢʪʨʦʣʽʪʠʯʥʝ ʦʩʘʜʞʫʚʘʥʥʷ. ɼʦ ʥʝʜʦʣʽʢʽʚ 

ʥʘʧʣʘʚʣʝʥʥʷ ʚʽʜʥʦʩʷʪʴ ʚʠʩʦʢʠʡ ʪʝʨʤʽʯʥʠʡ ʚʧʣʠʚ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʢʦʨʦʙʣʝʥʥʷ ʜʝʪʘʣʝʡ, 

ʥʝʨʘʮʽʦʥʘʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʧʦʚʝʨʭʦʥʴ ʟ ʥʝʟʥʘʯʥʠʤʠ ʟʥʦʰʝʥʥʷʤʠ [1]. ʇʦʢʨʠʪʪʷ, 

ʦʪʨʠʤʘʥʽ ʥʘʧʠʣʝʥʥʷʤ, ʤʘʶʪʴ ʟʥʘʯʥʫ ʧʦʨʠʩʪʽʩʪʴ ʪʘ ʥʝʜʦʩʪʘʩʪʘʪʥʴʦ ʤʽʮʥʝ ʟʯʝʧʣʝʥʥʷ ʟ ʦʩʥʦʚʦʶ [2]. 

ʅʝʜʦʣʽʢʦʤ ʤʝʪʘʣʽʟʘʮʽʾ ʪʘ ʧʨʠʧʽʢʘʥʥʷ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʽʘʣʫ ʻ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʘ 

ʰʠʨʠʥʦʶ ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ ʧʦʢʨʠʪʪʷ [3]. 

ʆʜʥʠʤ ʽʟ ʥʘʡʢʨʘʱʠʭ ʪʘ ʧʨʦʛʨʝʩʠʚʥʠʭ ʩʧʦʩʦʙʽʚ ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʛʘʣʴʚʘʥʽʯʥʠʭ ʧʦʢʨʠʪʪʽʚ. ɯʟ ʛʘʣʴʚʘʥʽʯʥʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘʡʙʽʣʴʰ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʥʘʩʪʘʣʶʚʘʥʥʷ, 

ʭʨʦʤʫʚʘʥʥʷ, ʥʽʢʝʣʶʚʘʥʥʷ, ʮʠʥʢʫʚʘʥʥʷ ʪʘ ʧʨʘʢʪʠʯʥʦ ʙʫʜʴ-ʷʢʽ ʤʝʪʘʣʠ ʚ ʷʢʦʩʪʽ ʚʠʪʨʘʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʜʣʷ ʥʘʨʦʱʫʚʘʥʥʷ. ʊʦʤʫ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʘʭʦʜʽʚ ʥʘʨʦʱʫʚʘʥʥʷ ʤʝʪʘʣʝʚʠʭ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ ʰʣʷʭʦʤ 

ʛʘʣʴʚʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʻ ʘʢʪʫʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ ʜʣʷ ʧʽʜʪʨʠʤʘʥʥʷ ʨʦʙʦʪʦʟʜʘʪʥʦʩʪʽ ʘʚʪʦʤʦʙʽʣʽʚ.  

ɹʽʣʴʰʽʩʪʴ ʜʝʪʘʣʝʡ ʧʨʘʮʶʶʪʴ ʚ ʫʤʦʚʘʭ, ʜʝ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʩʧʨʠʡʤʘʶʪʴʩʷ ʚ 

ʦʩʥʦʚʥʦʤʫ ʾʭ ʧʦʚʝʨʭʥʝʚʠʤ ʰʘʨʦʤ. ʉʪʽʡʢʽʩʪʴ ʜʦ ʟʥʦʩʫ, ʽʥʽʮʽʶʚʘʥʥʷ ʪʘ ʨʦʟʚʠʪʦʢ ʚʪʦʤʥʠʭ ʪʨʽʱʠʥ, 

ʚʠʥʠʢʥʝʥʥʷ ʮʝʥʪʨʽʚ ʢʦʨʦʟʽʾ ʟʘʣʝʞʘʪʴ ʚʽʜ ʦʧʦʨʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʨʫʡʥʫʚʘʥʥʶ. ʊʦʤʫ ʚ ʙʘʛʘʪʴʦʭ 

ʚʠʧʘʜʢʘʭ ʜʦʮʽʣʴʥʦ ʚʽʜʥʦʚʣʶʚʘʪʠ ʪʘ ʧʦʢʨʘʱʫʚʘʪʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʥʝ ʚʩʽʻʾ ʜʝʪʘʣʽ, ʘ 

ʜʦʩʪʘʪʥʴʦ ʥʘʥʝʩʪʠ ʧʦʢʨʠʪʪʷ ʟ ʥʝʦʙʭʽʜʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʥʘ ʾʾ ʨʦʙʦʯʽ ʧʦʚʝʨʭʥʽ [4]. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʧʦʢʨʠʪʪʽʚ ʧʦʚ'ʷʟʘʥʝ ʟ ʚʧʨʦʚʘʜʞʝʥʥʷʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʥʦʚʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʚʽʜʥʦʚʣʝʥʥʷ ʪʘ ʧʦʢʨʘʱʝʥʥʷ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ: ʤʽʮʥʽʩʪʴ ʪʘ ʚʘʥʪʘʞʦʧʽʜʡʦʤʥʽʩʪʴ ʜʝʪʘʣʽ ʟʘʙʝʟʧʝʯʫʶʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ 

ʤʘʪʝʨʽʘʣʫ, ʟ ʷʢʦʛʦ ʚʦʥʘ ʚʠʛʦʪʦʚʣʝʥʘ, ʘ ʩʪʽʡʢʽʩʪʴ ʜʦ ʟʥʦʩʫ, ʢʦʨʦʟʽʾ ʪʘ ʽʥʰʠʭ ʬʘʢʪʦʨʽʚ ʟʨʦʩʪʘʻ ʟʘ 

ʨʘʭʫʥʦʢ ʟʘʩʪʦʩʫʚʘʥʥʷ ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʧʦʢʨʠʪʪʽʚ [4]. 

ɺʽʜʥʦʚʣʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʜʝʪʘʣʽ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʘʥʝʩʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʶ 

ʜʝʪʘʣʽ, ʷʢʫ ʩʣʽʜ ʚʽʜʥʦʚʠʪʠ, ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʟʘ ʩʚʦʾʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʚʽʜ ʦʩʥʦʚʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʜʝʪʘʣʽ ʪʘ ʚʽʜʧʦʚʽʜʘʶʪʴ ʫʤʦʚʘʤ ʾʾ ʝʢʩʧʣʫʘʪʘʮʽʾ (ʟʥʦʩ, ʢʦʨʦʟʽʷ). ɹʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʽ 

ʧʦʢʨʠʪʪʷ ʜʦʟʚʦʣʷʶʪʴ ʟʙʽʣʴʰʠʪʠ ʪʝʨʤʽʥ ʩʣʫʞʙʠ ʜʝʪʘʣʝʡ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʧʽʜ ʯʘʩ ʚʽʜʥʦʚʣʝʥʥʷ 
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ʟʥʦʰʝʥʠʭ ʯʘʩʪʠʥ ʽ, ʚʦʜʥʦʯʘʩ, ʟʤʝʥʰʠʪʠ ʚʠʪʨʘʪʠ ʥʘ ʩʧʣʘʚʠ ʩʪʘʣʽ ʪʘ ʩʧʣʘʚʠ [4]. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʧʦʢʨʠʪʪʽʚ ʜʦʟʚʦʣʠʪʴ ʟʙʽʣʴʰʠʪʠ ʪʝʨʤʽʥ ʩʣʫʞʙʠ ʯʘʩʪʠʥ ʪʝʭʥʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʰʣʷʭʦʤ ʧʽʜʚʠʱʝʥʥʷ 

ʩʪʽʡʢʦʩʪʽ ʜʦ ʟʥʦʩʫ, ʟʤʽʮʥʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ, ʚʽʜʥʦʚʣʝʥʥʷ ʟʥʦʰʝʥʠʭ ʯʘʩʪʠʥ ʧʨʠ ʟʘʤʽʥʽ ʜʦʨʦʛʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʙʽʣʴʰ ʝʢʦʥʦʤʽʯʥʽ [5]. 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʥʘʨʦʱʫʚʘʥʥʷ ʟʥʦʰʝʥʽ ʧʦʚʝʨʭʥʽ ʚʘʣʽʚ ʚʽʜʥʦʚʣʶʶʪʴʩʷ ʰʣʷʭʦʤ ʥʘʥʝʩʝʥʥʷ 

ʧʦʢʨʠʪʪʽʚ ʥʘ ʾʭ ʨʦʙʦʯʽ ʧʦʚʝʨʭʥʽ, ʷʢʽ ʩʪʽʡʢʽ ʜʦ ʘʙʨʘʟʠʚʥʦʛʦ, ʢʦʨʦʟʽʡʥʦʛʦ ʪʘ ʽʥʰʠʭ ʚʠʜʽʚ ʟʥʦʩʫ ʪʘ 

ʨʫʡʥʫʚʘʥʥʷ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʧʽʜʚʠʱʝʥʥʷ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʧʽʜ ʯʘʩ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʟʥʘʯʥʦʾ ʪʦʚʱʠʥʠ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʽʚ ʥʘʩʠʧʘʥʥʷ ʚʠʢʨʠʚʘʻ ʛʝʦʤʝʪʨʽʶ ʜʝʪʘʣʝʡ, ʷʢʽ ʩʣʽʜ ʚʽʜʥʦʚʠʪʠ, ʩʢʦʨʦʯʫʻ ʾʭ ʪʝʨʤʽʥ 

ʩʣʫʞʙʠ, ʽ ʥʘʩʠʧʘʥʥʷ ʧʦʢʨʠʪʪʽʚ ʟʥʘʯʥʦʾ ʪʦʚʱʠʥʠ ʚʠʤʘʛʘʻ ʚʠʜʘʣʝʥʥʷ ʟʥʘʯʥʠʭ ʜʦʧʫʩʢʽʚ ʧʽʜ ʯʘʩ 

ʟʘʢʣʶʯʥʦʾ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ [5].  

ʄʝʪʦʜʠ ʥʘʥʝʩʝʥʥʷ ʥʝ ʟʘʙʝʟʧʝʯʫʶʪʴ ʟʙʝʨʝʞʝʥʥʷ ʧʦʯʘʪʢʦʚʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʫ ʧʦʢʨʠʪʪʷ; 

ʚʦʥʠ ʚʥʦʩʷʪʴ ʟʥʘʯʥʽ ʟʤʽʥʠ ʚ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʽʘʣʫ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʯʘʩʪʠʥ. ʎʝ ʧʦʚ'ʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ 

ʤʘʪʝʨʽʘʣ ʧʦʢʨʠʪʪʷ ʥʘʛʨʽʚʘʻʪʴʩʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨ, ʱʦ ʧʝʨʝʚʠʱʫʶʪʴ ʡʦʛʦ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʥʷ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʢʨʠʪʪʽʚ ʽ, ʚ ʨʝʟʫʣʴʪʘʪʽ, ʥʝʤʦʞʣʠʚʦ 

ʦʪʨʠʤʘʪʠ ʚʠʩʦʢʽ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʝʪʘʣʝʡ [6]. 

ʆʪʞʝ, ʟʙʽʣʴʰʝʥʥʷ ʪʝʨʤʽʥʫ ʩʣʫʞʙʠ ʪʝʭʥʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʟʤʝʥʰʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʟʥʦʩʫ ʪʘʢʠʭ ʚʘʞʣʠʚʠʭ ʪʘ ʚʘʨʪʽʩʥʠʭ ʯʘʩʪʠʥ, ʷʢ ʚʘʣʠ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʘʥʝʩʝʥʥʷ ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʠʭ 

ʧʦʢʨʠʪʪʽʚ, ʦʪʨʠʤʘʥʠʭ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʻ ʦʜʥʽʻʶ ʟ ʦʩʥʦʚʥʠʭ ʟʘʜʘʯ ʫ ʩʬʝʨʽ 

ʨʝʤʦʥʪʫ. 

ʎɯʃʔ ʊɸ ɿɸɼɸʏɯ ɼʆʉʃɯɼɾɽʅʅʗ 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʚʠʙʽʨ ʜʦʮʽʣʴʥʦʛʦ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʜʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʘʚʪʦʤʦʙʽʣʽʚ 

ʰʣʷʭʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʫ ʘʥʘʣʽʟʫ ʽʻʨʘʨʭʽʡ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʪʠ ʚ ʨʦʙʦʪʽ ʚʠʨʽʰʫʶʪʴʩʷ ʥʘʩʪʫʧʥʽ ʟʘʚʜʘʥʥʷ: 

- ɸʥʘʣʽʟ ʧʨʦʙʣʝʤ ʪʘ ʧʝʨʩʧʝʢʪʠʚ ʥʘʥʝʩʝʥʥʷ ʥʘ ʜʝʪʘʣʽ ʘʚʪʦʤʦʙʽʣʽʚ ʛʘʣʴʚʘʥʽʯʥʠʭ ʧʦʢʨʠʪʪʽʚ ʟ 

ʤʝʪʦʶ ʚʽʜʥʦʚʣʝʥʥʷ. 

- ʇʨʠʡʥʷʪʪʷ ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ ʚʠʙʦʨʫ ʜʦʮʽʣʴʥʦʛʦ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʫ 

ʘʥʘʣʽʟʫ ʽʻʨʘʨʭʽʡ. 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʅʗ 

ʅʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚʠʙʽʨ ʦʩʥʦʚʥʠʭ ʢʨʠʪʝʨʽʾʚ, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʠʙʽʨ ʤʝʪʘʣʫ 

ʜʣʷ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ. ɻʘʣʴʚʘʥʽʯʥʠʡ ʤʝʪʦʜ ʻ ʧʦʰʠʨʝʥʦʶ ʪʝʭʥʽʢʦʶ ʥʘʥʝʩʝʥʥʷ ʤʝʪʘʣʝʚʠʭ 

ʧʦʢʨʠʪʪʽʚ ʚ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʚʢʣʶʯʘʶʯʠ ʨʝʤʦʥʪ ʘʚʪʦʤʦʙʽʣʽʚ. ʇʨʠ ʚʠʙʦʨʽ ʤʝʪʘʣʫ ʜʣʷ 

ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʟʚʝʨʪʘʻʪʴʩʷ ʫʚʘʛʘ ʥʘ ʪʘʢʽ ʬʘʢʪʦʨʠ: ʚʘʨʪʽʩʪʴ, ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ, ʪʝʨʤʽʥ ʩʣʫʞʙʠ 

ʧʦʢʨʠʪʪʷ, ʢʦʝʬʽʮʽʻʥʪ ʚʽʜʙʠʪʪʷ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ, ʝʢʦʣʦʛʽʯʥʽ ʢʨʠʪʝʨʽʾ. ʂʽʣʴʢʽʩʪʴ ʽ ʛʝʦʤʝʪʨʠʯʥʽ 

ʧʘʨʘʤʝʪʨʠ ʢʦʤʧʦʥʝʥʪʘ ʚʠʟʥʘʯʘʶʪʴ ʚʘʨʪʽʩʪʴ ʧʦʢʨʠʪʪʷ. 

ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ ʪʦʚʱʠʥʠ, ʷʢʘ ʟʘʜʘʻʪʴʩʷ ʪʝʭʥʽʯʥʠʤʠ ʚʠʤʦʛʘʤʠ, ʚʘʨʪʽʩʪʴ ʟʙʽʣʴʰʫʻʪʴʩʷ 

ʥʝʧʨʦʧʦʨʮʽʡʥʦ ʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʛʽʜʥʦ ʬʦʨʤʫʣʠ: 

 

 , (1) 

ʜʝ  ï ʚʘʨʪʽʩʪʴ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʷ, ʛʨʥ.; 

 ï ʚʘʨʪʽʩʪʴ ʨʦʙʽʪ ʧʦ ʥʘʥʝʩʝʥʥʶ ʧʦʢʨʠʪʪʷ ʪʦʚʱʠʥʦʶ 1 ʤʢʤ/ʜʤ
2
; 

 ï ʚʘʨʪʽʩʪʴ ʜʦʜʘʪʢʦʚʦ ʟʘʪʨʘʯʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽ ʨʦʙʽʪ (ʦʯʠʱʝʥʥʷ, ʰʣʽʬʫʚʘʥʥʷ, ʧʦʣʽʨʫʚʘʥʥʷ ʪʘ 

ʽʥ.), ʛʨʥ.; 

 ï ʢʦʝʬʽʮʽʻʥʪ ʟʘʪʨʘʪ ʥʘ ʟʙʽʣʴʰʝʥʥʷ ʪʨʫʜʦʤʽʩʪʢʦʩʪʽ ʪʘ ʤʘʰʠʥʥʦʛʦ ʯʘʩʫ. 

ɿʥʠʞʝʥʥʷ ʚʘʨʪʦʩʪʽ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʷ ʟʜʝʰʝʚʣʶʻ ʩʦʙʽʚʘʨʪʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʆʮʽʥʢʘ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʟʜʽʡʩʥʶʻʪʴʩʷ ʰʣʷʭʦʤ ʚʠʟʥʘʯʝʥʥʷ ʚʝʣʠʯʠʥʠ 

ʧʣʦʱʠʥʠ ʚʽʜʙʠʪʢʘ ʽʥʜʠʢʘʪʦʨʘ ʧʨʠ ʟʘʜʘʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʽ ʟʘ ʬʦʨʤʫʣʦʶ ɺʽʢʢʝʨʩʘ: 

 

 , (2) 

ʜʝ  ï ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ ʧʦʢʨʠʪʪʷ, ʅ/ʤʤ
2
; 

 ï ʥʘʚʘʥʪʘʞʝʥʥʷ, ʅ; 

 ï ʜʽʘʛʦʥʘʣʴ ʚʽʜʙʠʪʢʘ, ʤʤ. 

ɿʙʽʣʴʰʝʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʛʘʣʴʚʘʥʽʯʥʠʭ ʧʦʢʨʠʪʪʽʚ ʪʷʛʥʝ ʟʘ ʩʦʙʦʶ ʟʙʽʣʴʰʝʥʥʷ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ 

ʛʘʣʴʚʘʥʽʯʥʠʭ ʧʦʢʨʠʪʪʽʚ, ʷʢʘ ʦʙʫʤʦʚʣʝʥʘ ʢʦʥʢʨʝʪʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʪʘ ʤʦʞʝ ʙʫʪʠ ʦʮʽʥʝʥʘ ʧʦ ʟʘʢʦʥʫ 

ʌʘʨʘʜʝʷ: 

 , (3) 
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ʜʝ  ï ʪʨʠʚʘʣʽʩʪʴ ʧʨʦʮʝʩʫ ʛʘʣʴʚʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ, ʛʦʜ; 

 ï ʢʘʪʦʜʥʘ ʛʫʩʪʠʥʘ ʩʪʨʫʤʫ, ɸ/ʤ
2
; 

 ï ʟʘʜʘʥʘ ʪʦʚʱʠʥʘ ʧʦʢʨʠʪʪʷ, ʤ; 

 ï ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʡ ʝʢʚʽʚʘʣʝʥʪ ʤʝʪʘʣʫ, ʛ/(ɸʛʦʜ); 

 ï ʛʫʩʪʠʥʘ ʤʝʪʘʣʝʚʦʛʦ ʧʦʢʨʠʪʪʷ, ʛ/ʤ
3
; 

 ï ʚʠʭʽʜ ʤʝʪʘʣʫ ʧʦ ʩʪʨʫʤʫ. 

ʉʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʧʨʦʮʝʩʫ ʝʣʝʢʪʨʦʣʽʟʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʛʘʣʴʚʘʥʽʯʥʦʛʦ 

ʧʨʦʮʝʩʫ. ʂʦʝʬʽʮʽʻʥʪ ʚʽʜʙʠʪʪʷ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʽʜʥʦʰʝʥʥʷʤ ʧʦʪʦʢʫ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʚʽʜʙʠʪʦʛʦ ʤʝʪʘʣʦʤ, ʜʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʱʦ ʧʘʜʘʻ ʥʘ ʧʦʚʝʨʭʥʶ: 

 

 , (4) 

ʜʝ  ï ʢʦʝʬʽʮʽʻʥʪ ʚʽʜʙʠʪʪʷ, %; 

 ï ʧʦʪʽʢ ʚʽʜʙʠʪʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ɺʪ; 

 ï  ʧʦʪʽʢ ʧʘʜʘʶʯʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ɺʪ. 

ɿʙʽʣʴʰʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʚʽʜʙʠʪʪʷ ʤʝʪʘʣʝʚʠʭ ʧʦʢʨʠʪʪʽʚ ʤʘʻ ʦʧʦʩʝʨʝʜʢʦʚʘʥʠʡ ʚʧʣʠʚ ʥʘ ʢʦʨʦʟʽʡʥʫ 

ʪʘ ʞʘʨʦʩʪʽʡʢʽʩʪʴ, ʘ ʦʪʞʝ, ʽ ʥʘ ʪʝʨʤʽʥ ʩʣʫʞʙʠ ʢʦʤʧʦʥʝʥʪʘ. 

ɼʣʷ ʦʮʽʥʢʠ ʝʢʦʣʦʛʽʯʥʦʾ ʥʝʙʝʟʧʝʢʠ ʧʨʦʮʝʩʽʚ ʧʨʠ ʛʘʣʴʚʘʥʽʯʥʽʡ ʦʙʨʦʙʮʽ ʽʩʥʫʻ çʝʢʦʣʦʛʽʯʥʠʡ 

ʢʨʠʪʝʨʽʡè: 

 

 , (5) 

ʜʝ  ï ʝʢʦʣʦʛʽʯʥʠʡ ʢʨʠʪʝʨʽʡ;  

 ï ʤʘʢʩʠʤʘʣʴʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ m-ʥʦʛʦ ʪʦʢʩʠʯʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʝʣʝʢʪʨʦʣʽʪʫ, ʤʛ/ʣ; 

 ï ʯʠʩʣʦ ʪʦʢʩʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʦʜ. 

ʏʠʤ ʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ʝʢʦʣʦʛʽʯʥʦʛʦ ʢʨʠʪʝʨʽʶ, ʪʠʤ ʝʢʦʣʦʛʽʯʥʦ ʥʝʙʝʟʧʝʯʥʽʰʽ ʩʪʽʯʥʽ ʚʦʜʠ, ʚ ʩʢʣʘʜ 

ʷʢʠʭ ʚʭʦʜʠʪʴ ʪʦʡ ʯʠ ʽʥʰʠʡ ʢʦʤʧʦʥʝʥʪ ʨʦʟʯʠʥʫ ʝʣʝʢʪʨʦʣʽʪʫ. 

ʅʘ ʨʠʩʫʥʢʫ 1 ʧʦʢʘʟʘʥʦ ʽʻʨʘʨʭʽʯʥʫ ʩʪʨʫʢʪʫʨʫ, ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʤʝʪʠ ʜʦʩʣʽʜʞʝʥʥʷ (ʚʠʙʦʨʫ 

ʜʦʮʽʣʴʥʦʛʦ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ); ʢʨʠʪʝʨʽʾ, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʠʙʽʨ; ʪʘ ʨʽʟʥʠʭ ʚʠʜʽʚ ʤʝʪʘʣʽʚ. 

 
ʈʠʩʫʥʦʢ 1 ï ɯʻʨʘʨʭʽʷ ʤʝʪʠ, ʢʨʠʪʝʨʽʾʚ ʪʘ ʘʣʴʪʝʨʥʘʪʠʚ ʧʨʠ ʚʠʙʦʨʽ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ 

 

ɺ ʪʘʙʣʠʮʽ 1 ʥʘʚʝʜʝʥʽ ʨʦʟʨʘʭʫʥʢʠ ʟʥʘʯʝʥʴ ʢʨʠʪʝʨʽʾʚ (1)-(5) ʜʣʷ ʘʣʴʪʝʨʥʘʪʠʚ ʧʦʢʨʠʪʪʷ. 

ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ 

ʇʨʠ ʥʘʥʝʩʝʥʥʽ ʟʘʭʠʩʥʠʭ ʧʦʢʨʠʪʪʽʚ ʪʘ ʚʽʜʥʦʚʣʝʥʥʽ ʜʝʪʘʣʝʡ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʰʠʨʦʢʝ 

ʧʦʰʠʨʝʥʥʷ ʦʪʨʠʤʘʚ ʩʧʦʩʽʙ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʦʩʘʜʞʝʥʥʷ ʤʝʪʘʣʽʚ. ʎʝʡ ʩʧʦʩʽʙ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ 

ʢʦʤʧʝʥʩʘʮʽʾ ʟʥʦʰʝʥʠʭ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ, ʘ ʪʘʢʦʞ ʧʨʠ ʥʘʥʝʩʝʥʥʽ ʟʘʭʠʩʥʠʭ ʪʘ ʘʥʪʠʢʦʨʦʟʽʡʥʠʭ 

ʧʦʢʨʠʪʪʽʚ [7-8]. ɯʟ ʛʘʣʴʚʘʥʽʯʥʠʭ ʧʦʢʨʠʪʪʽʚ ʤʦʞʫʪʴ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʧʨʘʢʪʠʯʥʦ ʙʫʜʴ-ʷʢʽ ʤʝʪʘʣʠ. ɼʘʥʝ 

ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʠʩʚʷʯʝʥʝ ʚʠʙʦʨʫ ʜʦʮʽʣʴʥʦʛʦ ʧʦʢʨʠʪʪʷ ʧʨʠ ʨʝʤʦʥʪʽ ʽ ʚʽʜʥʦʚʣʝʥʥʽ ʜʝʪʘʣʝʡ. 

 

ʊʘʙʣʠʮʷ 1 ï ɺʠʭʽʜʥʽ ʟʥʘʯʝʥʥʷ ʢʨʠʪʝʨʽʾʚ ʜʣʷ ʨʽʟʥʠʭ ʤʝʪʘʣʽʚ ʧʦʢʨʠʪʪʷ 

         ʂʨʠʪʝʨʽʡ 

ʄʝʪʘʣ 

ʉ, ʛʨʥ HV, ʄʇʘ , ʛʦʜ , % ɽʂ 

ʎʠʥʢ 20 550 0,516 55 0,4 
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ʄʽʜʴ 26 700 0,265 73 20 

ʅʽʢʝʣʴ 24 3500 0,214 66 5,2 

ʍʨʦʤ 60 9000 1,662 62 10,2 

ʉʪʘʣʴ 35 560 1,05 70 8,5 

ɺʀʉʅʆɺʂʀ 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʧʨʦʙʣʝʤʠ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʥʘʥʝʩʝʥʥʷ ʥʘ ʜʝʪʘʣʽ ʘʚʪʦʤʦʙʽʣʽʚ ʛʘʣʴʚʘʥʽʯʥʠʭ 

ʧʦʢʨʠʪʪʽʚ ʟ ʤʝʪʦʶ ʚʽʜʥʦʚʣʝʥʥʷ. ʆʩʥʦʚʥʠʤʠ ʩʧʦʩʦʙʘʤʠ ʻ ʥʘʩʪʘʣʶʚʘʥʥʷ, ʭʨʦʤʫʚʘʥʥʷ, ʥʽʢʝʣʶʚʘʥʥʷ ʪʘ 

ʽʥ. 

ɹʫʣʦ ʟʜʽʡʩʥʝʥʦ ʧʨʠʡʥʷʪʪʷ ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ ʚʠʙʦʨʫ ʜʦʮʽʣʴʥʦʛʦ ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ ʥʘ 

ʦʩʥʦʚʽ ʤʝʪʦʜʫ ʘʥʘʣʽʟʫ ʽʻʨʘʨʭʽʡ. ɺʠʙʨʘʥʦ ʦʩʥʦʚʥʽ ʢʨʠʪʝʨʽʾ, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʠʙʽʨ ʤʝʪʘʣʫ ʜʣʷ 

ʛʘʣʴʚʘʥʽʯʥʦʛʦ ʧʦʢʨʠʪʪʷ: ʚʘʨʪʽʩʪʴ ʥʘʥʝʩʝʥʥʷ; ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ; ʪʨʠʚʘʣʽʩʪʴ ʥʘʥʝʩʝʥʥʷ; ʢʦʝʬʽʮʽʻʥʪ 

ʚʽʜʙʠʚʘʶʯʦʾ ʟʜʘʪʥʦʩʪʽ; ʝʢʦʣʦʛʽʯʥʠʡ ʢʨʠʪʝʨʽʡ. ʐʣʷʭʦʤ ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʦʛʦ ʚʠʙʦʨʫ ʤʝʪʘʣʫ ʜʣʷ 

ʛʘʣʴʚʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʟʜʽʡʩʥʝʥʦ ʧʦʰʫʢ ʥʘʡʢʨʘʱʦʛʦ ʧʦʢʨʠʪʪʷ ʜʣʷ ʜʝʪʘʣʝʡ ʘʚʪʦʤʦʙʽʣʷ. ʄʘʢʩʠʤʘʣʴʥʝ 

ʟʥʘʯʝʥʥʷ ʚʝʢʪʦʨʫ ʛʣʦʙʘʣʴʥʦʛʦ ʧʨʽʦʨʠʪʝʪʫ ʚʽʜʧʦʚʽʜʘʻ ʤʝʪʘʣʫ çʅʽʢʝʣʴè.  
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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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ɯʚʘʥʢʦʚʘ ʆ. ɺ., ʌʝʜʽʥ ɺ. ʆ. 

ʇʦʣʪʘʚʩʴʢʠʡ ʜʝʨʞʘʚʥʠʡ ʘʛʨʘʨʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʤ. ʇʦʣʪʘʚʘ, ʋʢʨʘʾʥʘ 

 

ɼʆʉʃɯɼɾɽʅʅʗ ʇɸʈɸʄɽʊʈɯɺ ʊɽʍʅʆʃʆɻɯɰ ɺɯɼʅʆɺʃɽʅʅʗ ɼɽʊɸʃɽʁ ʇʃɸʉʊʀʏʅʀʄ 

ɼɽʌʆʈʄʋɺɸʅʅʗʄ  

 

ʋ ʥʘʰ ʯʘʩ ʽʩʥʫʻ ʧʦʪʨʝʙʘ ʚ ʫʜʦʩʢʦʥʘʣʝʥʥʽ ʩʠʩʪʝʤʠ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʘʛʨʦʧʨʦʤʠʩʣʦʚʠʭ 

ʧʽʜʧʨʠʻʤʩʪʚ. ɿʙʽʣʴʰʝʥʥʷ ʨʝʩʫʨʩʫ ʤʘʰʠʥ ʻ ʧʨʽʦʨʠʪʝʪʥʠʤ ʟʘʚʜʘʥʥʷʤ ʛʘʣʫʟʽ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. 

ʈʦʟʨʦʙʢʘ ʧʨʦʛʨʝʩʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʨʝʤʦʥʪʫ ʪʝʭʥʽʢʠ ʻ ʧʝʨʰʦʯʝʨʛʦʚʠʤ ʟʘʚʜʘʥʥʷʤ ʜʣʷ ʥʘʰʦʾ ʢʨʘʾʥʠ. 

ɼʦʩʷʛʥʝʥʥʷ ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʦʙʣʘʜʥʘʥʥʷ ʤʦʞʣʠʚʝ ʪʽʣʴʢʠ ʯʝʨʝʟ ʢʦʤʧʣʝʢʩʥʝ 

ʚʠʨʽʰʝʥʥʷ ʟʘʚʜʘʥʴ ʛʘʣʫʟʽ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ʇʦʪʨʽʙʥʽ ʩʫʯʘʩʥʽ ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʽ ʪʘ 

ʨʝʩʫʨʩʦʟʙʝʨʽʛʘʶʯʽ ʪʝʭʥʦʣʦʛʽʾ ʚʽʜʥʦʚʣʝʥʥʷ ʨʝʩʫʨʩʫ ʦʙʣʘʜʥʘʥʥʷ, ʨʝʤʦʥʪʫ ʤʘʰʠʥ ʪʘ ʚʽʜʥʦʚʣʝʥʥʷ ʟʥʦʰʝʥʠʭ 

ʜʝʪʘʣʝʡ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʽʚ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʚ ʧʨʦʮʝʩʘʭ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ ʨʝʤʦʥʪʫ ʜʝʪʘʣʝʡ ʤʘʰʠʥ 

ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʚʠʩʦʢʦʷʢʽʩʥʝ ʪʘ ʝʬʝʢʪʠʚʥʝ ʬʦʨʤʫʚʘʥʥʷ. ʇʨʦʮʝʩʠ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʧʨʠ ʚʽʜʥʦʚʣʝʥʥʽ 

ʟʥʦʰʝʥʠʭ ʜʝʪʘʣʝʡ ʤʘʶʪʴ ʦʙʤʝʞʝʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ. ɯʩʥʫʻ ʧʦʪʨʝʙʘ ʚ ʜʦʩʣʽʜʞʝʥʥʷʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʣʘʩʪʠʯʥʦʾ 

ʜʝʬʦʨʤʘʮʽʾ ʫ ʚʽʜʥʦʚʣʝʥʥʽ ʢʦʥʢʨʝʪʥʠʭ ʜʝʪʘʣʝʡ. 

ʐʝʩʪʝʨʝʥʥʽ ʥʘʩʦʩʠ ʻ ʚʘʞʣʠʚʦʶ ʯʘʩʪʠʥʦʶ ʛʽʜʨʘʚʣʽʯʥʠʭ ʩʠʩʪʝʤ ʤʘʰʠʥ. ʆʩʥʦʚʥʽ ʥʝʩʧʨʘʚʥʦʩʪʽ ʘʛʨʝʛʘʪʽʚ 

ʛʽʜʨʘʚʣʽʯʥʦʾ ʩʠʩʪʝʤʠ: ʧʘʜʽʥʥʷ ʚ ʦʙ'ʻʤʥʽʡ ʝʬʝʢʪʠʚʥʦʩʪʽ, ʧʦʛʽʨʰʝʥʥʷ ʢʝʨʫʚʘʥʥʷ ʪʘ ʧʦʨʫʰʝʥʥʷ ʨʝʛʫʣʶʚʘʥʴ 

ʘʛʨʝʛʘʪʫ. ʅʝʦʙʭʽʜʥʦ ʨʦʟʨʦʙʠʪʠ ʦʧʪʠʤʘʣʴʥʫ ʪʝʭʥʦʣʦʛʽʶ ʚʽʜʥʦʚʣʝʥʥʷ ʚʪʫʣʦʢ. 

ʋ ʩʪʘʪʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʘʥʘʣʽʟ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ ʰʝʩʪʝʨʝʥʥʠʭ ʥʘʩʦʩʽʚ ʪʘ ʭʘʨʘʢʪʝʨʥʠʭ ʜʝʬʝʢʪʽʚ ʽ ʟʥʦʩʫ 

ʚʪʫʣʦʢ. ʎʝ ʧʦʢʘʟʫʻ, ʱʦ ʟʥʦʰʝʥʽ ʚʪʫʣʢʠ ʤʦʞʥʘ ʚʽʜʥʦʚʠʪʠ. ɹʫʣʠ ʨʦʟʨʦʙʣʝʥʽ ʨʦʙʦʯʽ ʽʥʩʪʨʫʤʝʥʪʠ ʜʣʷ ʚʠʢʦʥʘʥʥʷ 

ʧʨʦʮʝʩʫ ʚʽʜʥʦʚʣʝʥʥʷ ʟʥʦʰʝʥʠʭ ʚʪʫʣʦʢ 

ʆʙˇʨʫʥʪʫʚʘʣʠ ʨʝʞʠʤʠ ʚʽʜʥʦʚʣʝʥʥʷ ʚʪʫʣʦʢ ʪʘ ʟʘʧʨʦʧʦʥʫʚʘʣʠ ʨʝʞʠʤ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ: ʰʪʫʯʥʝ 

ʚʠʪʨʠʤʫʚʘʥʥʷ ʧʨʦʪʷʛʦʤ 6 ʛʦʜʠʥ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 180ÁC. ɿʨʦʙʣʝʥʦ ʚʠʩʥʦʚʦʢ ʧʨʦ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʜʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʚʪʫʣʦʢ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʥʘʩʦʩ, ʨʝʩʫʨʩ, ʩʧʨʷʞʝʥʥʷ, ʚʪʫʣʢʘ, ʚʽʜʥʦʚʣʝʥʥʷ, ʜʦʚʛʦʚʽʯʥʽʩʪʴ, ʟʥʦʰʫʚʘʥʥʷ, ʦʙôʻʤ, 

ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʫʚʘʥʥʷ, ʨʦʟʜʘʯʘ, ʦʩʘʜʞʫʚʘʥʥʷ. 

 

ɺʉʊʋʇ 

ɺʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʜʝʪʘʣʝʡ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʦʾ ʪʝʭʥʽʢʠ, ʟʦʢʨʝʤʘ, ʘʛʨʝʛʘʪʽʚ ʛʽʜʨʘʚʣʽʯʥʠʭ ʩʠʩʪʝʤ 

ʜʚʠʛʫʥʽʚ ʚʥʫʪʨʽʰʥʴʦʛʦ ʟʛʦʨʘʥʥʷ, ʧʨʘʮʶʻ ʚ ʫʤʦʚʘʭ ʜʦʚʦʣʽ ʞʦʨʩʪʢʠʭ ʮʠʢʣʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʪʘ 

ʽʥʪʝʥʩʠʚʥʦʛʦ ʪʝʨʪʷ. ʊʦʤʫ, ʨʦʟʨʦʙʢʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʚʽʜʥʦʚʣʝʥʥʷ ʨʦʟʤʽʨʽʚ ʪʘ ʟʤʽʮʥʝʥʥʷ 

ʧʦʚʝʨʭʦʥʴ ʩʘʤʝ ʪʘʢʠʭ ʜʝʪʘʣʝʡ ʚʠʜʘʻʪʴʩʷ ʦʜʥʠʤ ʽʟ ʚʘʞʣʠʚʠʭ ʰʣʷʭʽʚ ʫ ʜʦʩʷʛʥʝʥʥʽ ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ 

ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʜʝʪʘʣʝʡ [1,2]. 

ʄʝʪʦʜ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʜʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʟʥʦʰʝʥʠʭ ʜʝʪʘʣʝʡ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʦʾ 

ʪʝʭʥʽʢʠ ʬʦʨʤʫʻ ʟʥʦʩʦʩʪʽʡʢʫ ʧʦʚʝʨʭʥʝʚʫ ʩʪʨʫʢʪʫʨʫ, ʧʨʘʢʪʠʯʥʦ ʚʠʢʣʶʯʘʻ ʫʪʚʦʨʝʥʥʷ ʟʦʥʠ ʪʝʨʤʽʯʥʦʛʦ 

ʚʧʣʠʚʫ. ɼʦ ʪʦʛʦ ʞ ʤʘʻ ʚʠʩʦʢʽ ʝʢʦʥʦʤʽʯʥʽ ʪʘ ʝʢʦʣʦʛʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ. 

ʇʨʠ ʨʦʟʨʦʙʮʽ ʧʨʦʮʝʩʽʚ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ: ʨʦʟʜʘʯʽ ʘʙʦ ʦʩʘʜʞʫʚʘʥʥʷ ʜʝʪʘʣʝʡ ʪʠʧʫ 

ʚʪʫʣʦʢ ʥʘʩ ʮʽʢʘʚʠʪʴ ʭʘʨʘʢʪʝʨ ʜʝʬʦʨʤʘʮʽʾ ʧʨʠ ʮʴʦʤʫ. ɺʘʞʣʠʚʠʤʠ ʻ ʜʘʥʽ ʧʨʦ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ 

ʩʪʘʥ ʤʘʪʝʨʽʘʣʫ ʜʝʪʘʣʝʡ (ʟʘʛʦʪʦʚʦʢ) ʪʘ ʚʧʣʠʚ ʥʘ ʥʴʦʛʦ ʨʽʟʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʫ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ 

ʧʨʦʮʝʩʫ [8]. 

ʊʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʦʩʘʜʞʝʥʥʷ ʚʪʫʣʦʢ ʧʦʣʷʛʘʻ ʫ ʢʦʤʧʝʥʩʘʮʽʾ ʟʥʦʰʝʥʦʛʦ ʰʘʨʫ ʤʘʪʝʨʽʘʣʫ 

ʟʤʝʥʰʝʥʥʷʤ ʚʠʩʦʪʠ ʚʪʫʣʢʠ. ʊʦʤʫ, ʧʨʠ ʦʩʘʜʞʫʚʘʥʥʽ ʜʝʪʘʣʝʡ ʪʠʧʫ ʚʪʫʣʦʢ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʠʤ ʻ 

ʚʠʷʚʣʝʥʥʷ ʭʘʨʘʢʪʝʨʫ ʟʘʣʝʞʥʦʩʪʽ ʟʤʽʥʠ ʦʙôʻʤʫ ʚʪʫʣʢʠ ʚʽʜ ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ ʦʙʨʦʙʢʠ. 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʭʘʨʘʢʪʝʨʫ ʜʝʬʦʨʤʘʮʽʾ, ʭʘʨʘʢʪʝʨʫ ʟʘʣʝʞʥʦʩʪʽ ʟʤʽʥʠ ʡʦʛʦ ʚʽʜ ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ 

ʦʙʨʦʙʢʠ ʜʝʪʘʣʝʡ ʧʨʠ ʟʜʽʡʩʥʝʥʥʽ ʧʨʦʮʝʩʽʚ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ 

ʨʽʟʥʦʤʘʥʽʪʥʽ ʤʝʪʦʜʠ: ʘʥʘʣʽʪʠʯʥʽ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ, ʽʤʽʪʘʮʽʡʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. ɿ ʪʦʯʢʠ ʟʦʨʫ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʪʦʯʥʦʩʪʽ ʥʘʡʢʨʘʱʝ ʟʘʨʝʢʦʤʝʥʜʫʚʘʣʠ ʩʝʙʝ ʢʦʤʙʽʥʦʚʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ-

ʨʦʟʨʘʭʫʥʢʦʚʽ ʤʝʪʦʜʠ [2,14]. ɺʩʝ ʚʠʱʝ ʩʢʘʟʘʥʝ ʦʙʫʤʦʚʣʶʻ ʘʢʪʫʘʣʴʥʽʩʪʴ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ 

ʭʘʨʘʢʪʝʨʫ ʟʘʣʝʞʥʦʩʪʽ ʟʤʽʥʠ ʦʙôʻʤʫ ʚʪʫʣʢʠ ʚʽʜ ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ ʦʙʨʦʙʢʠ ʧʨʠ ʦʩʘʜʞʫʚʘʥʥʽ ʜʝʪʘʣʝʡ. 

ɸʅɸʃɯɿ ʃɯʊɽʈɸʊʋʈʅʀʍ ɼɸʅʀʍ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ  

ɺʠʨʽʰʝʥʥʶ ʟʘʚʜʘʥʴ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʧʨʠʩʚʷʯʝʥʘ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʨʦʙʽʪ 

ʚʠʜʘʪʥʠʭ ʚʯʝʥʠʭ. ʅʘʜ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʚʽʜʥʦʚʣʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʧʨʘʮʶʻ ʙʘʛʘʪʦ 

ʥʘʫʢʦʚʮʽʚ, ʘ ʪʘʢʦʞ ʽʥʞʝʥʝʨʽʚ-ʧʨʘʢʪʠʢʽʚ. ɼʦʩʣʽʜʞʝʥʥʷ ʙʘʟʫʶʪʴʩʷ ʥʘ ʘʥʘʣʽʟʽ ʪʝʦʨʝʪʠʢʦ-ʨʦʟʨʘʭʫʥʢʦʚʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʪʘ  ʚʠʧʨʦʙʦʚʘʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ ʥʘ ʧʨʘʢʪʠʮʽ.  
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ʃʽʪʝʨʘʪʫʨʥʽ ʜʞʝʨʝʣʘ ʤʽʩʪʷʪʴ ʜʘʥʽ, ʷʢʽ ˇʨʫʥʪʫʶʪʴʩʷ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʪʝʦʨʝʪʠʯʥʠʭ, 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʽ ʥʘ ʜʦʩʚʽʜʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʜʝʪʘʣʝʡ ʤʘʰʠʥ.  

ʋ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣʘʭ ʻ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʧʨʦʚʝʜʝʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦ 

ʚʠʢʦʨʠʩʪʘʥʥʶ ʤʝʪʦʜʽʚ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. ʇʝʨʝʚʘʞʥʦ ʚʠʩʚʽʪʣʶʻʪʴʩʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʦʙʨʦʙʢʠ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʦʢʨʝʤʠʭ ʚʠʜʽʚ 

ʜʝʪʘʣʝʡ ʧʨʠ ʾʭ ʚʠʛʦʪʦʚʣʝʥʥʽ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʞ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʫ ʛʘʣʫʟʽ ʪʝʭʥʽʯʥʦʛʦ ʩʝʨʚʽʩʫ ʧʨʠ 

ʚʽʜʥʦʚʣʝʥʥʽ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʚʠʩʚʽʪʣʝʥʦ, ʥʘ ʥʘʰʫ ʜʫʤʢʫ, ʥʝʜʦʩʪʘʪʥʴʦ.  

ʇʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʫʚʘʥʥʷ ʤʦʞʥʘ ʟʜʽʡʩʥʶʚʘʪʠ ʯʝʨʝʟ ʨʽʟʥʦʤʘʥʽʪʥʽ ʩʭʝʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʝʪʘʣʝʡ.  

ʇʠʪʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ ʤʽʮʥʦʩʪʽ, ʧʣʘʩʪʠʯʥʦʩʪʽ, ʧʦʰʢʦʜʞʫʚʘʥʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʧʽʜ ʯʘʩ 

ʜʝʬʦʨʤʫʚʘʥʥʷ, ʦʮʽʥʢʠ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʫ ʚʝʣʠʢʽʡ ʢʽʣʴʢʽʩʪʽ ʥʘʫʢʦʚʠʭ 

ʨʦʙʽʪ 

ʅʘʜ ʚʠʚʯʝʥʥʷʤ ʪʨʠʙʦʬʽʟʠʯʥʠʭ ʦʩʥʦʚ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʤʦʙʽʣʴʥʦʾ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʦʾ, 

ʘʚʪʦʪʨʘʥʩʧʦʨʪʥʦʾ ʪʝʭʥʽʢʠ ʪʘ ʨʦʟʨʦʙʢʦʶ ʪʝʭʥʦʣʦʛʽʡ ʚʽʜʥʦʚʣʝʥʥʷ ʧʨʘʮʶʻ ʧʨʦʬʝʩʦʨ ɸʫʣʽʥ ɺ.ɺ. [11]. 

ɼʦʩʣʽʜʞʝʥʥʷʤʠ ʥʝʤʦʥʦʪʦʥʥʦʾ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʚ ʧʨʦʮʝʩʘʭ ʦʙʨʦʙʢʠ ʤʝʪʘʣʽʚ ʪʠʩʢʦʤ ʟ 

ʤʝʪʦʶ ʦʪʨʠʤʘʥʥʷ ʦʮʽʥʢʠ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʜʝʪʘʣʝʡ ʟʘʡʤʘʶʪʴʩʷ ʈ. ɯ. ʉʠʚʘʢ, ɺ. ɸ. 

ʆʛʦʨʦʜʥʽʢʦʚ, ʊ. ʌ. ɸʨʭʽʧʦʚʘ [1,12,14,15]. 

ʅʘʫʢʦʚʮʽ ʄʘʪʚʠʡʯʫʢ ɺ. ɸ., ʄʠʭʘʣʝʚʠʯ ɺ. ʄ. ʫ ʩʚʦʾʭ ʧʨʘʮʷʭ ʜʦʩʣʽʜʞʫʚʘʣʠ ʤʝʭʘʥʽʟʤ ʨʦʟʚʠʪʢʫ 

ʧʨʦʮʝʩʽʚ ʣʦʢʘʣʴʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʟʘʛʦʪʦʚʦʢ. ʊʘʢʦʞ ʨʦʟʨʦʙʠʣʠ ʢʨʠʪʝʨʽʾ ʦʮʽʥʶʚʘʥʥʷ ʜʝʬʦʨʤʦʚʥʦʩʪʽ 

ʤʘʪʝʨʽʘʣʫ ʟʘʛʦʪʦʚʦʢ ʧʨʠ ʧʨʷʤʦʤʫ ʽ ʟʚʦʨʦʪʥʦʤʫ ʚʠʪʠʩʢʫʚʘʥʥʽ ʤʝʪʦʜʦʤ ʰʪʘʤʧʫʚʘʥʥʷ ʦʙʢʦʯʫʚʘʥʥʷʤ 

ʤʝʪʘʣʝʚʠʭ ʟʨʘʟʢʽʚ [1,2,11]. 

ɺʠʟʥʘʯʝʥʥʷʤ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʧʣʘʩʪʠʯʥʦ ʜʝʬʦʨʤʦʚʘʥʠʭ ʜʝʪʘʣʷʭ ʟʘʡʤʘʶʪʴʩʷ 

ɺʘʭʨʫʰʝʚʘ ɺ. ʉ., ʄʘʣʠʰ ʆ. ɼ., ɻʨʫʟʽʥ ʅ. ɺ. ʪʘ ʽʥʰʽ ʥʘʫʢʦʚʮʽ [13]. 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʦ ʟʤʽʮʥʝʥʥʶ ʧʦʚʝʨʭʥʝʚʠʤ ʧʣʘʩʪʠʯʥʠʤ ʜʝʬʦʨʤʫʚʘʥʥʷʤ ʮʠʣʽʥʜʨʠʯʥʠʭ 

ʜʦʚʛʦʤʽʨʥʠʭ ʜʝʪʘʣʝʡ, ʟʦʢʨʝʤʘ ʩʪʘʙʽʣʽʟʘʪʦʨʽʚ ʢʦʣʽʩʥʠʭ ʚʽʟʢʽʚ ʟʘʣʽʟʥʠʯʥʠʭ ʚʘʛʦʥʽʚ ʧʨʦʚʦʜʷʪʴ  

ɸʬʪʘʥʘʟʽʚ ɯ., ʐʝʚʯʫʢ ʃ., ʉʪʨʦʛʘʥ ʆ. [2]. 

ʇʠʪʘʥʥʷʤʠ ʧʽʜʚʠʱʝʥʥʷ ʨʝʩʫʨʩʫ ʟʥʦʰʝʥʠʭ ʜʝʪʘʣʝʡ ʪʠʧʫ ʚʪʫʣʦʢ ʰʣʷʭʦʤ ʚʽʙʨʘʮʽʡʥʦʛʦ 

ʜʝʬʦʨʤʫʚʘʥʥʷ ʫʩʧʽʰʥʦ ʟʘʡʤʘʶʪʴʩʷ ʥʘʫʢʦʚʮʽ ʰʢʦʣʠ ʧʨʦʬʝʩʦʨʘ ɼʫʜʥʽʢʦʚʘ ɸ.ɸ. [9,10]. 

ʆʜʥʠʤ ʽʟ ʥʘʡʤʝʥʰ ʚʠʚʯʝʥʠʭ ʧʠʪʘʥʴ ʫ ʪʝʦʨʽʾ ʪʘ ʧʨʘʢʪʠʢʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʣʘʩʪʠʯʥʦʛʦ 

ʜʝʬʦʨʤʫʚʘʥʥʷ ʟʘʣʠʰʘʻʪʴʩʷ ʚʠʚʯʝʥʥʷ ʭʘʨʘʢʪʝʨʫ ʜʝʬʦʨʤʘʮʽʾ ʧʨʠ ʚʽʜʥʦʚʣʝʥʥʽ. 

ʄɽʊɸ ʊɸ ɿɸɺɼɸʅʅʗ ɼʆʉʃɯɼɾɽʅʔ 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʚʠʚʯʝʥʥʷ ʭʘʨʘʢʪʝʨʫ ʜʝʬʦʨʤʘʮʽʾ ʧʨʠ ʚʽʜʥʦʚʣʝʥʥʽ ʧʣʘʩʪʠʯʥʠʤ 

ʜʝʬʦʨʤʫʚʘʥʥʷʤ ʚʪʫʣʦʢ ʰʝʩʪʝʨʝʥʥʠʭ ʰʝʩʪʝʨʝʥʥʠʭ ʥʘʩʦʩʽʚ. ɼʣʷ ʮʴʦʛʦ ʥʝʦʙʭʽʜʥʦ: 

- ʜʦʩʣʽʜʠʪʠ ʫʤʦʚʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʥʘʩʦʩʽʚ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʝʬʝʢʪʽʚ ʽ ʟʥʦʩʽʚ ʚʪʫʣʦʢ ʥʘʩʦʩʽʚ;  

- ʧʨʦʚʝʩʪʠ ʘʥʘʣʽʟ ʤʝʪʦʜʽʚ ʚʽʜʥʦʚʣʝʥʥʷ ʟʥʦʰʝʥʠʭ ʚʪʫʣʦʢ; 

- ʨʦʟʨʦʙʠʪʠ ʨʦʙʦʯʽ ʽʥʩʪʨʫʤʝʥʪʠ ʜʣʷ ʜʝʬʦʨʤʫʚʘʥʥʷ ʚʪʫʣʦʢ; 

- ʨʦʟʛʣʷʥʫʪʠ ʟʤʽʮʥʝʥʥʷ ʧʨʠ ʜʝʬʦʨʤʫʚʘʥʥʽ ʚʪʫʣʦʢ; 

- ʦʙˇʨʫʥʪʫʚʘʪʠ ʨʝʞʠʤʠ ʚʽʜʥʦʚʣʝʥʥʷ ʚʪʫʣʦʢ. 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʅʗ 

ʐʝʩʪʝʨʝʥʥʽ ʥʘʩʦʩʠ ʻ ʯʘʩʪʠʥʦʶ ʛʽʜʨʘʚʣʽʯʥʠʭ ʩʠʩʪʝʤ ʤʘʰʠʥ. ʇʨʠʟʥʘʯʝʥʥʷ ʰʝʩʪʝʨʝʥʯʘʩʪʦʛʦ 

ʥʘʩʦʩʫ - ʥʘʛʥʽʪʘʥʥʷ ʪʘ ʧʝʨʝʢʘʯʫʚʘʥʥʷ ʨʦʙʦʯʠʭ ʨʽʜʠʥ, ʧʝʨʝʚʘʞʥʦ ʤʽʥʝʨʘʣʴʥʠʭ ʤʘʩʝʣ. ɺʦʥʠ 

ʚʩʪʘʥʦʚʣʶʶʪʴʩʷ ʫ ʤʝʭʘʥʽʟʤʘʭ ʨʫʣʴʦʚʦʛʦ ʢʝʨʫʚʘʥʥʷ, ʧʨʠʚʦʜʽʚ ʢʝʨʫʚʘʥʥʷ ʧʨʠʯʽʧʥʠʤʠ ʪʘ ʥʘʚʽʩʥʠʤʠ 

ʟʥʘʨʷʜʜʷʤʠ ʪʨʘʢʪʦʨʽʚ, ʜʦʨʦʞʥʽʭ ʪʘ ʽʥʰʠʭ ʤʘʰʠʥ [3]. 

ʇʨʠʥʮʠʧ ʜʽʾ: ʚ ʢʦʨʧʫʩʽ ʥʘʩʦʩʫ ʚʝʜʫʯʘ ʪʘ ʚʝʜʝʥʘ ʰʝʩʪʝʨʥʽ, ʷʢʽ ʤʘʶʪʴ ʦʜʥʘʢʦʚʽ ʜʦʚʞʠʥʠ, 

ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʟʘʯʝʧʣʝʥʥʽ ʟ ʤʽʥʽʤʘʣʴʥʠʤ ʟʘʟʦʨʦʤ. ɹʦʢʦʚʽ ʩʪʽʥʢʠ ʢʦʨʧʫʩʫ ʧʨʠʣʷʛʘʶʪʴ ʜʦ ʪʦʨʮʝʚʠʭ 

ʧʦʚʝʨʭʦʥʴ ʮʠʭ ʰʝʩʪʝʨʝʥʴ. ʇʨʠ ʨʦʙʦʪʽ ʥʘʩʦʩʘ, ʨʽʜʠʥʘ, ʱʦ ʧʝʨʝʢʘʯʫʻʪʴʩʷ, ʟʘʧʦʚʥʶʻ ʚʧʘʜʠʥʠ ʤʽʞ 

ʟʫʙʮʷʤʠ ʰʝʩʪʝʨʝʥʴ, ʧʝʨʝʤʽʱʫʻʪʴʩʷ ʟ ʧʦʨʦʞʥʠʥʠ ʚʩʤʦʢʪʫʚʘʥʥʷ ʧʦ ʚʥʫʪʨʽʰʥʽʡ ʧʦʚʝʨʭʥʽ ʢʦʨʧʫʩʘ ʫ 

ʧʦʨʦʞʥʠʥʫ ʥʘʛʥʽʪʘʥʥʷ.  

ʆʩʥʦʚʥʠʤʠ ʥʝʩʧʨʘʚʥʦʩʪʷʤʠ ʘʛʨʝʛʘʪʽʚ ʛʽʜʨʦʩʠʩʪʝʤ ʻ: ʧʘʜʽʥʥʷ ʦʙ'ʻʤʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʢʦʨʠʩʥʦʾ ʜʽʾ 

ʥʠʞʯʝ ʟʘ ʥʦʨʤʫ, ʟʘʟʥʘʯʝʥʫ ʚ ʪʝʭʥʽʯʥʠʭ ʫʤʦʚʘʭ, ʧʦʛʽʨʰʝʥʥʷ ʫʧʨʘʚʣʽʥʥʷ, ʥʘʷʚʥʽʩʪʴ ʛʨʘʥʠʯʥʠʭ ʟʥʦʩʽʚ 

ʜʝʪʘʣʝʡ, ʧʦʨʫʰʝʥʥʷ ʨʝʛʫʣʶʚʘʥʴ ʘʛʨʝʛʘʪʽʚ. ʆʩʥʦʚʥʽ ʚʠʜʠ ʟʥʦʰʫʚʘʥʥʷ ʜʝʪʘʣʝʡ ʛʽʜʨʦʘʛʨʝʛʘʪʽʚ ð 

ʘʙʨʘʟʠʚʥʠʡ ʪʘ ʛʽʜʨʦʘʙʨʘʟʠʚʥʠʡ. ɿʥʦʰʫʚʘʥʥʷ ʜʝʪʘʣʝʡ ʪʘ ʩʪʘʨʽʥʥʷ ʛʫʤʦʚʠʭ ʫʱʽʣʴʥʝʥʴ aʛpeʛaʪiʚ i ʚʫʟʣʽʚ 

ʚʝʜʝ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʟʦʚʥʽʰʥʽʭ i ʚʥʫʪʨʽʰʥʽʭ ʧʨʦʪʽʢʘʥʴ ʨʦʙʦʯʦʾ ʨʽʜʠʥʠ, ʯʝʨʝʟ ʱʦ ʧʘʜʘʻ ʦʙ'ʻʤʥʠʡ 

ʢʦʝʬʽʮʽʻʥʪ ʢʦʨʠʩʥʦʾ ʜʽʾ [4,7]. 

ʅʝʩʧʨʘʚʥʦʩʪʽ ʘʛʨʝʛʘʪʽʚ ʛʽʜʨʦʩʠʩʪʝʤʠ ʚʠʷʚʣʷʶʪʴ ʧʝʨʝʚʘʞʥʦ ʜʽʘʛʥʦʩʪʫʚʘʥʥʷʤ, ʪʘʢ ʷʢ ʨʦʟʙʠʨʘʥʥʷ 

ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʟ'ʻʜʥʘʥʴ, i ʟʥʠʞʫʻ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʘʛʨʝʛʘʪʽʚ. ʊʝʭʥʽʯʥʠʡ ʩʪʘʥ 
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ʥʘʩʦʩʽʚ ʧʝʨʝʜ ʨʝʤʦʥʪʦʤ ʚʠʟʥʘʯʘʶʪʴ ʚʠʧʨʦʙʫʚʘʥʥʷʤ ʥʘ ʩʪʝʥʜʘʭ. ʗʢʱʦ ʧʽʜ ʯʘʩ ʚʠʧʨʦʙʫʚʘʥʥʷ 

ʢʦʝʬʽʮʽʻʥʪ ʧʦʜʘʯʽ ʥʘʩʦʩʘ ʤʝʥʰʝ 0,65, ʪʦ ʥʘʩʦʩ ʨʝʤʦʥʪʫʶʪʴ [5, 6].  

ʐʝʩʪʝʨʝʥʥʽ ʤʘʩʣʷʥʽ ʥʘʩʦʩʠ ʪʠʧʫ ʤʘʶʪʴ ʟʥʦʰʫʚʘʥʥʷ ʩʪʽʥʦʢ ʢʦʣʦʜʷʟʽʚ ʢʦʨʧʫʩʘ ʟʽ ʩʪʦʨʦʥʠ 

ʢʘʤʝʨʠ ʚʩʤʦʢʪʫʚʘʥʥʷ ʚ ʟʻʜʥʘʥʥʷʭ ʽʟ ʰʝʩʪʝʨʥʷʤʠ, ʚʪʫʣʢʘʤʠ, ʦʧʦʨʥʦʶ ʧʦʚʝʨʭʥʝʶ ʧʽʜ ʚʪʫʣʢʘʤʠ i 

ʧʦʚʝʨʭʥʷʤʠ ʧʽʜ ʫʱʽʣʴʥʶʚʘʣʴʥʦʶ ʤʘʥʞʝʪʦʶ. Kpiʤ ʪʦʛʦ, ʤʦʞʫʪʴ ʙʫʪʠ ʪʨʽʱʠʥʠ ʽ ʨʘʢʦʚʠʥʠ ʥʘ ʧʦʚʝʨʭʥʽ 

ʜʝʪʘʣʝʡ, ʘ ʪʘʢʦʞ ʟʨʠʚ ʘʙʦ ʟʥʦʩʠ ʨʽʟʴʙʠ ʧʽʜ ʙʦʣʪʠ ʢʨʽʧʣʝʥʥʷ ʢʨʠʰʦʢ ʪʘ ʧʨʠʻʜʥʫʚʘʣʴʥʠʭ ʤʫʬʪ ʜʦ 

ʢʦʨʧʫʩʘ. ʆʩʥʦʚʥʽ ʟʥʦʩʠ ʚʪʫʣʦʢ: ʟʥʦʩ ʧʦʚʝʨʭʥʽ ʪʦʨʮʷ, ʷʢʘ ʧʨʘʮʶʻ ʚ ʩʧʨʷʞʝʥʥʽ ʟ ʰʝʩʪʝʨʥʝʶ, ʟʥʦʩ 

ʚʥʫʪʨʽʰʥʴʦʾ ʮʠʣʽʥʜʨʠʯʥʦʾ ʧʦʚʝʨʭʥʽ, ʟʥʦʩ ʤʘʣʦʾ ʮʠʣʽʥʜʨʠʯʥʦʾ ʧʦʚʝʨʭʥʽ ʭʚʦʩʪʦʚʠʢʘ ʚʪʫʣʢʠ, ʟʥʦʩʠ 

ʚʝʣʠʢʦʾ ʮʠʣʽʥʜʨʠʯʥʦʾ ʧʦʚʝʨʭʥʽ i ʤʘʣʦʾ ʪʦʨʮʝʚʦʾ ʧʦʚʝʨʭʥʽ ʚ ʩʧʨʷʞʝʥʥʽ ʟ ʫʱʽʣʴʥʶʚʘʣʴʥʦʶ ʤʘʥʞʝʪʦʶ 

ʪʘ ʢʦʨʧʫʩʦʤ. 

ʅʘʤʠ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ (ʟʦʢʨʝʤʘ, ʤʽʢʨʦʤʝʪʨʘʞ) 10 ʧʘʨ ʚʪʫʣʦʢ ʧʦ ʟʥʦʩʫ ʟʦʚʥʽʰʥʴʦʾ 

ʪʘ ʪʦʨʮʝʚʦʾ ʧʦʚʝʨʭʦʥʴ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʮʴʦʛʦ ʚʠʷʚʠʣʠ ʥʘʡʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ʟʥʦʩʫ ʩʧʨʷʞʝʥʥʷ ʪʦʨʮʝʚʠʭ 

ʧʦʚʝʨʭʦʥʴ ʚʪʫʣʢʠ ʪʘ ʰʝʩʪʝʨʥʽ. ʅʘ ʨʠʩʫʥʢʫ 1 ʧʨʠʚʝʜʝʥʘ ʜʽʘʛʨʘʤʘ ʨʝʟʫʣʴʪʘʪʽʚ ʤʽʢʨʦʤʝʪʨʘʞʫ 20 ʰʪ. 

ʚʪʫʣʦʢ ʥʘʩʦʩʽʚ ʧʦ ʟʦʚʥʽʰʥʴʦʤʫ ʜʽʘʤʝʪʨʫ. ɸ ʨʠʩʫʥʦʢ 3 - ʜʽʘʛʨʘʤʘ ʟʥʦʩʫ ʧʦʚʝʨʭʥʽ ʪʦʨʮʷ ʟʥʦʰʝʥʠʭ 

ʚʪʫʣʦʢ. 
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ʈʠʩʫʥʦʢ 2 ï ʈʝʟʫʣʴʪʘʪʠ ʤʽʢʨʦʤʝʪʨʘʞʫ ʟʥʦʰʝʥʠʭ ʚʪʫʣʦʢ ʥʘʩʦʩʘ ʧʦ ʟʦʚʥʽʰʥʴʦʤʫ ʜʽʘʤʝʪʨʫ 

 

ɺʪʫʣʢʠ ʰʝʩʪʝʨʝʥʥʦʛʦ ʥʘʩʦʩʫ ʩʧʨʠʡʤʘʶʪʴ ʷʢ ʘʙʨʘʟʠʚʥʝ, ʪʘʢ ʽ ʪʝʧʣʦʚʝ ʟʥʦʰʫʚʘʥʥʷ. ʊʝʧʣʦʚʠʡ 

ʟʥʦʩ ʻ ʥʘʩʣʽʜʢʦʤ ʚʽʜʥʦʩʥʠʭ ʧʝʨʝʤʽʱʝʥʴ ʩʧʨʷʞʝʥʠʭ ʧʦʚʝʨʭʦʥʴ ʟ ʚʝʣʠʢʠʤʠ ʰʚʠʜʢʦʩʪʷʤʠ. ʇʘʨʘ ʪʝʨʪʷ 

ʧʨʠ ʮʴʦʤʫ ʩʧʨʠʡʤʘʻ ʜʽʶ ʟʥʘʯʥʦʛʦ ʧʠʪʦʤʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. 

ʇʨʠ ʜʦʩʷʛʥʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʽ ʪʝʨʪʷ 300ÁC ʽ ʚʠʱʝ ʧʦʯʠʥʘʻʪʴʩʷ ʩʫʪʪʻʚʝ ʟʥʠʞʝʥʥʷ ʤʽʮʥʦʩʪʽ 

ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʚʪʫʣʦʢ. ʊʦʜʽ ʪʝʧʣʦʚʝ ʟʥʦhʫʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʢʦʥʪʘʢʪʥʠʤ ʩʭʦʧʣʶʚʘʥʥʷʤ ʽ 

ʧʣʘʩʪʠʯʥʠʤ ʨʫʡʥʫʚʘʥʥʷʤ ʧʦʚʝʨʭʥʽ ʟ ʥʘʣʠʧʘʥʥʷʤ ʽ ʨʦʟʤʠʚʘʥʥʷʤ ʤʝʪʘʣʫ ʥʘ ʧʦʚʝʨʭʥʷʭ ʪʝʨʪʷ.  

ʋ ʨʘʟʽ ʽʥʪʝʥʩʠʚʥʦʛʦ ʨʦʟʚʠʪʢʫ ʟʥʦʩʫ ʟ ʫʪʚʦʨʝʥʥʷʤ ʟʘʜʠʨʽʚ ʽ ʥʘʪʠʨʘʥʴ ʘʣʶʤʽʥʽʶ ʪʘ ʥʘʣʠʧʘʥʥʷ 

ʤ'ʷʢʠʭ ʯʘʩʪʦʯʦʢ ʘʣʶʤʽʥʽʶ ʥʘ ʩʪʘʣʴʥʽ ʰʝʩʪʽʨʥʽ, ʟʨʦʩʪʘʻ ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ. ɸ ʮʝ ʤʦʞʝ ʩʪʘʪʠ ʧʨʠʯʠʥʦʶ 

ʟʘʢʣʠʥʶʚʘʥʥʷ ʽ ʚʠʭʦʜʫ ʟ ʣʘʜʫ ʩʧʨʷʞʝʥʠʭ ʜʝʪʘʣʝʡ 

 

 
ʈʠʩʫʥʦʢ 3 ï ɼʽʘʛʨʘʤʘ ʟʥʦʩʫ ʧʦʚʝʨʭʥʽ ʪʦʨʮʷ ʟʥʦʰʝʥʠʭ ʚʪʫʣʦʢ 

 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʥʘʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʜʽʡʰʣʠ ʜʦ ʚʠʩʥʦʚʢʫ, ʱʦ ʩʝʨʝʜʥʽʡ ʟʥʦʩ ʚʥʫʪʨʽʰʥʴʦʛʦ ʜʽʘʤʝʪʨʫ 

ʚʪʫʣʢʠ ʩʢʣʘʜʘʻ 0,14é0,21 ʤʤ, ʟʥʦʩ ʟʦʚʥʽʰʥʴʦʛʦ ʜʽʘʤʝʪʨʘ ʚʪʫʣʢʠ ʩʪʘʥʦʚʠʪʴ 0,08é0,16 ʤʤ.  

ʉʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʢʦʥʫʩʥʽʩʪʴ ʟʦʚʥʽʰʥʴʦʛʦ ʜʽʘʤʝʪʨʘ ʚʪʫʣʦʢ ʚ ʤʝʞʘʭ - 0,02é0,03ʤʤ.   
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ʅʘʡʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʦ ʟʥʦʰʫʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫ ʩʧʨʷʞʝʥʽ çʪʦʨʝʮʴ ʰʝʩʪʝʨʥʽ - ʪʦʨʝʮʴ ʚʪʫʣʢʠè,  

ʘʣʝ ʟʘ ʫʤʦʚʠ ʥʘʷʚʥʦʩʪʽ ʘʚʪʦʢʦʤʧʝʥʩʘʮʽʾ ʪʦʨʮʝʚʠʭ ʟʘʟʦʨʽʚ ʚʽʥ ʥʝ ʯʠʥʠʪʴ ʽʩʪʦʪʥʦʛʦ ʧʣʠʚʫ ʥʘ ʟʥʠʞʝʥʥʷ 

ʢʦʝʬʽʮʽʻʥʪʘ ʧʦʜʘʯʽ ʥʘʩʦʩʘ.  

ʗʢʽʩʪʴ ʚʽʜʥʦʚʣʝʥʥʷ ʚʪʫʣʦʢ ʤʘʶʪʴ ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʚʧʣʠʚ ʥʘ ʨʦʙʦʪʦʟʜʘʪʥʽʩʪʴ ʽ ʜʦʚʛʦʚʽʯʥʽʩʪʴ 

ʰʝʩʪʝʨʽʥʯʘʩʪʦʛʦ ʥʘʩʦʩʘ ʧʽʩʣʷ ʨʝʤʦʥʪʫ. 

ɭ ʜʝʢʽʣʴʢʘ ʩʧʦʩʦʙʽʚ ʚʽʜʥʦʚʣʝʥʥʷ ʚʪʫʣʦʢ ʰʝʩʪʝʨʽʥʯʘʩʪʦʛʦ ʥʘʩʦʩʘ: 1- ʧʝʨʝʧʣʘʚʣʝʥʥʷʤ, 2 ï 

ʥʘʨʦʱʫʚʘʥʥʷʤ, 3 - ʧʣʘʩʪʠʯʥʠʤ ʜʝʬʦʨʤʫʚʘʥʥʷʤ [8,9]. 

 ʉʧʦʩʽʙ ʚʽʜʥʦʚʣʝʥʥʷ ʧʝʨʝʧʣʘʚʣʝʥʥʷʤ ʚʪʫʣʦʢ ʟ ʚʠʙʨʘʢʫʚʘʥʠʭ ʟʘʨʘʟ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ, 

ʘʣʝ ʤʘʻ ʥʝʜʦʣʽʢʠ: ʩʫʪʪʻʚʽ ʚʠʪʨʘʪʠ ʝʥʝʨʛʽʾ ʪʘ ʥʘ ʤʝʭʘʥʽʯʥʫ ʦʙʨʦʙʢʫ ʧʝʨʝʧʣʘʚʣʝʥʦʾ ʚʪʫʣʢʠ. ʇʽʜ ʯʘʩ 

ʧʝʨʝʧʣʘʚʣʝʥʥʷ ʚʠʛʦʨʘʶʪʴ ʣʝʛʫʶʯʽ ʝʣʝʤʝʥʪʠ ʘʣʶʤʽʥʽʻʚʦʛʦ ʩʧʣʘʚʫ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʧʦʨʫʰʫʻʪʴʩʷ ʭʽʤʽʯʥʠʡ 

ʩʢʣʘʜ, ʪʦʤʫ ʮʝʡ ʩʧʦʩʽʙ ʥʝ ʤʦʞʝʤʦ ʚʚʘʞʘʪʠ ʧʨʦʛʨʝʩʠʚʥʠʤ. 

ʅʘʨʦʱʫʚʘʥʥʷ ʟʥʦʰʝʥʠʭ ʚʪʫʣʦʢ ʤʦʞʥʘ ʚʠʢʦʥʘʪʠ: ʛʘʣʴʚʘʥʽʯʥʠʤʠ ʧʦʢʨʠʪʪʷʤʠ, ʧʦʢʨʠʪʪʷʤ 

ʧʦʣʽʤʝʨʘʤʠ, ʤʽʜʥʝʥʥʷʤ, ʪʝʨʤʦʜʠʬʫʟʽʡʥʦʶ ʤʝʪʘʣʽʟʘʮʽʻʶ, ʘ ʪʘʢʦʞ ʤʝʪʦʜʦʤ ʜʦʜʘʪʢʦʚʠʭ ʨʝʤʦʥʪʥʠʭ 

ʜʝʪʘʣʝʡ. 

ɺʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʤʝʪʦʜʦʤ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʾʭ ʟʜʘʪʥʦʩʪʽ 

ʟʤʽʥʶʚʘʪʠ ʬʦʨʤʫ ʽ ʨʦʟʤʽʨʠ ʟʘ ʨʘʭʫʥʦʢ ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʤʝʪʘʣʫ ʜʝʪʘʣʽ. ʎʠʤʠ ʤʝʪʦʜʘʤʠ ʜʝʪʘʣʽ 

ʚʽʜʥʦʚʣʶʶʪʴ ʷʢ ʚ ʭʦʣʦʜʥʦʤʫ, ʪʘʢ ʽ ʚ ʛʘʨʷʯʦʤʫ ʩʪʘʥʽ [8,15].  

ʉʫʪʴ ʩʧʦʩʦʙʫ ʦʩʘʜʞʫʚʘʥʥʷ ʟʘʢʣʶʯʘʻʪʴʩʷ ʚ ʢʦʤʧʝʥʩʘʮʽʾ ʟʥʦʰʝʥʦʛʦ ʰʘʨʫ ʤʘʪʝʨʽʘʣʫ ʟʤʝʥʰʝʥʥʷʤ 

ʚʠʩʦʪʠ ʚʪʫʣʢʠ. ɺʠʩʦʪʫ ʚʪʫʣʢʠ ʤʦʞʣʠʚʦ ʚʽʜʥʦʚʠʪʠ ʘʙʦ ʧʦʩʪʘʥʦʚʢʦʶ ʘʣʶʤʽʥʽʻʚʦʾ ʰʘʡʙʠ, ʘʙʦ 

ʟʤʝʥʰʠʪʠ ʚʠʩʦʪʫ ʢʦʣʦʜʷʟʽʚ ʢʦʨʧʫʩʘ.  

ʆʩʘʜʞʫʚʘʥʥʷ ʚʪʫʣʦʢ ʧʨʦʚʦʜʠʪʴʩʷ ʥʘ ʛʽʜʨʘʚʣʽʯʥʦʤʫ ʧʨʝʩʽ ʇ474ɹ ʧʨʠ ʪʠʩʢʫ ʈ=430...450 ʄʇʘ ʽ ʟ 

ʚʠʪʨʠʤʢʦʶ ʚʪʫʣʢʠ ʧʽʜ ʪʠʩʢʦʤ ʧʨʦʪʷʛʦʤ t=2...3 ʩ. ʇʝʨʝʜ ʦʩʘʜʞʝʥʥʷʤ ʚʪʫʣʢʠ ʥʘʛʨʽʚʘʶʪʴ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʠ ʊ=450...500Áʉ, ʪʘʢ ʷʢ ʘʣʶʤʽʥʽʻʚʠʡ ʩʧʣʘʚ ɸʄʆ-7-3 (ISO 209-1) ʧʨʠ ʭʦʣʦʜʥʽʡ ʜʝʬʦʨʤʘʮʽʾ 

ʤʘʻ ʩʭʠʣʴʥʽʩʪʴ ʜʦ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ.  

ʇʝʨʝʚʘʛʠ: ʧʦʨʽʚʥʷʥʘ ʧʨʦʩʪʦʪʘ ʚʠʢʦʥʘʥʥʷ ʽ ʥʝʟʥʘʯʥʽ ʟʘʪʨʘʪʠ ʜʦʧʦʤʽʞʥʦʛʦ ʤʝʪʘʣʫ. ʅʝʜʦʣʽʢʠ: 

ʧʦʪʨʝʙʘ ʫ ʜʦʜʘʪʢʦʚʽʡ ʘʣʶʤʽʥʽʻʚʽʡ ʰʘʡʙ̔, ʘ ʪʘʢʦʞ ʧʦʛʽʨʰʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʚʝʨʭʦʥʴ, ʱʦ 

ʙʫʣʠ ʚʽʜʥʦʚʣʝʥʽ. 

ɺ ʧʨʦʮʝʩʽ ʦʩʘʜʞʫʚʘʥʥʷ ʚʩʝʨʝʜʠʥʽ ʚʪʫʣʢʠ ʧʦʚʠʥʝʥ ʙʫʪʠ ʮʠʣʽʥʜʨʠʯʥʦʾ ʬʦʨʤʠ ʧʫʘʥʩʦʥ ʜʣʷ 

ʦʙʤʝʞʝʥʥʷ ʧʝʨʝʪʽʢʘʥʥʷ ʤʝʪʘʣʫ ʫ ʚʥʫʪʨʽʰʥʶ ʧʦʨʦʞʥʠʥʫ.  

ʇʽʩʣʷ ʦʩʘʜʞʝʥʥʷ ʚʥʫʪʨʽʰʥʽʡ ʜʽʘʤʝʪʨ ʚʪʫʣʢʠ ʧʦʚʠʥʝʥ ʙʫʪʠ ʦʙʨʦʙʣʝʥʠʡ ʩʧʝʮʽʘʣʴʥʠʤ ʜʦʨʥʦʤ ʜʦ 

ʧʦʪʨʽʙʥʦʛʦ ʨʝʤʦʥʪʥʦʛʦ ʨʦʟʤʽʨʫ. ʇʽʩʣʷ ʮʴʦʛʦ ʚʪʫʣʢʘ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʥʘ ʩʧʝʮʽʘʣʴʥʫ ʦʧʨʘʚʢʫ ʪʦʢʘʨʥʦ-

ʛʚʠʥʪʦʨʽʟʥʦʛʦ ʚʝʨʩʪʘʪʘ 1ʂ62, ʜʝ ʧʨʦʪʦʯʫʻʪʴʩʷ ʟʦʚʥʽʰʥ ̫ʧʦʚʝʨʭʥ ̫ʥʘ ʜʦ ʥʝʦʙʭʽʜʥʦʛʦ ʨʦʟʤʽʨʫ  

ʌʦʨʤʘ ʽ ʨʦʟʤʽʨʠ ʚʪʫʣʦʢ ʽ ʧʣʘʩʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʝʪʘʣʽʚ, ʽʟ ʷʢʠʭ ʚʦʥʠ ʚʠʛʦʪʦʚʣʝʥʽ, 

ʜʦʟʚʦʣʷʶʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʦʢʨʝʤʽ ʥʝ ʨʦʙʦʯʽ ʧʦʚʝʨʭʥʽ ʯʠ ʩʧʝʮʽʘʣʴʥʦ ʧʝʨʝʜʙʘʯʝʥʽ ʜʣʷ ʟʘʧʘʩʫ 

ʤʝʪʘʣʘ ʧʨʠ ʚʽʜʥʦʚʣʝʥʥʷ ʾʭ ʤʝʪʦʜʦʤ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ. ʆʙôʻʤ ʤʝʪʘʣʫ ʜʝʪʘʣʽ ʟʘʣʠʰʘʻʪʴʩʷ 

ʧʦʩʪʽʡʥʠʤ. 

ɺʠʚʯʝʥʥʷ ʭʘʨʘʢʪʝʨʫ ʜʝʬʦʨʤʘʮʽʾ ʧʨʠ ʚʽʜʥʦʚʣʝʥʥʽ 

ʅʘʚʘʥʪʘʞʝʥʥʷ, ʷʢʽ ʜʽʶʪʴ ʥʘ ʦʙôʻʢʪʠ, ʷʚʣʷʶʪʴ ʩʦʙʦʶ ʩʠʣʠ ʘʙʦ ʧʘʨʠ ʩʠʣ (ʤʦʤʝʥʪʠ), ʷʢʽ ʤʦʞʫʪʴ 

ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ ʟʦʩʝʨʝʜʞʝʥʽ ʘʙʦ ʨʦʟʧʦʜʽʣʝʥʽ.  

ʊʘʢ ʷʢ ʫ ʧʨʠʨʦʜʽ ʟʦʩʝʨʝʜʞʝʥʠʭ ʩʠʣ ʥʝ ʙʫʚʘʻ, ʫʩʽ ʨʝʘʣʴʥʽ ʩʠʣʠ - ʮʝ ʩʠʣʠ, ʨʦʟʧʦʜʽʣʝʥʽ ʟʘ ʜʝʷʢʦʶ 

ʧʣʦʱʝʶ ʘʙʦ ʦʙ'ʻʤʦʤ. ɿʦʩʝʨʝʜʞʝʥʽ, ʪʘ ʨʦʟʧʦʜʽʣʝʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʷʢ ʩʪʘʪʠʯʥʠʤʠ, ʪʘʢ ʽ 

ʜʠʥʘʤʽʯʥʠʤʠ.  

ɿʘʢʦʥʠ ʟʤʽʥʠ ʥʘʚʘʥʪʘʞʝʥʴ ʫ ʯʘʩʽ ʤʦʞʝ ʤʘʪʠ ʜʫʞʝ ʩʢʣʘʜʥʠʡ ʭʘʨʘʢʪʝʨ. [12,14]. 

ʇʨʠ ʦʙʨʦʙʮʽ ʤʝʪʘʣʽʚ ʪʠʩʢʦʤ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʥʘʯʥʘ ʟʤʽʥʘ ʨʦʟʤʽʨʽʚ ʜʝʪʘʣʽ, ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ 

ʚʠʥʠʢʥʝʥʥʷʤ ʜʝʬʦʨʤʘʮʽʡ. ʇʨʠ ʮʴʦʤʫ ʧʦʚʥʘ ʜʝʬʦʨʤʘʮʽʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʩʫʤʘ ʤʘʣʠʭ ʜʝʬʦʨʤʘʮʽʡ ʟʘ ʚʝʩʴ 

ʧʨʦʮʝʩ ʜʝʬʦʨʤʘʮʽʾ. 

ʇʨʠ ʚʽʜʥʦʚʣʝʥʥʽ ʧʫʩʪʦʪʽʣʦʛʦ ʟʨʘʟʢʘ ʜʝʬʦʨʤʘʮʽʡʥʠʡ ʩʪʘʥ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʪʨʴʦʤʘ ʛʦʣʦʚʥʠʤʠ 

ʜʝʬʦʨʤʘʮʽʷʤʠ: ʜʚʦʤʘ ʜʝʬʦʨʤʘʮʽʷʤʠ ʩʪʠʩʥʝʥʥʷ ʚ ʨʘʜʽʘʣʴʥʦʤʫ ʥʘʧʨʷʤʢʫ ʽ ʜʝʬʦʨʤʘʮʽʻʶ ʨʦʟʪʷʛʫʚʘʥʥʷ ʚ 

ʦʩʴʦʚʦʤʫ ʥʘʧʨʷʤʢʫ. ʍʘʨʘʢʪʝʨʥʠʤ ʜʣʷ ʜʘʥʦʛʦ ʧʨʦʮʝʩʫ ʜʝʬʦʨʤʫʚʘʥʥʷ ʻ ʨʽʚʥʽʩʪʴ ʜʝʬʦʨʤʘʮʽʡ ʷʢʽ 

ʚʠʥʠʢʘʶʪʴ ʚ ʨʘʜʽʘʣʴʥʦʤʫ ʥʘʧʨʷʤʢʫ [12,13]. 

ʇʨʠ ʨʦʟʨʘʭʫʥʢʫ ʩʫʤʘʨʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʧʦ ʧʝʨʝʪʠʥʫ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʟʘʢʦʥ ʧʦʩʪʽʡʥʦʩʪʽ ʦʙôʻʤʫ 

[7,13,14]: 

 

                                   0 0 0 1 1 1V d D l d D l= Ö Ö = Ö Ö,                 (1) 
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ʜʝ 
0 0 0, ,d D l   - ʚʽʜʧʦʚʽʜʥʦ ʚʥʫʪʨʽʰʥʽʡ, ʟʦʚʥʽʰʥʽʡ ʜʽʘʤʝʪʨ ʽ ʜʦʚʞʠʥʘ ʟʨʘʟʢʘ ʜʦ ʜʝʬʦʨʤʘʮʽʾ;  

 1 1 1, ,d D l  - ʚʽʜʧʦʚʽʜʥʦ ʚʥʫʪʨʽʰʥʽʡ, ʟʦʚʥʽʰʥʽʡ ʜʽʘʤʝʪʨ ʽ ʜʦʚʞʠʥʘ ʟʨʘʟʢʘ ʧʽʩʣʷ ʜʝʬʦʨʤʘʮʽʾ. 

ɺ ʭʦʜʽ ʨʦʟʨʦʙʢʠ ʧʨʦʮʝʩʫ ʬʦʨʤʦʟʤʽʥʠ ʟʨʘʟʢʘ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʘʛʘʣʴʥʠʡ (ʩʫʤʘʨʥʘ) ʩʪʫʧʽʥʴ 

ʜʝʬʦʨʤʘʮʽʾ. ʇʨʠ ʮʴʦʤʫ ʪʦʯʥʝ ʨʽʰʝʥʥʷ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʽʥʪʝʛʨʘʣʴʥʠʭ ʧʦʢʘʟʥʠʢʽʚ 

ʩʪʫʧʝʥʷ ʜʝʬʦʨʤʘʮʽʡ. ʆʩʥʦʚʥʘ ʧʝʨʝʚʘʛʘ ʮʠʭ ʧʦʢʘʟʥʠʢʽʚ ʩʪʫʧʝʥʷ ʚ ʪʦʤʫ, ʱʦ ʚʦʥʠ ʧʨʦʧʦʨʮʽʡʥʽ 

ʬʦʨʤʦʟʤʽʥʠ ʦʢʨʝʤʠʭ ʦʙʩʷʛʽʚ ʟʨʘʟʢʘ ʽ ʤʦʞʫʪʴ ʜʦʜʘʚʘʪʠʩʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʽʜʨʘʭʫʚʘʪʠ ʟʘʛʘʣʴʥʫ ʩʪʫʧʽʥʴ 

ʜʝʬʦʨʤʘʮʽʾ. ʃʦʛʘʨʠʬʤʫʶʯʠ ʚ ʥʘʪʫʨʘʣʴʥʠʭ ʣʦʛʘʨʠʬʤʠ ʨʽʚʥʷʥʥʷ (1) ʦʜʝʨʞʠʤʦ: 
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ɿ ʨʽʚʥʷʥʥʷ (2) ʚʠʧʣʠʚʘʻ, ʱʦ ʽʥʪʝʛʨʘʣʴʥʠʡ ʧʦʢʘʟʥʠʢ ʩʪʫʧʝʥʷ ʜʝʬʦʨʤʘʮʽʾ ʦʧʠʩʫʻ ʧʨʦʮʝʩ 

ʬʦʨʤʦʟʤʽʥʠ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʧʝʨʘʮʽʾ ʩʪʠʩʥʝʥʥʷ. 

ɿʘʛʘʣʴʥʫ (ʩʫʤʘʨʥʫ) ʩʪʫʧʽʥʴ ʜʝʬʦʨʤʘʮʽʾ ʧʦ ʧʦʟʜʦʚʞʥʴʦʤʫ ʧʝʨʝʪʠʥʫ ʟʨʘʟʢʘ ʟʥʘʭʦʜʠʤʦ ʟ 

ʨʽʚʥʷʥʥʷ: 

                                                1 2 3 .....´§ ie e e e e= + + + + ,                                                    (3) 

ʜʝ 1 2 3, , , ie e e e  - ʽʥʪʝʛʨʘʣʴʥʽ ʩʪʫʧʝʥʽ ʜʝʬʦʨʤʘʮʽʾ ʦʢʨʝʤʠʭ ʧʝʨʝʭʦʜʽʚ. 

ʄʘʢʩʠʤʘʣʴʥʠʡ ʩʪʫʧʽʥʴ ʜʝʬʦʨʤʘʮʽʾ, ʜʣʷ ʢʦʨʦʪʢʠʭ ʽ ʩʝʨʝʜʥʽʭ ʧʦ ʜʦʚʞʠʥʽ ʚʪʫʣʦʢ (ʜʦʚʞʠʥʘ ʷʢʠʭ 

ʥʝ ʧʝʨʝʚʠʱʫʻ 1,5 - 2 ʜʽʘʤʝʪʨʽʚ), ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʟ ʫʤʦʚʠ, ʱʦ ʦʩʴʦʚʽ ʩʪʠʩʢʘʶʯʽ ʥʘʧʨʫʛʠ ʚ ʥʝ 

ʜʝʬʦʨʤʦʚʘʥʦʾ ʯʘʩʪʠʥʠ ʟʨʘʟʢʘ ʥʝ ʧʦʚʠʥʥʽ ʧʝʨʝʚʠʱʫʚʘʪʠ ʤʝʞʽ ʧʨʦʧʦʨʮʽʡʥʦʩʪʽ ʤʝʪʘʣʫ, ʪʦʙʪʦ ʧʦʚʠʥʥʘ 

ʩʧʨʘʚʜʞʫʚʘʪʠʩʷ ʨʽʚʥʽʩʪʴ: 

                                             
z Ņº

P

F
s s= ¢  ,                                                          (4) 

 

ʜʝ 
zs - ʟʥʘʯʝʥʥʷ ʦʩʴʦʚʦʾ  ʥʘʧʨʫʛʠ;  

 nºs  - ʤʝʞʘ ʧʨʦʧʦʨʮʽʡʥʦʩʪʽ ʦʙʨʦʙʣʶʚʘʥʦʛʦ ʟʨʘʟʢʘ. 

ʇʨʠ ʧʦʨʫʰʝʥʥʽ ʮʽʻʾ ʨʽʚʥʦʩʪʽ ʽ ʟʨʦʩʪʘʥʥʽ ʦʩʴʦʚʦʾ ʥʘʧʨʫʛʠ ʜʦ ʟʥʘʯʝʥʥʷ, ʨʽʚʥʦʛʦ ʤʝʞʽ ʪʝʢʫʯʦʩʪʽ, 

ʧʦʯʥʝʪʴʩʷ ʦʙʪʠʩʥʝʥʥʷ ʟʨʘʟʢʘ. 

ʇʨʠ ʦʙʨʦʙʮʽ ʚʪʫʣʦʢ, ʜʦʚʞʠʥʘ ʷʢʠʭ ʧʝʨʝʚʠʱʫʻ 1,5 - 2 ʟʦʚʥʽʰʥʴʦʛʦ ʜʽʘʤʝʪʨʘ, ʥʝʦʙʭʽʜʥʦ 

ʚʨʘʭʦʚʫʚʘʪʠ ʩʪʽʡʢʽʩʪʴ ʟʘʛʦʪʦʚʢʠ. ɼʣʷ ʮʴʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʬʦʨʤʫʣʘ ɽʡʣʝʨʘ, ʱʦ ʚʠʟʥʘʯʘʻ ʟʥʘʯʝʥʥʷ 

ʢʨʠʪʠʯʥʦʾ ʩʠʣʠ ʜʣʷ ʧʦʨʦʞʥʴʦʛʦ ʩʪʝʨʞʥʷ, ʷʢʠʡ ʧʽʜʜʘʻʪʴʩʷ ʦʩʴʦʚʦʤʫ ʟʜʘʚʣʶʚʘʥʥʶ [16]: 
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ʜʝ ʈk - ʟʥʘʯʝʥʥʷ ʢʨʠʪʠʯʥʦʾ ʩʠʣʠ, ʧʨʠ ʷʢʽʡ ʧʨʷʤʦʣʽʥʽʡʥʘ ʬʦʨʤʘ ʨʽʚʥʦʚʘʛʠ ʩʪʝʨʞʥʷ ʧʝʨʝʩʪʘʻ ʙʫʪʠ 

ʩʪʽʡʢʦʶ;  

E - ʤʦʜʫʣʴ ʧʨʫʞʥʦʩʪʽ; 

 ʋ - ʤʦʤʝʥʪ ʽʥʝʨʮʽʾ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʪʠʥʫ ʩʪʝʨʞʥʷ;  

k - ʢʦʝʬʽʮʽʻʥʪ ʜʦʚʞʠʥʠ, ʱʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʭʘʨʘʢʪʝʨʫ ʟʘʢʨʽʧʣʝʥʥʷ ʢʽʥʮʽʚ ʩʪʝʨʞʥʷ; 
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 l - ʨʦʟʨʘʭʫʥʢʦʚʘ ʜʦʚʞʠʥʘ ʩʪʝʨʞʥʷ (ʦʙʨʦʙʣʶʚʘʥʦʾ ʚʪʫʣʢʠ). 

ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʤʘʢʩʠʤʘʣʴʥʠʡ ʩʪʫʧʽʥʴ ʜʝʬʦʨʤʘʮʽʾ ʚʠʟʥʘʯʠʤʦ ʟ ʫʤʦʚʠ, ʱʦ ʟʫʩʠʣʣʷ ʜʝʬʦʨʤʘʮʽʾ 

ʥʝ ʧʦʚʠʥʥʦ ʧʝʨʝʚʠʱʫʚʘʪʠ ʢʨʠʪʠʯʥʦʾ ʩʠʣʠ ʈʢ.  

ʇʝʨʝʜ ʧʦʯʘʪʢʦʤ ʚʠʢʦʥʘʥʥʷ ʦʧʝʨʘʮʽʾ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʚʪʫʣʢʠ ʥʘʛʨʽʚʘʶʪʴ ʚ ʤʫʬʝʣʴʥʽʡ 

ʝʣʝʢʪʨʦʧʝʯʽ ʄʇ-8 ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 380Áʉ, ʱʦʙ ʟʙʽʣʴʰʠʪʠ ʧʣʘʩʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʝʪʘʣʫ ʟ ʷʢʦʛʦ ʚʦʥʠ 

ʚʠʛʦʪʦʚʣʝʥʽ (ʩʧʣʘʚ ɸʄʆ-3-7 ʩʠʩʪʝʤʠ Al-Cu-Sn).  

ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ  

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʣʷ ʮʴʦʛʦ ʩʧʣʘʚʫ ʤʽʥʽʤʘʣʴʥʘ ʪʚʝʨʜʽʩʪʴ ʽ ʚʽʜʧʦʚʽʜʥʘ ʾʡ ʤʘʢʩʠʤʘʣʴʥʘ 

ʧʣʘʩʪʠʯʥʽʩʪʴ, ʧʨʠ ʷʢʠʭ ʧʦʪʨʽʙʥʦ ʨʦʙʠʪʠ ʧʣʘʩʪʠʯʥʫ ʜʝʬʦʨʤʘʮʽʶ, ʧʝʨʝʙʫʚʘʶʪʴ ʚ ʽʥʪʝʨʚʘʣʽ 

ʪʝʤʧʝʨʘʪʫʨʠ 450-500 Áʉ.  

ʇʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʫʚʘʥʥʷ.  

ʇʽʩʣʷ ʥʘʛʨʽʚʘʥʥʷ ʚʪʫʣʦʢ ʤʘʩʣʷʥʠʭ ʥʘʩʦʩʽʚ ʧʨʦʚʦʜʠʪʴʩʷ ʾʭ ʦʩʘʜʞʫʚʘʥʥʷ ʥʘ ʧʨʝʩʽ. ɼʣʷ ʮʴʦʛʦ 

ʥʘʛʨʽʪʫ ʚʪʫʣʢʫ ʧʦʤʽʱʘʶʪʴ ʚ ʧʦʧʝʨʝʜʥʴʦ ʧʽʜʽʛʨʽʪʫ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 100-120 Áʉ ʤʘʪʨʠʮʶ. ʇʦʪʽʤ ʚ 

ʪʦʨʮʽ ʚʪʫʣʢʠ ʟ ʙʦʢʫ ʪʦʨʮʷ ʰʝʩʪʝʨʥʽ, ʟʽʙʨʘʥʠʤʠ ʚ ʢʘʩʝʪʫ ʧʫʘʥʩʦʥʘʤʠ, ʚʠʜʘʣʷʶʪʴ ʢʦʣʦʜʷʟʽ ʫ ʚʠʛʣʷʜʽ 

ʨʘʜʽʘʪʦʨʘ (ʨʠʩ. 4). 
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ʈʠʩʫʥʦʢ 4 ï ʉʭʝʤʘ ʜʝʬʦʨʤʫʚʘʥʥʷ ʚʪʫʣʢʠ: ʘ - ʟʽʙʨʘʥʽ ʚ ʢʘʩʝʪʫ ʧʫʘʥʩʦʥʠ, ʙ -  ʧʫʘʥʩʦʥ; 

ʇʽʩʣʷ ʧʨʦʮʝʩʫ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ  ʧʨʦʚʦʜʠʪʴʩʷ ʰʪʫʯʥʝ ʩʪʘʨʽʥʥʷ [17] ʧʨʦʪʷʛʦʤ 6 

ʛʦʜʠʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 180Áʉ, ʯʠʤ ʜʦʩʷʛʘʻʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʘ ʪʚʝʨʜʽʩʪʴ ʤʘʪʝʨʽʘʣʫ. ɺʧʣʠʚ 

ʪʝʤʧʝʨʘʪʫʨʠ ʩʪʘʨʽʥʥʷ ʥʘ ʪʚʝʨʜʽʩʪʴ ʚʽʜʥʦʚʣʝʥʠʭ ʚʪʫʣʦʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 5. 

 
ʈʠʩʫʥʦʢ 5 ï ɺʧʣʠʚ ʪʝʤʧʝʨʘʪʫʨʠ ʩʪʘʨʽʥʥʷ ʥʘ ʪʚʝʨʜʽʩʪʴ ʚʽʜʥʦʚʣʝʥʠʭ ʚʪʫʣʦʢ 

 

ɸʥʘʣʽʟʫʶʯʠ ʛʨʘʬʽʢ ʤʦʞʝʤʦ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ ʧʨʦ ʦʧʪʠʤʘʣʴʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʚʠʪʨʠʤʢʠ 

(ʩʪʘʨʽʥʥʷ) ʚʽʜʥʦʚʣʝʥʠʭ ʚʪʫʣʦʢ: ʦʧʪʠʤʘʣʴʥʠʤʠ ʻ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜ 100 ʜʦ 200
0
ʉ. 
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ʆʪʞʝ, ʩʪʘʪʪʶ ʤʠ ʧʨʠʩʚʷʪʠʣʠ ʘʥʘʣʽʟʫ ʭʘʨʘʢʪʝʨʫ ʜʝʬʦʨʤʘʮʽʾ ʧʨʠ ʚʽʜʥʦʚʣʝʥʥʽ ʧʣʘʩʪʠʯʥʠʤ 

ʜʝʬʦʨʤʫʚʘʥʥʷʤ ʚʪʫʣʦʢ ʰʝʩʪʝʨʝʥʥʠʭ ʥʘʩʦʩʽʚ, ʚ ʨʝʟʫʣʴʪʘʪʽ:  

1). ʧʨʦʚʝʣʠ ʘʥʘʣʽʟ ʫʤʦʚ ʨʦʙʦʪʠ ʤʘʩʣʷʥʠʭ ʥʘʩʦʩʽʚ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʝʬʝʢʪʽʚ ʽ ʟʥʦʩʽʚ ʚʪʫʣʦʢ 

ʤʘʩʣʷʥʠʭ ʥʘʩʦʩʽʚ ʧʦʢʘʟʫʻ, ʱʦ ʟʥʦʰʝʥʽ ʚʪʫʣʢʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʽʜʥʦʚʣʝʥʽ. ʄʘʢʩʠʤʘʣʴʥʠʡ ʟʥʦʩ ʩʢʣʘʚ 148 

ʤʢʤ. 

2). ʚʠʟʥʘʯʠʣʠ, ʱʦ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʚʽʜʥʦʚʣʝʥʥʷ ʟʥʦʰʝʥʠʭ ʚʪʫʣʦʢ ʻ ʧʣʘʩʪʠʯʥʝ 

ʜʝʬʦʨʤʫʚʘʥʥʷ.  

3). ʨʦʟʨʦʙʠʣʠ ʨʦʙʦʯʽ ʽʥʩʪʨʫʤʝʥʪʠ ʜʣʷ ʜʝʬʦʨʤʫʚʘʥʥʷ ʚʪʫʣʦʢ.  

4). ʨʦʟʛʣʷʥʫʣʠ ʚʧʣʠʚ ʟʤʽʮʥʝʥʥʷ ʥʘ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʝʪʘʣʽʚ: ʧʨʦʚʝʜʝʥʠʤʠ 

ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʚʩʪʘʥʦʚʣʝʥʦ ʱʦ ʪʚʝʨʜʽʩʪʴ ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʰʘʨʫ ʚʽʜʥʦʚʣʝʥʦʾ ʚʪʫʣʢʠ ʩʢʣʘʜʘʻ Hɺ 450 -

550 ʄʇʘ. 

5). ʦʙˇʨʫʥʪʫʚʘʣʠ ʨʝʞʠʤʠ ʚʽʜʥʦʚʣʝʥʥʷ ʚʪʫʣʦʢ: ʥʘ ʦʩʥʦʚʽ ʨʝʟʫʣʴʪʘʪʽʚ ʟʘʧʨʦʧʦʥʫʚʘʣʠ ʨʝʞʠʤ 

ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ - ʰʪʫʯʥʝ ʩʪʘʨʽʥʥʷ ʧʨʦʪʷʛʦʤ 6 ʛʦʜʠʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 180Áʉ, ʯʠʤ ʜʦʩʷʛʘʻʪʴʩʷ 

ʤʘʢʩʠʤʘʣʴʥʘ ʪʚʝʨʜʽʩʪʴ ʤʘʪʝʨʽʘʣʫ.  

6). ʟʨʦʙʠʣʠ ʚʠʩʥʦʚʦʢ ʧʨʦ ʪʝ, ʱʦ ʩʧʦʩʽʙ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʜʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʚʪʫʣʦʢ 

ʤʘʩʣʷʥʠʭ ʥʘʩʦʩʽʚ ʥʘ ʨʝʤʦʥʪʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʧʽʩʣʷʨʝʤʦʥʪʥʦʛʦ ʨʝʩʫʨʩʫ ʥʘʩʦʩʽʚ. 
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ʆ. Ivankova., 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.  ɸrtificial aging for 

6 hours at a temperature of 180ÁC. 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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ʇʨʝʜʩʪʘʚʣʝʥʦ ʧʣʘʥ ʧʨʦʚʝʜʝʥʥʷ ʤʦʜʝʣʶʚʘʥʥ ̫ʧʨʦʮʝʩʫ ʥʘʜʭʦʜʞʝʥʥʷ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ 

ʜʦ ʧʫʥʢʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʟ ʩʠʤʫʣʷʮʽʻ  ʁʜʠʥʘʤʽʢʠ ʬʦʨʤʫʚʘʥʥʷ ʯʝʨʛʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʽʜʥʦʩʥʦʛʦ 
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ɺʉʊʋʇ 

ɺʠʟʥʘʯʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʧʝʨʝʙʫʚʘʥʥʷ ʚʘʥʪʘʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ ʚ ʧʫʥʢʪʘʭ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʜʘʻ 

ʟʤʦʛʫ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ ʡ ʪʦʯʥʽʰʝ ʦʮʽʥʶʚʘʪʠ ʧʨʦʻʢʪʠ ʨʦʟʚʠʪʢʫ ʩʠʩʪʝʤʠ ʜʦʩʪʘʚʢʠ. ʋ 

ʢʦʥʪʝʢʩʪʽ ʩʫʯʘʩʥʠʭ ʚʠʢʣʠʢʽʚ, ʪʘʢʠʭ ʷʢ ʟʨʦʩʪʘʥʥʷ ʦʙʩʷʛʽʚ ʚʘʥʪʘʞʦʧʝʨʝʚʝʟʝʥʴ, ʦʧʪʠʤʽʟʘʮʽʷ ʣʘʥʮʶʛʽʚ 

ʧʦʩʪʘʯʘʥʴ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʽʡʢʦʩʪʽ ʪʨʘʥʩʧʦʨʪʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ, ʥʘʜʽʡʥʽ ʧʨʦʛʥʦʩʪʠʯʥʽ ʤʦʜʝʣʽ ʱʦʜʦ 

ʮʴʦʛʦ ʧʘʨʘʤʝʪʨʘ ʥʘʙʫʚʘʶʪʴ ʦʩʦʙʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ. ɺʦʥʠ ʩʣʫʛʫʶʪʴ ʥʝ ʣʠʰʝ ʙʘʟʦʚʠʤʠ ʚʠʭʽʜʥʠʤʠ 

ʜʘʥʠʤʠ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʧʣʘʥʫʚʘʥʥʷ, ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʘ ʦʮʽʥʶʚʘʥʥʷ ʣʦʛʽʩʪʠʯʥʠʭ ʩʠʩʪʝʤ 
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ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ, ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʟʘʛʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ. ʆʪʞʝ, ʟʘʚʜʘʥʥʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ ʪʘ ʜʦʩʪʦʚʽʨʥʦʩʪʽ ʪʘʢʠʭ ʧʨʦʛʥʦʟʽʚ ʥʘʙʫʚʘʻ ʢʨʠʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ ʚ 

ʰʠʨʰʦʤʫ ʢʦʥʪʝʢʩʪʽ ʟʘʛʘʣʴʥʦʾ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʧʫʥʢʪʽʚ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, 

ʚʢʣʶʯʘʶʯʠ ʘʥʘʣʽʟ ʦʧʝʨʘʮʽʡʥʠʭ ʚʠʪʨʘʪ, ʟʤʝʥʰʝʥʥʷ ʧʨʦʩʪʦʾʚ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʨʽʚʥʷ ʩʝʨʚʽʩʫ ʜʣʷ 

ʚʘʥʪʘʞʦʧʝʨʝʚʝʟʝʥʴ, ʱʦ ʚ ʧʽʜʩʫʤʢʫ ʩʧʨʠʷʻ ʝʢʦʥʦʤʽʯʥʦʤʫ ʟʨʦʩʪʘʥʥʶ ʪʘ ʝʢʦʣʦʛʽʯʥʽʡ ʩʪʽʡʢʦʩʪʽ 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʝʢʪʦʨʫ. 

ɸʅɸʃɯɿ ʃɯʊɽʈɸʊʋʈʅʀʍ ɼɸʅʀʍ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʘʜʘʯʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʙʦʪʠ ʧʫʥʢʪʽʚ ʧʝʨʝʨʦʙʢʠ ʟ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʥʝ ʻ ʥʦʚʦʶ ʚ ʥʘʫʢʦʚʦʤʫ ʜʠʩʢʫʨʩʽ, ʦʜʥʘʢ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʩʫʪʪʻʚʦʶ ʩʢʣʘʜʥʽʩʪʶ ʟ ʧʦʟʠʮʽʾ ʾʾ ʤʘʪʝʤʘʪʠʯʥʦʾ ʪʘ ʘʣʛʦʨʠʪʤʽʯʥʦʾ ʬʦʨʤʘʣʽʟʘʮʽʾ, ʱʦ ʟʫʤʦʚʣʝʥʦ 

ʙʘʛʘʪʦʧʘʨʘʤʝʪʨʠʯʥʽʩʪʶ ʩʪʦʭʘʩʪʠʯʥʠʭ ʧʨʦʮʝʩʽʚ ʽ ʥʝʦʙʭʽʜʥʽʩʪʶ ʚʨʘʭʫʚʘʥʥʷ ʧʨʽʦʨʠʪʝʪʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʫ 

ʩʠʩʪʝʤʘʭ ʯʝʨʛ. 

ɺ ʙʽʣʴʰʦʩʪʽ ʥʘʫʢʦʚʠʭ ʨʦʙʽʪ ʧʨʝʜʩʪʘʚʣʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʜʝ ʧʨʦʮʝʩ ʦʯʽʢʫʚʘʥʥʷ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʘʚʪʦʤʦʙʽʣʝʡ ʚʠʟʥʘʯʘʻʪʴʩʷ ʤʝʪʦʜʦʤ ʥʘʪʫʨʥʠʭ ʦʙʩʪʝʞʝʥʴ [1]. ʋ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ, ʧʨʠ ʥʘʜʭʦʜʞʝʥʥʽ 

ʟʘʷʚʢʠ ʟ ʟʘʜʘʥʠʤ ʧʨʽʦʨʠʪʝʪʦʤ, ʘʚʪʦʤʦʙʽʣʴ ʨʦʟʤʽʱʫʻʪʴʩʷ ʚ ʭʚʦʩʪʽ ʯʝʨʛʠ. ʇʝʨʝʭʽʜ ʜʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʚʠʤʘʛʘʻ ʚʠʢʦʥʘʥʥʷ ʪʘʢʠʭ ʫʤʦʚ: ʟʘʚʝʨʰʝʥʥʷ ʧʦʪʦʯʥʦʛʦ ʩʝʨʚʽʩʥʦʛʦ ʮʠʢʣʫ ʜʣʷ ʘʚʪʦʤʦʙʽʣʝʡ, ʱʦ ʟʘʡʤʘʻ 

ʧʦʩʪ; ʦʙʨʦʙʢʠ ʚʩʽʭ ʘʚʪʦʤʦʙʽʣʝʡ, ʧʨʠʩʫʪʥʽʭ ʫ ʯʝʨʟʽ ʥʘ ʤʦʤʝʥʪ ʧʨʠʙʫʪʪʷ; ʘ ʪʘʢʦʞ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʘʚʪʦʤʦʙʽʣʝʡ, ʱʦ ʧʨʠʙʫʣʠ ʥʘʜʘʣʽ ʚ ʽʥʪʝʨʚʘʣʽ ʦʯʽʢʫʚʘʥʥʷ, ʘʣʝ ʟ ʚʠʱʠʤ ʧʨʽʦʨʠʪʝʪʦʤ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʾʭʥʶ ʧʨʽʦʨʠʪʝʪʥʫ ʦʙʨʦʙʢʫ. ʆʪʞʝ, ʫ ʧʝʨʽʦʜ ʦʯʽʢʫʚʘʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʘʚʪʦʤʦʙʽʣʷ ʨʝʘʣʽʟʫʻʪʴʩʷ 

ʩʪʦʭʘʩʪʠʯʥʘ ʡʤʦʚʽʨʥʽʩʪʴ ʥʘʜʭʦʜʞʝʥʥʷ ʚʠʱʦʧʨʽʦʨʠʪʝʪʥʠʭ ʘʚʪʦʤʦʙʽʣʝʡ, ʷʢʽ ʧʝʨʝʪʠʥʘʶʪʴ ʡʦʛʦ ʚ ʯʝʨʟʽ, 

ʱʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʜʝʪʝʨʤʽʥʫʻ ʜʠʥʘʤʽʢʫ ʧʨʽʦʨʠʪʝʪʥʦʾ ʯʝʨʛʦʚʦʾ ʩʠʩʪʝʤʠ ʤʘʩʦʚʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

[2]. 

ʋ ʨʦʙʦʪʽ [3] ʜʝʪʘʣʴʥʦ ʦʧʠʩʫʻʪʴʩʷ ʧʨʦʮʝʩ ʦʙʨʦʙʢʠ ʚʘʥʪʘʞʽʚʦʢ ʥʘ ʚʦʨʦʪʘʭ ʩʢʣʘʜʩʴʢʠʭ ʘʙʦ 

ʚʠʨʦʙʥʠʯʠʭ ʦʙ'ʻʢʪʽʚ. ɿʦʢʨʝʤʘ, ʘʚʪʦʨʠ ʘʢʮʝʥʪʫʶʪʴ ʫʚʘʛʫ ʥʘ ʢʣʶʯʦʚʠʭ ʝʪʘʧʘʭ: ʧʨʠʙʫʪʪʽ ʪʨʘʥʩʧʦʨʪʥʠʭ 

ʟʘʩʦʙʽʚ, ʾʭʥʴʦʤʫ ʚʭʦʜʞʝʥʥʽ ʚ ʯʝʨʛʫ, ʙʝʟʧʦʩʝʨʝʜʥʴʦʤʫ ʟʘʚʘʥʪʘʞʝʥʥʽ ʪʘ ʨʦʟʚʘʥʪʘʞʝʥʥʽ ʙʽʣʷ ʚʦʨʽʪ, ʘ 

ʪʘʢʦʞ ʟʘʚʝʨʰʘʣʴʥʦʤʫ ʚʠʾʟʜʽ ʟ ʪʝʨʠʪʦʨʽʾ. ʎʝʡ ʧʽʜʭʽʜ ʧʽʜʢʨʝʩʣʶʻ ʮʠʢʣʽʯʥʠʡ ʭʘʨʘʢʪʝʨ ʦʧʝʨʘʮʽʡ, ʜʝ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʠʥʭʨʦʥʽʟʘʮʽʾ ʚʩʽʭ ʣʘʥʦʢ ʣʘʥʮʶʛʘ ʧʦʩʪʘʯʘʥʥʷ. 

ɿʘʟʥʘʯʝʥʘ ʧʨʦʙʣʝʤʘʪʠʢʘ ʭʘʨʘʢʪʝʨʥʘ ʥʝ ʣʠʰʝ ʜʣʷ ʧʫʥʢʪʽʚ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʫ. ʑʝ ʙʽʣʴʰ ʛʦʩʪʨʦ ʚʦʥʘ ʧʨʦʷʚʣʷʻʪʴʩʷ ʫ ʩʬʝʨʽ ʚʦʜʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ, ʜʝ ʩʫʜʥʘ ʟʤʫʰʝʥʽ 
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ʧʨʦʩʪʦʶʚʘʪʠ ʧʦ ʢʽʣʴʢʘ ʜʥʽʚ ʫ ʯʝʨʟʽ ʥʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ɸʚʪʦʨʠ ʜʦʩʣʽʜʞʝʥʥʷ [4] ʘʢʮʝʥʪʫʶʪʴ ʫʚʘʛʫ ʥʘ 

ʥʝʛʘʪʠʚʥʠʭ ʥʘʩʣʽʜʢʘʭ ʟʨʦʩʪʘʥʥʷ ʚʘʥʪʘʞʦʧʦʪʦʢʽʚ, ʷʢʝ ʧʽʜʚʠʱʫʻ ʡʤʦʚʽʨʥʽʩʪʴ ʟʙʦʾʚ ʽ ʟʘʪʨʠʤʦʢ ʫ 

ʧʝʨʝʚʝʟʝʥʥʷʭ. ɹʫʜʴ-ʷʢʘ ʪʘʢʘ ʟʘʪʨʠʤʢʘ, ʟʘ ʾʭʥʽʤʠ ʚʠʩʥʦʚʢʘʤʠ, ʤʦʞʝ ʩʧʨʠʯʠʥʠʪʠ ʧʦʨʫʰʝʥʥʷ ʛʨʘʬʽʢʽʚ 

ʨʦʙʦʪʠ ʧʦʨʪʽʚ, ʧʦʩʪʘʯʘʥʴ ʚʘʥʪʘʞʽʚ ʪʘ ʣʘʥʮʶʛʽʚ ʧʦʩʪʘʯʘʥʴ ʚʮʽʣʦʤʫ. ɿʥʘʯʥʽ ʧʨʦʙʣʝʤʠ ʧʦʚ'ʷʟʘʥʽ ʟ 

ʪʨʠʚʘʣʠʤʠ ʦʯʽʢʫʚʘʥʥʷʤʠ ʩʫʜʝʥ ʥʘ ʦʙʨʦʙʢʫ, ʘ ʪʘʢʦʞ ʥʝʦʯʽʢʫʚʘʥʠʤʠ ʟʘʪʨʠʤʢʘʤʠ ʯʝʨʝʟ ʧʦʛʦʜʥʽ ʫʤʦʚʠ 

ʯʠ ʽʥʰʽ ʬʘʢʪʦʨʠ, ʷʢʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʨʠʚʽʚ ʛʨʘʬʽʢʽʚ ʽ ʬʽʥʘʥʩʦʚʠʭ ʚʪʨʘʪ. ʂʨʽʤ ʪʦʛʦ, ʙʨʘʢ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ 

ʛʦʪʦʚʥʽʩʪʴ ʚʘʥʪʘʞʫ ʩʧʨʠʯʠʥʷʻ ʨʝʡʜʦʚʽ ʧʨʦʩʪʦʾ ʩʫʜʝʥ, ʦʙʤʝʞʫʶʯʠ ʢʘʧʽʪʘʥʽʚ ʫ ʚʠʙʦʨʽ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʨʝʞʠʤʫ ʨʫʭʫ. ʋ ʢʦʥʪʝʢʩʪʽ ʩʪʘʪʪʽ ʮʝ ʜʞʝʨʝʣʦ ʩʣʫʛʫʻ ʦʩʥʦʚʦʶ ʜʣʷ ʘʥʘʣʽʟʫ ʨʠʟʠʢʽʚ, ʧʨʦʧʦʥʫʶʯʠ 

ʽʥʪʝʛʨʘʮʽʶ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʜʣʷ ʤʽʥʽʤʽʟʘʮʽʾ ʧʨʦʩʪʦʾʚ ʽ ʧʽʜʚʠʱʝʥʥʷ ʩʪʽʡʢʦʩʪʽ ʣʦʛʽʩʪʠʯʥʠʭ ʤʝʨʝʞ. 

ʋ ʨʦʙʦʪʽ [5] ʨʦʟʛʣʷʥʫʪʦ ʦʧʪʠʤʽʟʘʮʽʶ ʧʦʨʪʦʚʠʭ ʦʧʝʨʘʮʽʡ, ʜʝ ʘʚʪʦʨ ʧʨʦʧʦʥʫʻ ʟʤʝʥʰʠʪʠ ʯʘʩ 

ʦʯʽʢʫʚʘʥʥʷ ʪʘ ʟʘʛʘʣʴʥʠʡ ʯʘʩ ʟʥʘʭʦʜʞʝʥʥʷ ʫ ʩʠʩʪʝʤʽ ʩʫʜʝʥ ʯʝʨʝʟ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʧʨʦʮʝʩʽʚ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʠʯʥʦʛʦ ʘʥʘʣʽʟʫ, ʱʦ ʧʽʜʚʠʱʫʻ ʝʬʝʢʪʠʚʥʽʩʪʴ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʩʠʩʪʝʤʠ. ʄʝʪʦʜ ECRS 

(Eliminate, Combine, Rearrange, Simplify) ʚʠʜʽʣʷʻʪʴʩʷ ʷʢ ʝʬʝʢʪʠʚʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʦʙʦʪʠ ʤʦʨʩʴʢʦʛʦ ʧʦʨʪʫ, ʥʘ ʧʨʠʢʣʘʜʽ ʧʦʨʪʫ ʚ ʧʨʦʚʽʥʮʽʾ Songkhla Province (ʊʘʾʣʘʥʜ). 

ʂʨʽʤ ʪʦʛʦ, ʧʣʘʥʫʚʘʥʥʷ ʛʨʘʬʽʢʽʚ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ, ʟʦʢʨʝʤʘ ʤʦʜʝʣʴ Longest 

Processing Time (LPT), ʜʝʤʦʥʩʪʨʫʻ ʢʨʘʱʽ ʨʝʟʫʣʴʪʘʪʠ ʚ ʢʝʡʩ-ʩʪʘʜʽ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʟʘʟʥʘʯʝʥʠʭ 

ʦʧʝʨʘʮʽʡ. ɼʦʩʣʽʜʞʝʥʥʷ ʜʦʚʦʜʷʪʴ, ʱʦ ʟʤʽʥʘ ʧʦʨʷʜʢʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ (ʯʝʨʛʠ) ʤʦʞʝ ʤʘʪʠ ʟʥʘʯʥʠʡ ʚʧʣʠʚ 

ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ ʧʫʥʢʪʽʚ ʧʝʨʝʨʦʙʢʠ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚʠʩʥʦʚʢʠ ʩʪʦʩʫʶʪʴʩʷ ʦʜʥʦʛʦ ʧʫʥʢʪʫ 

ʧʝʨʝʨʦʙʢʠ, ʱʦ ʤʘʻ ʦʜʥʠ ʧʦʩʪ (ʢʨʘʥ ʨʦʟʚʘʥʪʘʞʝʥʥʷ), ʱʦ ʚʠʩʫʚʘʻ ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ.  

ʋ ʩʪʘʪʪʽ [6] ʧʨʝʜʩʪʘʚʣʝʥʦ ʙʘʟʦʚʽ ʧʨʠʥʮʠʧʠ ʪʝʦʨʽʾ ʯʝʨʛ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʚʠʟʥʘʯʝʥʦ 

ʦʧʪʠʤʘʣʴʥʠʡ ʨʝʞʠʤ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʽ ʯʝʨʛ ʜʣʷ ʧʦʨʪʦʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. ɸʚʪʦʨʠ ʩʧʠʨʘʶʪʴʩʷ 

ʥʘ ʦʜʥʦʚʠʤʽʨʥʫ ʤʦʜʝʣʴ, ʟʘʧʨʦʧʦʥʦʚʘʥʫ ʧʦʧʝʨʝʜʥʽʤʠ ʜʦʩʣʽʜʥʠʢʘʤʠ, ʷʢʘ ʬʦʢʫʩʫʻʪʴʩʷ ʥʘ ʤʽʥʽʤʽʟʘʮʽʾ 

ʚʠʪʨʘʪ ʥʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ʅʘ ʦʩʥʦʚʽ ʮʴʦʛʦ, ʚʦʥʠ ʧʨʦʧʦʥʫʶʪʴ ʥʦʚʫ ʜʚʦʚʠʤʽʨʥʫ ʤʦʜʝʣʴ, ʷʢʘ ʜʦʟʚʦʣʷʻ 

ʦʜʥʦʯʘʩʥʦ ʦʧʪʠʤʽʟʫʚʘʪʠ ʜʚʘ ʢʣʶʯʦʚʽ ʧʦʢʘʟʥʠʢʠ: ʝʬʝʢʪʠʚʥʽʩʪʴ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ 

ʢʽʣʴʢʽʩʪʴ ʦʙʣʘʜʥʘʥʥʷ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʤʽʥʽʤʘʣʴʥʽ ʚʠʪʨʘʪʠ. 

ʄʝʪʦʜ ʘʧʨʦʢʩʠʤʘʮʽʾ, ʟʘʣʝʞʥʠʡ ʚʽʜ ʩʪʘʥʫ ʩʠʩʪʝʤʠ, ʜʣʷ ʦʮʽʥʢʠ ʜʦʚʞʠʥʠ ʯʝʨʛʠ ʚʘʥʪʘʞʥʠʭ 

ʘʚʪʦʤʦʙʽʣʽʚ  ʥʘ ʤʦʨʩʴʢʠʭ ʪʝʨʤʽʥʘʣʘʭ, ʟ ʤʝʪʦʶ ʟʘʧʦʚʥʝʥʥʷ ʧʨʦʛʘʣʠʥ ʫ ʽʩʥʫʶʯʠʭ ʧʽʜʭʦʜʘʭ. ʅʘ ʦʩʥʦʚʽ 

ʩʠʤʫʣʷʮʽʾ ʩʠʩʪʝʤʠ ʯʝʨʛʫʚʘʥʥʷ ʚʘʥʪʘʞʽʚʦʢ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʦʩʷʛʥʝʥʥʷ ʩʪʘʙʽʣʴʥʦʛʦ ʩʪʘʥʫ ʯʝʨʛʠ 

ʟʘʡʤʘʻ ʢʽʣʴʢʘ ʛʦʜʠʥ, ʘ ʽʛʥʦʨʫʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʬʦʨʤʫʚʘʥʥʷ ʯʝʨʛʠ (ʨʦʟʩʽʶʚʘʥʥʷ) ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʧʝʨʝʦʮʽʥʢʠ (ʥʝʜʦʦʮʽʥʢʠ) ʾʾ ʜʦʚʞʠʥʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʚʨʘʭʦʚʫʻ ʷʢ ʧʨʦʮʝʩʠ ʬʦʨʤʫʚʘʥʥʷ, ʪʘʢ ʽ 

ʨʦʟʩʽʶʚʘʥʥʷ ʯʝʨʛʠ ʜʣʷ ʪʦʯʥʽʰʦʾ ʦʮʽʥʢʠ. ʈʝʟʫʣʴʪʘʪʠ ʦʮʽʥʢʠ ʤʦʜʝʣʽ ʜʝʤʦʥʩʪʨʫʶʪʴ, ʱʦ ʚʦʥʘ ʟʘʙʝʟʧʝʯʫʻ 

ʪʦʯʥʽʰʽ ʪʘ ʩʪʽʡʢʽʰʽ ʦʮʽʥʢʠ ʧʦʨʽʚʥʷʥʦ ʟ ʽʩʥʫʶʯʠʤʠ ʤʝʪʦʜʘʤʠ. ʂʨʽʤ ʪʦʛʦ, ʤʝʪʦʜ ʪʦʯʥʦ ʦʮʽʥʶʻ ʜʦʚʞʠʥʫ 

ʯʝʨʛʠ, ʩʧʨʠʯʠʥʝʥʫ ʢʦʨʦʪʢʦʯʘʩʥʠʤ ʧʝʨʝʚʘʥʪʘʞʝʥʥʷʤ ʫ ʧʽʢʦʚʽ ʛʦʜʠʥʠ, ʱʦ ʨʦʙʠʪʴ ʡʦʛʦ ʢʦʨʠʩʥʠʤ ʜʣʷ 

ʘʥʘʣʽʟʫ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʭʦʜʽʚ ʱʦʜʦ ʟʤʝʥʰʝʥʥʷ ʟʘʪʦʨʽʚ ʥʘ ʤʦʨʩʴʢʠʭ ʪʝʨʤʽʥʘʣʘʭ. ʄʦʜʝʣʴ ʪʘʢʦʞ ʤʦʞʝ 

ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʜʣʷ ʦʮʽʥʢʠ ʯʝʨʛ ʢʣʽʻʥʪʽʚ ʫ ʙʫʜʴ-ʷʢʠʭ ʩʝʨʚʽʩʥʠʭ ʦʙôʻʢʪʘʭ ʪʨʘʥʩʧʦʨʪʥʦʾ ʪʘ ʣʦʛʽʩʪʠʯʥʦʾ 

ʛʘʣʫʟʽ, ʜʝ ʰʚʠʜʢʽʩʪʴ ʧʨʠʙʫʪʪʷ ʪʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʘʨʽʶʻʪʴʩʷ ʟʘ ʯʘʩʦʤ, ʘ ʧʝʨʝʚʘʥʪʘʞʝʥʥʷ ʚʠʥʠʢʘʻ ʚ 

ʧʽʢʦʚʽ ʧʝʨʽʦʜʠ [7]. 

ɺ ʨʦʙʦʪʽ [8] ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʜʦʩʢʦʥʘʣʝʥʠʡ ʘʣʛʦʨʠʪʤ ʤʫʨʘʰʠʥʦʾ ʢʦʣʦʥʽʾ ʜʣʷ  ʦʧʪʠʤʽʟʘʮʽʾ 

ʧʨʦʮʝʩʫ ʜʦʩʪʘʚʢʠ ʽ ʧʽʜʙʦʨʫ ʢʦʥʪʝʡʥʝʨʽʚ (ʟ ʤʘʡʜʘʥʯʠʢʽʚ ʜʦ ʪʝʨʤʽʥʘʣʫ ʽ ʥʘʚʧʘʢʠ) ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʚʘʥʪʘʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ ʩʪʦʨʦʥʥʽʭ ʢʦʤʧʘʥʽʡ. ʎʝʡ ʘʣʛʦʨʠʪʤ ʤʦʜʠʬʽʢʫʻ ʧʨʘʚʠʣʘ ʦʥʦʚʣʝʥʥʷ ʬʝʨʦʤʦʥʽʚ 

ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤ ʘʣʛʦʨʠʪʤʦʤ ʤʫʨʘʰʠʥʦʾ ʢʦʣʦʥʽʾ, ʘ ʪʘʢʦʞ ʚʚʦʜʠʪʴ ʬʘʢʪʦʨ ʚʧʣʠʚʫ ʰʠʨʠʥʠ 

ʯʘʩʦʚʦʛʦ ʚʽʢʥʘ ʪʘ ʩʪʫʧʽʥʴ ʚʽʜʭʠʣʝʥʥʷ ʯʘʩʫ ʚ ʧʨʘʚʠʣʘʭ ʧʝʨʝʭʦʜʫ ʩʪʘʥʽʚ. ʂʨʽʤ ʪʦʛʦ, ʽʥʪʝʛʨʦʚʘʥʦ 

ʘʣʛʦʨʠʪʤ ʨʦʶ ʯʘʩʪʠʥʦʢ (PSO) ʜʣʷ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʥʘʣʘʰʪʫʚʘʥʥʷ ʝʚʨʠʩʪʠʯʥʠʭ ʬʘʢʪʦʨʽʚ ʚʧʣʠʚʫ ʪʘ 

ʬʘʢʪʦʨʽʚ ʚʧʣʠʚʫ ʬʝʨʦʤʦʥʽʚ, ʱʦ ʧʦʢʨʘʱʫʻ ʟʜʘʪʥʽʩʪʴ ʫʥʠʢʘʪʠ ʣʦʢʘʣʴʥʠʭ ʦʧʪʠʤʫʤʽʚ. ʈʝʟʫʣʴʪʘʪʠ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʥʘʯʥʝ ʧʽʜʚʠʱʝʥʥʷ ʦʧʪʠʤʽʟʫʚʘʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʪʘ ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤ 

ʘʣʛʦʨʠʪʤʦʤ ʤʫʨʘʰʠʥʦʾ ʢʦʣʦʥʽʾ ʪʘ ʘʣʛʦʨʠʪʤʦʤ ʟʤʽʥʥʦʛʦ ʩʫʩʽʜʩʪʚʘ (VNS). 

ʎɯʃʔ ʊɸ ɿɸɼɸʏɯ ɼʆʉʃɯɼɾɽʅʅʗ 

ʆʩʥʦʚʥʦʶ ʤʝʪʦʶ ʜʘʥʦʛʦ ʥʘʫʢʦʚʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʨʝʘʣʽʟʘʮʽʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʜʠʥʘʤʽʢʠ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʧʫʥʢʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ ʧʨʦʪʷʛʦʤ ʚʠʟʥʘʯʝʥʦʛʦ 

ʯʘʩʦʚʦʛʦ ʽʥʪʝʨʚʘʣʫ, ʚʨʘʭʫʚʘʚʰʠ ʩʪʦʭʘʩʪʠʯʥʠʭ ʚʠʧʘʜʢʦʚʠʭ ʚʝʣʠʯʠʥʠ, ʱʦ ʧʽʜʢʦʨʷʶʪʴʩʷ ʟʘʟʜʘʣʝʛʽʜʴ 

ʽʜʝʥʪʠʬʽʢʦʚʘʥʠʤ ʟʘʢʦʥʘʤ ʨʦʟʧʦʜʽʣʫ (ʟʦʢʨʝʤʘ, ʧʫʘʩʩʦʥʽʚʩʴʢʦʤʫ ʜʣʷ ʽʥʪʝʨʚʘʣʽʚ ʧʨʠʙʫʪʪʽʚ ʪʘ 

ʧʦʢʘʟʥʠʢʦʚʦʤʫ ʜʣʷ ʪʨʠʚʘʣʦʩʪʽ ʩʝʨʚʽʩʫ), ʘ ʪʘʢʦʞ ʟ ʥʝʫʭʠʣʴʥʠʤ ʜʦʪʨʠʤʘʥʥʷʤ ʧʨʠʥʮʠʧʽʚ ʚʽʜʥʦʩʥʦʾ 

ʧʨʽʦʨʠʪʝʪʥʦʩʪʽ ʚ ʧʨʦʮʝʩʽ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʧʪʠʤʽʟʫʚʘʪʠ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʦʙʨʦʙʢʠ ʟʘʷʚʦʢ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʦʧʝʨʘʮʽʡʥʠʭ ʦʙʤʝʞʝʥʴ. ʋ ʢʦʥʪʝʢʩʪʽ ʪʨʘʥʩʧʦʨʪʥʠʭ ʩʠʩʪʝʤ 

ʮʝ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘʙʫʚʘʻ ʧʨʘʢʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ ʪʘ ʤʽʥʽʤʽʟʫʚʘʪʠ 
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ʧʨʦʩʪʦʾ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ, ʚʨʘʭʦʚʫʶʯʠ ʩʪʦʭʘʩʪʠʯʥʫ ʧʨʠʨʦʜʫ ʧʨʦʮʝʩʽʚ, ʽ ʩʣʫʛʫʻ ʦʩʥʦʚʦʶ ʜʣʷ 

ʧʦʜʘʣʴʰʦʾ ʬʦʨʤʘʣʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʽʚ ʦʧʪʠʤʽʟʘʮʽʾ.  

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʔ 

ʊʨʠʚʘʣʽʩʪʴ ʧʝʨʝʙʫʚʘʥʥʷ ʚʘʥʪʘʞʥʦʛʦ ʘʚʪʦʤʦʙʽʣʷ ʫ ʧʫʥʢʪʽ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʤʦʞʥʘ ʚʠʨʘʟʠʪʠ ʷʢ 

ʩʫʤʫ ʦʢʨʝʤʠʭ ʯʘʩʦʚʠʭ ʽʥʪʝʨʚʘʣʽʚ. ʊʨʠʚʘʣʽʩʪʴ ʟʥʘʭʦʜʞʝʥʥʷ ʚʘʥʪʘʞʥʦʛʦ ʘʚʪʦʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ ʚ 

ʧʫʥʢʪʽ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʦʙʫʤʦʚʣʶʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤʠ ʬʘʢʪʦʨʘʤʠ:  

- ʯʘʩ ʤʘʥʝʚʨʫʚʘʥʥʷ; 

- ʯʘʩ ʦʯʽʢʫʚʘʥʥʷ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ; 

- ʯʘʩ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ; 

- ʯʘʩ ʧʨʠʡʦʤʫ ʚʘʥʪʘʞʫ; 

- ʯʘʩ ʦʬʦʨʤʣʝʥʥʷ ʜʦʢʫʤʝʥʪʽʚ. 

ʏʘʩ ʦʯʽʢʫʚʘʥʥʷ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʯʘʩ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʻ ʩʪʦʭʘʩʪʠʯʥʠʤʠ 

ʟʤʽʥʥʠʤʠ ʟ ʽʤʦʚʽʨʥʽʩʥʦʶ ʧʨʠʨʦʜʦʶ. ʅʘ ʪʨʠʚʘʣʽʩʪʴ ʦʯʽʢʫʚʘʥʥʷ ʚʧʣʠʚʘʶʪʴ ʧʨʽʦʨʠʪʝʪʥʽʩʪʴ ʚʘʥʪʘʞʫ, ʱʦ 

ʟʥʘʭʦʜʠʪʴʩʷ  ʚ ʘʚʪʦʤʦʙʽʣʽ, ʪʘ ʯʘʩ ʡʦʛʦ ʧʨʠʙʫʪʪʷ ʜʦ ʧʫʥʢʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ɿʘʩʥʦʚʫʶʯʠʩʴ ʥʘ 

ʝʤʧʽʨʠʯʥʠʭ ʜʘʥʠʭ ʱʦʜʦ ʧʨʠʙʫʪʪʷ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʜʦ ʧʫʥʢʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʜʣʷ 

ʧʨʽʦʨʠʪʝʪʫ ˉ1 (ʪʘʙʣʠʮʷ 1), ʧʨʦʚʝʜʝʥʠʡ ʩʪʘʪʠʩʪʠʯʥʠʡ ʘʥʘʣʽʟ ʫ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ 

STATISTICA 12 ʤʘʚ ʥʘ ʤʝʪʽ ʧʝʨʝʚʽʨʢʫ ʛʽʧʦʪʝʟʠ ʧʨʦ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʦʪʨʠʤʘʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʧʦʜʽʡ 

ʧʫʘʩʩʦʥʽʚʩʴʢʦʤʫ ʟʘʢʦʥʫ ʨʦʟʧʦʜʽʣʫ (ʨʠʩʫʥʦʢ 1). ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚʟʷʪʦ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʨʠʙʫʪʪʷ 

ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʟ ʚʘʥʪʘʞʝʤ 1 ʧʨʽʦʨʠʪʝʪʫ ʟʘ ʜʦʙʫ (ʘʚʪ./ʜʦʙʫ) ʟʘ ʧʝʨʽʦʜ ʜʦʩʣʽʜʞʝʥʥʷ. 

ʇʫʘʩʩʦʥʽʚʩʴʢʠʡ ʧʨʦʮʝʩ, ʷʢ ʬʫʥʜʘʤʝʥʪʘʣʴʥʘ ʤʦʜʝʣʴ ʫ ʪʝʦʨʽʾ ʤʘʩʦʚʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʜʦʟʚʦʣʷʻ 

ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʫʚʘʪʠ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʥʝʟʘʣʝʞʥʠʭ ʧʦʜʽʡ ʟ ʬʽʢʩʦʚʘʥʦʶ ʽʥʪʝʥʩʠʚʥʽʩʪʶ (ʩʝʨʝʜʥʴʦʶ 

ʢʽʣʴʢʽʩʪʶ ʧʨʠʙʫʪʪʽʚ ʟʘ ʦʜʠʥʠʮʶ ʯʘʩʫ. ʊʘʢʠʡ ʧʽʜʭʽʜ, ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʚʘʥʠʡ ʫ ʪʨʘʥʩʧʦʨʪʥʠʭ 

ʩʠʩʪʝʤʘʭ, ʧʦʣʝʛʰʫʻ ʘʥʘʣʽʪʠʯʥʝ ʦʙʯʠʩʣʝʥʥʷ ʢʣʶʯʦʚʠʭ ʤʝʪʨʠʢ, ʪʘʢʠʭ ʷʢ ʩʝʨʝʜʥʽʡ ʯʘʩ ʦʯʽʢʫʚʘʥʥʷ ʯʠ 

ʜʦʚʞʠʥʘ ʯʝʨʛʠ. 

 

ʊʘʙʣʠʮʷ 1 ï ɽʤʧʽʨʠʯʥʽ ʜʘʥʽ ʩʢʣʘʜʦʚʠʭ ʯʘʩʫ ʟʥʘʭʦʜʞʝʥʥʷ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʝʡ ʫ ʧʫʥʢʪʽ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʟ ʚʘʥʪʘʞʝʤ 1 ʧʨʽʦʨʠʪʝʪʫ.  

ɼʘʪʘ 

ʧʨʠʙʫʪʪ

ʷ 

ʚʘʥʪʘʞʥ

ʦʛʦ 

ʘʚʪʦʤʦʙ

ʽʣʷ 

ʏʘʩ 

ʧʨʠʙʫʪʪ

ʷ 

ʚʘʥʪʘʞʥ

ʦʛʦ 

ʘʚʪʦʤʦʙ

ʽʣʷ 

ɼʘʪʘ 

ʧʦʯʘʪʢʫ 

ʦʙʩʣʫʛʦʚʫʚ

ʘʥʥʷ 

ʚʘʥʪʘʞʥʦʛ

ʦ 

ʘʚʪʦʤʦʙʽʣʷ 

ʏʘʩ 

ʧʦʯʘʪʢʫ 

ʦʙʩʣʫʛʦʚʫʚ

ʘʥʥʷ 

ʚʘʥʪʘʞʥʦʛ

ʦ 

ʘʚʪʦʤʦʙʽʣʷ 

ɼʘʪʘ 

ʟʘʢʽʥʯʝʥʥʷ 

ʦʙʩʣʫʛʦʚʫʚ

ʘʥʥʷ 

ʚʘʥʪʘʞʥʦʛ

ʦ 

ʘʚʪʦʤʦʙʽʣʷ 

ʏʘʩ 

ʟʘʢʽʥʯʝʥʥʷ 

ʦʙʩʣʫʛʦʚʫʚ

ʘʥʥʷ 

ʚʘʥʪʘʞʥʦʛ

ʦ 

ʘʚʪʦʤʦʙʽʣʷ 

ɼʘʪʘ 

ʚʠʾʟʜʫ 

ʚʘʥʪʘʞʥʦʛ

ʦ 

ʘʚʪʦʤʦʙʽʣʷ 

ʟ ʧʫʥʢʪʫ 

ʦʙʩʣʫʛʦʚʫʚ

ʘʥʥʷ 

ʏʘʩ ʚʠʾʟʜʫ 

ʚʘʥʪʘʞʥʦʛ

ʦ 

ʘʚʪʦʤʦʙʽʣʷ 

ʟ ʧʫʥʢʪʫ 

ʦʙʩʣʫʛʦʚʫʚ

ʘʥʥʷ 

30.06.20

21 
18:00:00 30.06.2021 18:14:00 30.06.2021 19:22:00 30.06.2021 19:59:00 

30.06.20

21 
19:00:00 30.06.2021 20:15:00 30.06.2021 20:55:00 30.06.2021 21:25:00 

30.06.20

21 
20:00:00 30.06.2021 22:20:00 30.06.2021 23:50:00 01.07.2021 0:45:00 

01.07.20

21 
14:11:00 01.07.2021 17:10:00 01.07.2021 19:00:00 01.07.2021 19:40:00 

01.07.20

21 
17:00:00 01.07.2021 20:40:00 01.07.2021 22:00:00 01.07.2021 22:40:00 

01.07.20

21 
18:20:00 01.07.2021 20:30:00 01.07.2021 21:25:00 01.07.2021 22:00:00 

01.07.20

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

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

21 
18:45:00 02.07.2021 2:20:00 02.07.2021 3:15:00 02.07.2021 4:30:00 

01.07.20

21 
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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01.07.20

21 
18:55:00 01.07.2021 21:10:00 01.07.2021 22:35:00 01.07.2021 23:35:00 

01.07.20

21 
19:23:00 01.07.2021 21:00:00 01.07.2021 22:40:00 01.07.2021 23:40:00 

01.07.20

21 
19:34:00 02.07.2021 5:20:00 02.07.2021 6:20:00 02.07.2021 6:50:00 

01.07.20

21 
19:56:00 02.07.2021 1:40:00 02.07.2021 2:45:00 02.07.2021 3:20:00 

01.07.20

21 
22:30:00 02.07.2021 4:00:00 02.07.2021 5:20:00 02.07.2021 6:30:00 

02.07.20

21 
1:00:00 02.07.2021 3:00:00 02.07.2021 4:05:00 02.07.2021 4:40:00 

02.07.20

21 
10:12:00 02.07.2021 11:00:00 02.07.2021 12:20:00 02.07.2021 12:35:00 

02.07.20

21 
13:52:00 02.07.2021 15:50:00 02.07.2021 16:54:00 02.07.2021 17:10:00 

02.07.20

21 
15:09:00 02.07.2021 16:40:00 02.07.2021 17:56:00 02.07.2021 18:10:00 

02.07.20

21 
16:32:00 02.07.2021 19:00:00 02.07.2021 19:30:00 02.07.2021 19:50:00 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʈʝʟʫʣʴʪʘʪ ʨʦʟʨʘʭʫʥʢʫ ʟʘʢʦʥʫ ʇʫʘʩʩʦʥʘ ʨʦʟʧʦʜʽʣʫ ʽʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʧʨʠʙʫʪʪʷ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʝʡ ʟʘ ʜʦʙʫ ʧʨʦʪʷʛʦʤ 70 ʜʥʽʚ ʘʚʪʦʤʦʙʽʣʽʚ ʟ ʚʘʥʪʘʞʝʤ 

1 ʧʨʽʦʨʠʪʝʪʫ ʜʦ ʧʫʥʢʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ STATISTICA 12 

 

ʇʨʦʚʝʜʝʥʠʡ ʢʦʤʧʣʝʢʩʥʠʡ ʩʪʘʪʠʩʪʠʯʥʠʡ ʘʥʘʣʽʟ ʪʘ ʦʙʨʦʙʢʘ ʝʤʧʽʨʠʯʥʠʭ ʜʘʥʠʭ, ʦʪʨʠʤʘʥʠʭ ʫ ʭʦʜʽ 

ʩʧʦʩʪʝʨʝʞʝʥʴ ʟʘ ʪʨʠʚʘʣʽʩʪʶ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʘʚʪʦʤʦʙʽʣʽʚ ʫ ʧʫʥʢʪʽ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʜʦʟʚʦʣʠʣʠ 

ʚʩʪʘʥʦʚʠʪʠ ʩʪʫʧʽʥʴ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʝʤʧʽʨʠʯʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʯʘʩʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʢʣʘʩʠʯʥʦʤʫ 

ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʦʤʫ ʟʘʢʦʥʫ ʨʦʟʧʦʜʽʣʫ. ʎʷ ʟʘʢʦʥʦʤʽʨʥʽʩʪʴ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʘʥʘʣʽʟʦʤ, ʥʘʚʝʜʝʥʠʤ ʥʘ 

ʨʠʩʫʥʢʫ 2. 
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ʈʠʩʫʥʦʢ 2 ï ʈʝʟʫʣʴʪʘʪ ʨʦʟʨʘʭʫʥʢʫ ʝʢʩʧʦʥʝʥʮʽʡʥʦʛʦ ʟʘʢʦʥʫ ʨʦʟʧʦʜʽʣʫ ʯʘʩʫ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʝʡ ʟ ʚʘʥʪʘʞʝʤ 1 ʧʨʽʦʨʠʪʝʪʫ ʟʘ ʜʦʧʦʤʦʛʦʶ 

STATISTICA 12 

ʇʝʨʝʚʽʨʢʘ ʛʽʧʦʪʝʟʠ ʧʨʦ ʥʘʣʝʞʥʽʩʪʴ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʚʠʙʽʨʢʠ ʪʝʦʨʝʪʠʯʥʽʡ ʢʨʠʚʽʡ ʚʠʜʫ ʟʘʢʦʥʫ 

ʇʫʘʩʩʦʥʘ ʧʨʦʚʝʜʝʥʘ ʟʘ ʢʨʠʪʝʨʽʻʤ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʇʽʨʩʦʥʘ (ʪʘʙʣʠʮʷ 2) 

 

 
( )
ä
=

-
=

k

i ʪ

ʪi

f

ff

1

2c ,  (1) 

 

ʜʝ k ï ʯʠʩʣʦ ʛʨʫʧ, ʥʘ ʷʢʽ ʨʦʟʙʠʪʦ ʝʤʧʽʨʠʯʥʠʡ ʨʦʟʧʦʜʽʣ,   

fi ï ʩʧʦʩʪʝʨʝʞʫʚʘʥʘ ʯʘʩʪʦʪʘ ʦʟʥʘʢʠ ʫ i-ʡ ʛʨʫʧʽ, 

fm ï ʪʝʦʨʝʪʠʯʥʘ ʯʘʩʪʦʪʘ. 

ʂʽʣʴʢʽʩʪʴ ʩʪʫʧʝʥʽʚ ʩʚʦʙʦʜʠ ʚʠʟʥʘʯʘʻʪʴʩʷ 

 

 1--= skdf ,  (2) 

 

ʜʝ s  ï ʯʠʩʣʦ ʧʘʨʘʤʝʪʨʽʚ ʧʝʨʝʜʙʘʯʫʚʘʥʦʛʦ ʨʦʟʧʦʜʽʣʫ, ʦʮʽʥʝʥʠʭ ʟʘ ʜʘʥʠʤʠ ʚʠʙʽʨʢʠ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʦʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ɢ
2
 ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʛʽʧʦʪʝʟʫ ʧʨʦ ʨʦʟʧʦʜʽʣ ʽʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʧʨʠʙʫʪʪʷ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʝʡ ʜʦ ʧʫʥʢʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʟ ʚʘʥʪʘʞʝʤ 1 ʧʨʽʦʨʠʪʝʪʫ ʪʘ ʯʘʩʫ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʮʠʭ ʘʚʪʦʤʦʙʽʣʝʡ (ʪʘʙʣʠʮʷ 2). 

 

ʊʘʙʣʠʮʷ 2 ï ʇʦʢʘʟʥʠʢʠ ʚʠʟʥʘʯʝʥʥʷ  ʟʘʢʦʥʫ ʨʦʟʧʦʜʽʣʫ ʦʙʩʷʛʫ ʟʘʤʦʚʣʝʥʴ ʪʦʨʛʦʚʠʭ ʪʦʯʦʢ 

çʜʨʽʙʥʠʭè ʬʦʨʤʘʪʽʚ 

ʅʘʟʚʘ ʧʦʢʘʟʥʠʢʘ ɿʘʢʦʥ ʨʦʟʧʦʜʽʣʫ ʇʘʨʘʤʝʪʨ ʨʦʟʧʦʜʽʣʫ 

ʇʦʢʘʟʥʠʢʠ ʚʠʟʥʘʯʝʥʥʷ 

ʟʘʢʦʥʫ ʨʦʟʧʦʜʽʣʫ 

ɢ2ʨʦʟʨ 
ɢ2ʪʘʙʣ ʧʨʠ 

ʨ=0,05 

ɯʥʪʝʥʩʠʚʥʠʩʪʴ 

ʧʨʠʙʫʪʪʷ 

ʚʘʥʪʘʞʥʠʭ 

ʘʚʪʦʤʦʙʽʣʝʡ ʟ 

ʚʘʥʪʘʞʝʤ 1 

ʧʨʽʦʨʠʪʝʪʫ ʟʘ ʜʦʙʫ 

ʇʫʘʩʩʦʥʘ 14,706 9,895 15,5 
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ʏʘʩ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʚʘʥʪʘʞʥʠʭ 

ʘʚʪʦʤʦʙʽʣʝʡ ʟ 

ʚʘʥʪʘʞʝʤ 1 

ʧʨʽʦʨʠʪʝʪʫ 

ɽʢʩʧʦʥʝʥʮʽʡʥʠʡ 71,597 12,121 16,9 

 

ʅʘʩʪʫʧʥʠʤ ʝʪʘʧʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʤʦʜʝʣʶʚʘʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʥʘʜʭʦʜʞʝʥʥʷ ʚʘʥʪʘʞʥʦʛʦ 

ʘʚʪʦʪʨʘʥʩʧʦʨʪʫ ʜʦ ʧʫʥʢʪʫ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʥʦʨʤʘʣʴʥʦʾ 

ʘʧʨʦʢʩʠʤʘʮʽʾ, ʱʦ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʧʫʘʩʩʦʥʽʚʩʴʢʦʤʫ ʟʘʢʦʥʽ ʨʦʟʧʦʜʽʣʫ ʜʣʷ ʜʠʩʢʨʝʪʥʦʾ ʚʠʧʘʜʢʦʚʦʾ 

ʚʝʣʠʯʠʥʠ. ɿʘʩʪʦʩʦʚʫʶʯʠ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ Microsoft Excel, ʨʝʘʣʽʟʦʚʘʥʦ ʛʝʥʝʨʘʮʽʶ 

ʧʩʝʚʜʦʚʠʧʘʜʢʦʚʠʭ ʟʥʘʯʝʥʴ ʟʽ ʩʪʘʥʜʘʨʪʥʦʛʦ ʥʦʨʤʘʣʴʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʙʫʜʦʚʘʥʦʾ ʬʫʥʢʮʽʾ 

 

 NORM.S.INV(RAND()),  (3) 

 

ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʩʣʫʛʫʶʪʴ ʦʩʥʦʚʦʶ ʜʣʷ ʘʧʨʦʢʩʠʤʘʮʽʾ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʧʨʠʙʫʪʪʷ ʘʚʪʦʤʦʙʽʣʽʚ ʜʦ ʧʫʥʢʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʥʘʩʪʫʧʥʦʾ ʬʦʨʤʫʣʠ: 

 

 X Zm s= + ³, (4) 

 

ʜʝ ɛ ï ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʬʘʢʪʠʯʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʨʠʙʫʪʪʷ ʘʚʪʦʤʦʙʽʣʽʚ ʫ ʧʫʥʢʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ; 

ů ï ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʝ ʚʽʜʭʠʣʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʨʠʙʫʪʪʷ ʘʚʪʦʤʦʙʽʣʽʚ ʫ ʧʫʥʢʪ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ; 

Z ï ʟʛʝʥʝʨʦʚʘʥʘ ʚʝʣʠʯʠʥʘ ʩʪʘʥʜʘʨʪʥʦʛʦ ʥʦʨʤʘʣʴʥʦʛʦ ʨʦʟʧʦʜʽʣʫ. 

 

ʆʪʨʠʤʘʥʽ ʟʛʝʥʝʨʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʥʘʜʭʦʜʞʝʥʥʷ ʘʚʪʦʪʨʘʥʩʧʦʨʪʫ ʩʪʚʦʨʶʶʪʴ ʦʩʥʦʚʫ 

ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʩʪʦʭʘʩʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʫʘʩʩʦʥʽʚʩʴʢʦʛʦ ʧʨʦʮʝʩʫ ʧʨʠʙʫʪʪʷ ʪʨʘʥʩʧʦʨʪʥʠʭ 

ʟʘʩʦʙʽʚ ʜʦ ʧʫʥʢʪʫ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ɿʦʢʨʝʤʘ, ʜʣʷ ʩʠʤʫʣʷʮʽʾ ʤʦʤʝʥʪʽʚ ʧʨʠʙʫʪʪʷ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʬʫʥʢʮʽʷ Microsoft Excel: 

 

 GAMMA.INV(RAND(), B, 1/Xe),  (5) 

 

ʜʝ B ï ʥʦʤʝʨ ʟʘʷʚʢʠ; 

Xe ï ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʟʛʝʥʝʨʦʚʘʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʨʠʙʫʪʪʷ ʘʚʪʦʤʦʙʽʣʽʚ ʫ ʧʫʥʢʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. 

 

ɿʘʩʪʦʩʦʚʫʶʯʠ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʡ ʟʘʢʦʥ ʨʦʟʧʦʜʽʣʫ, ʱʦ ʻ ʢʣʘʩʠʯʥʦʶ ʤʦʜʝʣʣʶ ʜʣʷ ʦʧʠʩʫ 

ʪʨʠʚʘʣʦʩʪʽ ʙʝʟʧʘʤ'ʷʪʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʩʠʩʪʝʤʘʭ ʤʘʩʦʚʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʨʝʘʣʽʟʫʻʪʴʩʷ ʩʪʦʭʘʩʪʠʯʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ ʚʠʧʘʜʢʦʚʠʭ ʚʝʣʠʯʠʥ, ʷʢʽ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʯʘʩ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ. 

ɻʝʥʝʨʘʮʽʷ ʪʘʢʠʭ ʚʝʣʠʯʠʥ ʧʨʦʚʦʜʠʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʘʩʪʫʧʥʦʾ ʬʫʥʢʮʽʾ Microsoft Excel: 

 

 TeĀLOG(RAND()Ā1),  (6) 

 

ʜʝ Te ï ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʬʘʢʪʠʯʥʦʛʦ ʯʘʩʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʘʚʪʦʤʦʙʽʣʽʚ. 

ɽʤʧʽʨʠʯʥʽ ʥʘʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʨʦʚʝʜʝʥʽ ʚ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʣʦʛʽʩʪʠʯʥʠʭ 

ʚʫʟʣʽʚ ʪʘ ʪʨʘʥʩʧʦʨʪʥʠʭ ʭʘʙʽʚ, ʧʝʨʝʢʦʥʣʠʚʦ ʟʘʩʚʽʜʯʠʣʠ, ʱʦ ʜʠʥʘʤʽʮʽ ʧʦʩʣʽʜʦʚʥʦʩʪʽ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʧʨʠʪʘʤʘʥʥʘ ʤʦʜʝʣʴ ʚʽʜʥʦʩʥʦʾ ʧʨʽʦʨʠʪʝʪʥʦʩʪʽ, ʷʢʘ ˇʨʫʥʪʫʻʪʴʩʷ ʥʝ ʥʘ 

ʬʽʢʩʦʚʘʥʠʭ ʘʙʩʦʣʶʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ (ʪʘʢʠʭ ʷʢ ʪʠʧ ʚʘʥʪʘʞʫ ʯʠ ʛʘʙʘʨʠʪʥʽ 

ʧʘʨʘʤʝʪʨʠ), ʘ ʥʘ ʜʠʥʘʤʽʯʥʽʡ ʧʨʦʧʦʨʮʽʡʥʽʡ ʦʮʽʥʮʽ ʧʨʽʦʨʠʪʝʪʽʚ, ʱʦ ʚʨʘʭʦʚʫʻ ʧʦʪʦʯʥʽ ʦʧʝʨʘʮʽʡʥʽ ʫʤʦʚʠ, 

ʨʽʚʝʥʴ ʟʘʚʘʥʪʘʞʝʥʦʩʪʽ ʩʠʩʪʝʤʠ ʪʘ ʝʢʦʥʦʤʽʯʥʽ ʬʘʢʪʦʨʠ. ʎʷ ʤʦʜʝʣʴ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʪʨʘʜʠʮʽʡʥʠʭ 

ʞʦʨʩʪʢʠʭ ʽʻʨʘʨʭʽʡ, ʜʦʟʚʦʣʷʻ ʛʥʫʯʢʦ ʘʜʘʧʪʫʚʘʪʠʩʷ ʜʦ ʚʘʨʽʘʪʠʚʥʦʩʪʽ ʧʦʪʦʢʽʚ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʙʘʣʘʥʩ ʤʽʞ 

ʰʚʠʜʢʽʩʪʶ ʦʙʨʦʙʢʠ ʢʨʠʪʠʯʥʠʭ ʟʘʷʚʦʢ ʽ ʟʘʛʘʣʴʥʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʧʨʦʮʝʩʫ. ɺʦʜʥʦʯʘʩ, ʘʥʘʣʽʟ ʧʦʢʘʟʫʻ, 

ʱʦ ʧʨʝʨʠʚʘʥʥʷ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʥʝʜʦʦʙʨʦʙʣʝʥʦʛʦ ʚʘʥʪʘʞʥʦʛʦ ʘʚʪʦʤʦʙʽʣʷ ʥʘ ʢʦʨʠʩʪʴ ʧʽʟʥʽʰʝ 

ʧʨʠʙʫʚʰʦʛʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ ʟ ʚʠʱʠʤ ʚʽʜʥʦʩʥʠʤ ʧʨʽʦʨʠʪʝʪʦʤ (ʥʘʧʨʠʢʣʘʜ, ʯʝʨʝʟ ʪʝʨʤʽʥʦʚʽʩʪʴ 

ʜʦʩʪʘʚʢʠ ʯʠ ʚʠʱʫ ʢʦʤʝʨʮʽʡʥʫ ʮʽʥʥʽʩʪʴ) ʚʠʷʚʣʷʻʪʴʩʷ ʝʢʦʥʦʤʽʯʥʦ ʥʝʝʬʝʢʪʠʚʥʠʤ ʟ ʢʽʣʴʢʦʭ ʧʝʨʩʧʝʢʪʠʚ: 

ʧʦ-ʧʝʨʰʝ, ʚʦʥʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʟʘʛʘʣʴʥʠʭ ʚʠʪʨʘʪ ʥʘ ʧʨʦʩʪʦʾ, ʦʩʢʽʣʴʢʠ ʧʝʨʝʨʚʘʥʝ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʠʤʘʛʘʻ ʜʦʜʘʪʢʦʚʦʛʦ ʯʘʩʫ ʥʘ ʚʽʜʥʦʚʣʝʥʥʷ ʩʪʘʥʫ ʩʠʩʪʝʤʠ; ʧʦ-ʜʨʫʛʝ, ʩʧʨʠʯʠʥʷʻ 
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ʧʝʨʝʨʦʟʧʦʜʽʣ ʨʝʩʫʨʩʽʚ (ʧʝʨʩʦʥʘʣʫ, ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʧʨʦʩʪʦʨʫ), ʱʦ ʟʥʠʞʫʻ ʧʨʦʧʫʩʢʥʫ ʩʧʨʦʤʦʞʥʽʩʪʴ 

ʧʫʥʢʪʫ ʚ ʩʝʨʝʜʥʴʦʩʪʨʦʢʦʚʽʡ ʧʝʨʩʧʝʢʪʠʚʽ; ʧʦ-ʪʨʝʪʻ, ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʦʧʝʨʘʮʽʡʥʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, 

ʧʦʩʠʣʶʶʯʠ ʨʠʟʠʢ ʥʘʢʦʧʠʯʝʥʥʷ ʯʝʨʛ ʽ ʟʥʠʞʫʶʯʠ ʨʽʚʝʥʴ ʟʘʜʦʚʦʣʝʥʦʩʪʽ ʢʣʽʻʥʪʽʚ. ʋ ʢʦʥʪʝʢʩʪʽ ʪʝʦʨʽʾ 

ʤʘʩʦʚʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘʢʘ ʥʝʝʬʝʢʪʠʚʥʽʩʪʴ ʤʦʞʝ ʙʫʪʠ ʢʽʣʴʢʽʩʥʦ ʦʮʽʥʝʥʘ ʯʝʨʝʟ ʤʝʪʨʠʢʠ, ʷʢ-ʦʪ 

ʩʝʨʝʜʥʽʡ ʯʘʩ ʧʝʨʝʙʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʽ ʪʘ ʢʦʝʬʽʮʽʻʥʪ ʟʘʚʘʥʪʘʞʝʥʥʷ , ʜʝ ʧʨʝʨʠʚʘʥʥʷ ʧʽʜʚʠʱʫʻ ʜʠʩʧʝʨʩʽʶ 

ʩʪʦʭʘʩʪʠʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʱʦ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʫʩʢʣʘʜʥʶʻ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʦʧʪʠʤʽʟʘʮʽʶ. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʤʦʜʝʣʽ ʚʽʜʥʦʩʥʦʾ ʧʨʽʦʨʠʪʝʪʥʦʩʪʽ ʙʝʟ ʤʝʭʘʥʽʟʤʽʚ ʟʘʭʠʩʪʫ ʚʽʜ ʧʨʝʨʠʚʘʥʴ (ʥʘʧʨʠʢʣʘʜ, 

ʧʦʨʦʛʦʚʠʭ ʧʨʘʚʠʣ ʯʠ ʙʫʬʝʨʥʠʭ ʟʦʥ) ʥʝ ʣʠʰʝ ʥʝ ʩʧʨʠʷʻ ʟʘʛʘʣʴʥʽʡ ʝʬʝʢʪʠʚʥʦʩʪʽ, ʘ ʡ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ 

ʩʠʩʪʝʤʥʠʭ ʚʪʨʘʪ, ʷʢʽ ʧʝʨʝʚʠʱʫʶʪʴ ʢʦʨʦʪʢʦʩʪʨʦʢʦʚʽ ʚʠʛʦʜʠ ʚʽʜ ʧʨʽʦʨʠʪʠʟʘʮʽʾ. ɼʣʷ ʧʦʜʘʣʴʰʦʾ 

ʬʦʨʤʘʣʽʟʘʮʽʾ ʮʽʻʾ ʤʦʜʝʣʽ ʨʝʢʦʤʝʥʜʫʻʪʴʩʷ ʽʥʪʝʛʨʘʮʽʷ ʩʪʦʭʘʩʪʠʯʥʠʭ ʩʠʤʫʣʷʮʽʡ, ʟʘʩʥʦʚʘʥʠʭ ʥʘ 

ʧʫʘʩʩʦʥʽʚʩʴʢʠʭ ʧʨʦʮʝʩʘʭ ʧʨʠʙʫʪʪʽʚ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʝʤʧʽʨʠʯʥʠʭ ʜʘʥʠʭ ʟ ʥʘʪʫʨʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʱʦ 

ʜʦʟʚʦʣʠʪʴ ʨʦʟʨʦʙʠʪʠ ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʦʧʪʠʤʽʟʘʮʽʾ ʜʠʩʮʠʧʣʽʥ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚ ʨʝʘʣʴʥʠʭ 

ʪʨʘʥʩʧʦʨʪʥʠʭ ʤʝʨʝʞʘʭ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʜʘʥʦʛʦ ʥʘʫʢʦʚʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʩʣʫʛʫʚʘʪʠʤʝ ʢʦʤʧʣʝʢʩʥʝ ʩʪʦʭʘʩʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ 

ʜʠʥʘʤʽʢʠ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʚʘʥʪʘʞʥʦʛʦ ʧʫʥʢʪʫ ʧʝʨʝʨʦʙʢʠ ʚʘʥʪʘʞʫ (ʚʘʥʪʘʞʥʦʛʦ ʪʝʨʤʽʥʘʣʫ ʯʠ 

ʣʦʛʽʩʪʠʯʥʦʛʦ ʚʫʟʣʘ) ʟ ʚʘʨʽʘʪʠʚʥʦʶ ʢʽʣʴʢʽʩʪʶ ʢʘʥʘʣʽʚ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ, ʜʣʷ ʢʦʥʬʽʛʫʨʘʮʽʡ ʟ 

ʦʜʥʠʤ, ʜʚʦʤʘ ʪʘ ʪʨʴʦʤʘ ʧʦʩʪʘʤʠ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʦʮʽʥʠʪʠ ʚʧʣʠʚ ʤʘʩʰʪʘʙʫ ʨʝʩʫʨʩʽʚ ʥʘ 

ʢʣʶʯʦʚʽ ʦʧʝʨʘʮʽʡʥʽ ʤʝʪʨʠʢʠ, ʪʘʢʽ ʷʢ ʩʝʨʝʜʥʷ ʜʦʚʞʠʥʘ ʯʝʨʛʠ, ʯʘʩ ʦʯʽʢʫʚʘʥʥʷ ʪʘ ʟʘʛʘʣʴʥʘ ʧʨʦʧʫʩʢʥʘ 

ʩʧʨʦʤʦʞʥʽʩʪʴ ʩʠʩʪʝʤʠ. ɼʘʥʝ ʤʦʜʝʣʶʚʘʥʥʷ, ʟʘʩʥʦʚʘʥʝ ʥʘ ʢʣʘʩʠʯʥʠʭ ʟʘʩʘʜʘʭ ʪʝʦʨʽʾ ʤʘʩʦʚʦʛʦ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ (ʧʫʘʩʩʦʥʽʚʩʴʢʦʤʫ ʧʨʦʮʝʩʽ ʧʨʠʙʫʪʪʽʚ ʪʘ ʧʦʢʘʟʥʠʢʦʚʦʤʫ ʨʦʟʧʦʜʽʣʽ ʯʘʩʫ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ), ʚʨʘʭʦʚʫʚʘʪʠʤʝ ʧʨʠʥʮʠʧʠ ʚʽʜʥʦʩʥʦʾ ʧʨʽʦʨʠʪʝʪʥʦʩʪʽ ʜʣʷ ʫʥʠʢʥʝʥʥʷ ʥʝʝʬʝʢʪʠʚʥʠʭ 

ʧʨʝʨʠʚʘʥʴ ʩʝʨʚʽʩʫ, ʷʢ ʮʝ ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʝʤʧʽʨʠʯʥʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʪʨʘʥʩʧʦʨʪʥʠʭ ʩʠʩʪʝʤ. ʊʘʢʠʡ 

ʧʽʜʭʽʜ ʥʝ ʣʠʰʝ ʽʣʶʩʪʨʫʻ ʧʝʨʝʭʽʜ ʚʽʜ ʦʜʥʦʢʘʥʘʣʴʥʦʾ ʜʦ ʙʘʛʘʪʦʢʘʥʘʣʴʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ, ʜʝ ʟʨʦʩʪʘʥʥʷ 

ʢʽʣʴʢʦʩʪʽ ʩʝʨʚʝʨʽʚ ʟʥʠʞʫʻ ʢʦʝʬʽʮʽʻʥʪ ʟʘʚʘʥʪʘʞʝʥʥʷ ʽ ʩʪʘʙʽʣʽʟʫʻ ʩʠʩʪʝʤʫ, ʘʣʝ ʡ ʥʘʜʘʻ ʧʨʘʢʪʠʯʥʽ 

ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʦʧʪʠʤʽʟʘʮʽʾ: 

ʊʘʢʠʡ ʘʥʘʣʽʪʠʯʥʠʡ ʧʽʜʭʽʜ, ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʪʝʦʨʽʾ ʤʘʩʦʚʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʧʨʦʜʝʤʦʥʩʪʨʫʻ, 

ʟʘʣʝʞʥʽʩʪʴ ʟʤʽʥʠ ʯʘʩʫ ʦʯʽʢʫʚʘʥʥʷ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʘʥʪʘʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ, ʜʝ ʢʣʶʯʦʚʠʡ ʬʘʢʪʦʨ 

ʪʨʠʚʘʣʦʩʪʽ ʡʦʛʦ ʧʝʨʝʙʫʚʘʥʥʷ ʚ ʧʫʥʢʪʽ, ʟʘʣʝʞʥʦ ʚʽʜ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʨʠʙʫʪʪʽʚ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʪʘ 

ʾʭ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ɼʦʜʘʪʢʦʚʦ ʙʫʜʝ ʦʮʽʥʝʥʦ ʯʘʩ ʦʙʨʦʙʢʠ ʧʨʠʙʫʚʰʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʽ ʧʨʦʩʪʦʶ ʧʦʩʪʽʚ, ʱʦ 

ʚʠʥʠʢʘʻ ʯʝʨʝʟ ʥʝʫʟʛʦʜʞʝʥʽʩʪʴ ʧʦʪʦʢʽʚ. ʎʝ ʩʣʫʛʫʚʘʪʠʤʝ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚ ʣʦʛʽʩʪʠʮʽ, ʟ 

ʩʠʤʫʣʷʮʽʷʤʠ ʜʣʷ ʩʮʝʥʘʨʽʾʚ ʥʘʚʘʥʪʘʞʝʥʥʷ. 

ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ ɼʆʉʃɯɼɾɽʅʅʗ 

ʂʣʶʯʦʚʦʶ ʚʠʤʦʛʦʶ ʜʦ ʩʪʦʭʘʩʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʘʥʪʘʞʥʦʛʦ 

ʘʚʪʦʪʨʘʥʩʧʦʨʪʫ ʚ ʧʫʥʢʪʽ ʧʝʨʝʨʦʙʢʠ ʚʘʥʪʘʞʫ ʻ ʤʽʥʽʤʽʟʘʮʽʷ ʥʝʧʨʦʜʫʢʪʠʚʥʠʭ ʧʨʦʩʪʦʾʚ, ʷʢʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ 

ʩʫʪʪʻʚʠʭ ʚʪʨʘʪ ʚ ʝʢʦʥʦʤʽʯʥʦʤʫ ʘʩʧʝʢʪʽ (ʟʨʦʩʪʘʥʥʷ ʦʧʝʨʘʮʽʡʥʠʭ ʚʠʪʨʘʪ ʥʘ ʧʘʣʠʚʦ ʪʘ ʯʘʩ) ʜʣʷ ʚʩʴʦʛʦ 

ʣʘʥʮʶʛʘ ʜʦʩʪʘʚʢʠ. ʎʝ ʜʦʩʷʛʘʻʪʴʩʷ ʯʝʨʝʟ ʦʧʪʠʤʽʟʘʮʽʶ ʯʝʨʛ, ʜʝ ʧʨʦʩʪʦʾ ʟʤʝʥʰʫʶʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ 

ʙʘʣʘʥʩʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʘʥʪʘʞʥʦʛʦ ʘʚʪʦʪʨʘʥʩʧʦʨʪʫ ʪʘ ʧʨʦʧʫʩʢʥʦʶ ʟʜʘʪʥʽʩʪʶ ʧʫʥʢʪʫ ʧʝʨʝʨʦʙʢʠ 

ʚʘʥʪʘʞʫ.  

ɺʀʉʅʆɺʂʀ 

ʇʨʦʛʥʦʟʫʚʘʥʥʷ ʜʠʥʘʤʽʢʠ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʧʫʥʢʪʽʚ ʧʝʨʝʨʦʙʢʠ ʚʘʥʪʘʞʫ ʪʘ ʚʘʥʪʘʞʥʦʛʦ 

ʘʚʪʦʪʨʘʥʩʧʦʨʪʫ ʩʣʫʛʫʚʘʪʠʤʝ ʧʦʪʫʞʥʠʤ ʘʥʘʣʽʪʠʯʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʧʨʠʡʥʷʪʪʷ 

ʨʽʰʝʥʴ ʫ ʩʪʨʘʪʝʛʽʯʥʦʤʫ ʧʣʘʥʫʚʘʥʥʽ ʢʦʤʧʣʝʢʩʥʠʭ ʣʦʛʽʩʪʠʯʥʠʭ ʩʠʩʪʝʤ ʜʦʩʪʘʚʢʠ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʤʥʦʞʠʥʥʦʩʪʽ ʩʪʦʭʘʩʪʠʯʥʠʭ (ʥʘʧʨʠʢʣʘʜ, ʚʘʨʽʘʪʠʚʥʽʩʪʴ ʧʨʠʙʫʪʪʽʚ ʟʘ ʧʫʘʩʩʦʥʽʚʩʴʢʠʤ ʧʨʦʮʝʩʦʤ) ʪʘ 

ʜʝʪʝʨʤʽʥʦʚʘʥʠʭ ʬʘʢʪʦʨʽʚ (ʷʢ ʢʦʥʬʽʛʫʨʘʮʽʷ ʢʘʥʘʣʽʚ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ), ʱʦ ʚ ʧʽʜʩʫʤʢʫ ʩʧʨʠʷʻ 

ʢʦʥʩʪʨʫʶʚʘʥʥʶ ʚʠʩʦʢʦʪʦʯʥʠʭ ʤʦʜʝʣʝʡ ʥʘ ʙʘʟʽ ʪʝʦʨʽʾ ʤʘʩʦʚʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ 

ʧʨʦʧʫʩʢʥʦʾ ʩʧʨʦʤʦʞʥʦʩʪʽ ʪʘ ʤʽʥʽʤʽʟʘʮʽʾ ʚʪʨʘʪ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʥʝ ʣʠʰʝ ʧʽʜʚʠʱʫʻ ʪʦʯʥʽʩʪʴ ʧʨʦʛʥʦʟʽʚ 

ʢʣʶʯʦʚʠʭ ʤʝʪʨʠʢ, ʘʣʝ ʡ ʽʥʪʝʛʨʫʻ ʝʤʧʽʨʠʯʥʽ ʜʘʥʽ ʟ ʨʝʘʣʴʥʠʭ ʧʫʥʢʪʽʚ ʧʝʨʝʨʦʙʢʠ ʚʘʥʪʘʞʽʚ, ʜʦʟʚʦʣʷʶʯʠ 

ʤʦʜʝʣʶʚʘʪʠ ʩʮʝʥʘʨʽʾ ʟ ʨʽʟʥʠʤʠ ʨʽʚʥʷʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʩʪʽʡʢʽʩʪʴ ʣʘʥʮʶʛʽʚ ʧʦʩʪʘʯʘʥʴ 

ʫ ʘʚʪʦʪʨʘʥʩʧʨʦʪʥʠʭ ʤʝʨʝʞʘʭ. 
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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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ʋɼʂ 629.113 

UDC 629.113 

ʂʦʥʜʨʘʪʶʢ ʄ.ɸ. 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʨʘʥʩʧʦʨʪʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

 

ɼʆʉʃɯɼɾɽʅʅʗ ʋʄʆɺ ɽʂʉʇʃʋɸʊɸʎɯɰ ɺɸʅʊɸɾʅʀʍ ɻɯɹʈʀɼʅʀʍ 

ɸɺʊʆʄʆɹɯʃɯɺ ʂɸʊɽɻʆʈɯɰ N1 

 

ʅʘ ʧʝʨʝʪʠʥʽ  ʨʦʟʚʠʪʢʫ ʪʘʢʠʭ ʧʨʦʮʝʩʽʚ ʷʢ  ʧʦʩʠʣʝʥʥʷ ʝʢʦʣʦʛʽʯʥʠʭ ʚʠʤʦʛ ʜʦ ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʫ, ʥʝʚʧʠʥʥʠʡ ʧʨʦʮʝʩ ʫʨʙʘʥʽʟʘʮʽʾ,  ʟʨʦʩʪʘʶʯʘ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʽʤʧʦʨʪʫ ʧʘʣʠʚʘ, ʟʙʽʣʴʰʝʥʥʷ ʨʦʣʽ  

ʣʝʛʢʦʛʦ ʢʦʤʝʨʮʽʡʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ ʜʣʷ ʜʦʩʪʘʚʢʠ ʚ ʪʦʨʛʽʚʣʽ ʚ ʨʘʤʢʘʭ ʨʦʟʚʠʪʢʫ ʝʣʝʢʪʨʦʥʥʦʾ ʢʦʤʝʨʮʽʾ, ʢʨʠʪʠʯʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʥʘʙʫʚʘʻ ʝʬʝʢʪʠʚʥʽʩʪʴ ʩʠʣʦʚʦʾ ʫʩʪʘʥʦʚʢʠ ʘʚʪʦʤʦʙʽʣʽʚ ʢʘʪʝʛʦʨʽʾ N1. ɸʚʪʦʤʦʙʽʣʽ ʢʘʪʝʛʦʨʽʾ N1 ʟʘʡʤʘʶʪʴ 

ʟʥʘʯʥʫ ʯʘʩʪʢʫ ʘʚʪʦʧʘʨʢʫ ʽ ʟʛʽʜʥʦ ʜʘʥʠʤʠ ʚʠʨʦʙʥʠʢʽʚ ʙʽʣʴʰʝ 75% ʨʦʙʦʯʦʛʦ ʯʘʩʪʫ ʧʨʘʮʶʶʪʴ ʚ ʤʽʩʴʢʦʤʫ ʨʝʞʠʤʽ 

ʨʫʭʫ. ʊʘʢʦʤʫ ʨʝʞʠʤʫ ʨʦʙʦʪʫ ʥʘʡʙʽʣʴʰ ʚʽʜʧʦʚʽʜʥʠʤ  ʚʠʛʣʷʜʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʽʙʨʠʜʥʦʛʦ ʩʠʣʦʚʦʾ ʫʩʪʘʥʦʚʢʠ, ʷʢʽ 

ʨʦʟʚʠʚʘʶʪʴʩʷ ʦʩʪʘʥʥʽ 20 ʨʦʢʽʚ ʪʘ ʰʠʨʦʢʦ ʚʧʨʦʚʘʜʞʫʶʪʴʩʷ ʚ ʣʝʛʢʦʚʦʤʫ ʪʨʘʥʩʧʦʨʪʽ.  ɺʠʷʚʣʝʥʦ ʟʥʘʯʥʝ  

ʚʽʜʩʪʘʚʘʥʥʷ ʚ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʪʘ ʧʨʘʢʪʠʯʥʽʡ ʨʝʘʣʽʟʘʮʽʾ ʛʽʙʨʠʜʥʠʭ ʩʠʩʪʝʤ ʜʣʷ ʮʴʦʛʦ ʪʠʧʫ ʪʨʘʥʩʧʦʨʪʫ. 

ɼʣʷ ʟʘʧʦʚʥʝʥʥʷ ʮʽʻʾ ʧʨʦʛʘʣʠʥʠ ʧʨʦʚʝʜʝʥʦ ʧʨʘʢʪʠʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʦʧʫʣʷʨʥʦʛʦ 

ʢʦʤʝʨʮʽʡʥʦʛʦ ʘʚʪʦʤʦʙʽʣʷ (MERSEDES SPRINTER 208 cdi, ɭʚʨʦ 6) ʚ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ ʥʘ ʧʨʦʪʷʟʽ 

ʪʠʧʦʚʦʛʦ ʨʦʙʦʯʦʛʦ ʜʥʷ, ʮʝ ʜʦʟʚʦʣʠʣʦ ʟʘʙʝʟʧʝʯʠʪʠ ʝʤʧʽʨʠʯʥʫ ʦʩʥʦʚʫ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʤʘʪʝʤʘʪʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ. ʐʣʷʭʦʤ ʘʥʘʣʽʟʫ ʜʘʥʠʭ ʟ ʙʦʨʪʦʚʦʛʦ ʢʦʤʧ'ʶʪʝʨʘ ʪʘ OBDII-ʩʢʘʥʝʨʘ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʦʩʦʙʣʠʚʦʩʪʽ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ ʮʠʢʣʫ, ʟʦʢʨʝʤʘ ʟʥʘʯʥʫ ʯʘʩʪʢʫ ʨʫʭʫ ʥʘʢʘʪʦʤ 35% ʰʣʷʭʫ (44,2ʢʤ), ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʧʦʪʝʥʮʽʘʣ 

ʜʣʷ ʨʝʢʫʧʝʨʘʮʽʾ ʝʥʝʨʛʽʾ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʽʙʨʠʜʥʦʾ ʩʠʣʦʚʦʾ ʫʩʪʘʥʦʚʢʠ ʚ ʨʝʞʠʤʽ ʯʘʩʪʠʭ ʟʫʧʠʥʦʢ. ʅʘ ʜʘʥʦʤʫ 

ʝʪʘʧʽ ʧʨʦʚʝʜʝʥʦ ʧʦʧʝʨʝʜʥʽʡ ʘʥʘʣʽʟ ʜʘʥʠʭ ʟʽʙʨʘʥʠʭ ʟ ʙʦʨʪʦʚʦʛʦ ʢʦʤʧôʶʪʝʨʘ ʚ ʨʦʟʨʽʟʽ 20-ʠ ʟʫʧʠʥʦʢ,  ʦʪʨʠʤʘʥʽ 

ʜʘʥʽ ʩʠʩʪʝʤʘʪʠʟʦʚʘʥʽ ʚ ʪʘʙʣʠʯʥʫ ʬʦʨʤʫ ʥʘ ʦʩʥʦʚʽ ʷʢʠʭ ʧʦʙʫʜʦʚʘʥʽ ʛʨʘʬʽʢʠ ʟʤʽʥʠ ʰʚʠʜʢʦʩʪʽ ʪʘ ʚʠʪʨʘʪʠ ʧʘʣʠʚʘ. 

ɿʽʙʨʘʥʽ ʜʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ OBDII-ʩʢʘʥʝʨʘ ʚʢʣʶʯʘʶʯʠ ʰʚʠʜʢʽʩʪʴ, ʧʨʠʩʢʦʨʝʥʥʷ, ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʜʚʠʛʫʥ, 

ʧʦʚʟʜʦʚʞʥʽʡ ʥʘʭʠʣ ʜʦʨʦʛʠ ʪʘ ʚʧʣʠʚ ʤʘʥʝʨʠ ʚʦʜʽʥʥʷ ʙʫʜʫʪʴ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʙʽʣʴʰ ʜʝʪʘʣʴʥʦʛʦ 

ʘʥʘʣʽʟʫ. ʆʪʨʠʤʘʥʽ ʝʤʧʽʨʠʯʥʽ ʜʘʥʽ ʣʷʞʫʪʴ ʚ ʦʩʥʦʚʫ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʠʪʴ 

ʨʦʟʨʦʙʠʪʠ ʦʧʪʠʤʘʣʴʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʛʽʙʨʠʜʥʦʾ ʩʠʣʦʚʦʾ ʫʩʪʘʥʦʚʢʠ, ʚʢʣʶʯʘʶʯʠ ʧʦʪʫʞʥʽʩʪʴ ʜʚʠʛʫʥʘ 

ʚʥʫʪʨʽʰʥʴʦʛʦ ʟʛʦʨʷʥʥʷ ʪʘ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ, ʘ ʪʘʢʦʞ ʻʤʥʽʩʪʴ ʪʷʛʦʚʦʾ ʙʘʪʘʨʝʾ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ 

ʩʧʨʠʷʪʠʤʫʪʴ ʥʝ ʪʽʣʴʢʠ  ʧʽʜʚʠʱʝʥʥʶ ʧʘʣʠʚʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ, ʱʦ ʧʨʠʟʚʝʜʝ ʜʦ ʟʙʽʣʴʰʝʥʥʷ 

ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʦʩʪʽ ʪʨʘʥʩʧʦʨʪʥʠʭ ʢʦʤʧʘʥʽʡ ʟʘʚʜʷʢʠ  ʟʥʠʞʝʥʥʶ ʩʫʢʫʧʥʦʾ ʚʘʨʪʦʩʪʽ ʚʦʣʦʜʽʥʥʷ (TCO), ʷʢ 

ʮʝ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʦʩʪʘʥʥʽ ʤʽʞʥʘʨʦʜʥʽ ʜʦʩʣʽʜʞʝʥʥʷ  (ʥʘʧʨʠʢʣʘʜ, TCO HEV-ʚʘʥʪʘʞʽʚʦʢ ʻ ʥʘʡʥʠʞʯʦʶ), ʘ ʡ 

ʩʧʨʠʷʪʠʤʝ ʟʥʠʞʝʥʥʶ ʰʢʽʜʣʠʚʠʭ ʚʠʢʠʜʽʚ ʦʩʦʙʣʠʚʦ ʚ ʤʽʩʴʢʦʤʫ ʮʠʢʣʽ, ʱʦ ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʥʝ ʥʘ ʝʢʦʣʦʛʽʯʥʫ 

ʩʠʪʫʘʮʽʶ, ʘ ʩʘʤʝ ʷʢʽʩʪʴ ʧʦʚʽʪʨʷ. 

         ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʚʪʦʤʦʙʽʣʴ, ʛʽʙʨʠʜʥʠʡ ʩʠʣʦʚʠʡ ʧʨʠʚʽʜ, ʫʤʦʚʠ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʰʚʠʜʢʽʩʪʴ, ʧʘʣʠʚʥʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ 

 

ɺʉʊʋʇ 

ʆʩʥʦʚʥʠʤ ʟʘʚʜʘʥʥʷ ʙʫʜʴ ʷʢʦʛʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ  ʻ ʧʝʨʝʚʝʟʝʥʥʷ ʣʶʜʝʡ ʪʘ ʚʘʥʪʘʞʫ ʟ 

ʥʝʦʙʭʽʜʥʦʶ ʰʚʠʜʢʽʩʪʶ ʽ ʚʦʜʥʦʯʘʩ ʟ ʥʘʡʤʝʥʰʦʶ ʚʠʪʨʘʪʦʶ ʨʝʩʫʨʩʽʚ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʷʛʦʚʦ-

ʰʚʠʜʢʽʩʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʧʘʣʠʚʥʦʾ  ʝʬʝʢʪʠʚʥʦʩʪʽ ʥʘʫʢʦʚʮʽ ʪʘ ʽʥʞʝʥʝʨʠ ʦʮʽʥʶʶʪʴ, ʥʘʤʘʛʘʶʪʴʩʷ 

ʤʽʥʽʤʽʟʫʚʘʪʠ ʚʧʣʠʚ ʨʷʜʫ ʩʠʣ, ʘʜʘʧʪʫʶʯʠ ʨʽʟʥʽ ʩʠʩʪʝʤʠ ʘʚʪʦʤʦʙʽʣʷ  ʜʣʷ ʾʭ ʧʦʜʦʣʘʥʥʷ, ʘ ʩʘʤʝ -  ʩʠʣ 

ʽʥʝʨʮʽʾ (ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʘʩʠ), ʩʠʣ ʦʧʦʨʫ ʜʦʨʦʛʠ (ʦʧʽʨ ʢʦʯʝʥʥʶ ʪʘ ʥʘʭʠʣ ʜʦʨʦʛʠ) ʪʘ ʩʠʣʠ ʦʧʦʨʫ ʧʦʚʽʪʨʷ. 

ʊʦʤʫ ʧʦʩʪʽʡʥʦ ʥʘʤʘʛʘʶʪʴʩʷ ʟʨʦʙʠʪʠ ʘʚʪʦʤʦʙʽʣʴ ʣʝʛʰʠʤ, ʦʙʪʽʯʥʠʤ ʪʘ ʧʣʘʚʥʠʤ. ʂʣʶʯʦʚʠʤ ʟʘʩʦʙʦʤ, 

ʤʝʪʦʜʦʤ ʜʦʩʷʛʥʝʥʥʷ ʦʧʪʠʤʘʣʴʥʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʻ  ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʠʣʦʚʠʭ ʫʩʪʘʥʦʚʦʢ ʟ ʥʘʡʚʠʱʠʤ 

ʂʂɼ ʪʘ ʪʨʘʥʩʤʽʩʽʾ, ʷʢʘ ʙ ʟʘʙʝʟʧʝʯʫʚʘʣʘ  ʨʦʙʦʪʫ ʜʚʠʛʫʥʘ ʚ ʦʧʪʠʤʘʣʴʥʦʤʫ ʨʝʞʠʤʽ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ 

ʩʫʪʪʻʚʝ ʟʙʽʣʴʰʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʘʚʪʦʤʦʙʽʣʽʚ ʟ ʤʦʤʝʥʪʫ ʾʭ ʤʘʩʦʚʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʪʘʢʽ ʧʨʦʮʝʩʠ ʷʢ 

ʩʪʨʽʤʢʝ  ʟʙʽʣʴʰʝʥʥʷ ʧʘʨʢʫ ʘʚʪʦʤʦʙʽʣʽʚ, ʘ ʪʘʢʦʞ ʧʦʩʠʣʝʥʥʷ ʧʨʦʮʝʩʫ  ʫʨʙʘʥʽʟʘʮʽʾ ʧʦʛʽʨʰʫʻ ʝʢʦʣʦʛʽʯʥʽ 

ʧʦʢʘʟʥʠʢʠ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʥʘ ʩʪʽʣʴʢʠ, ʱʦ 90% ʥʘʩʝʣʝʥʥʷ ʩʚʽʪʫ ʜʠʭʘʻ ʧʦʚʽʪʨʷʤ ʷʢʝ ʥʝ 

ʚʽʜʧʦʚʽʜʘʻ ʩʪʘʥʜʘʨʪʘʤ ɺʆʆɿ [1] , ʘ ʮʠʢʣʽʯʥʽ ʥʘʬʪʦʚʽ ʢʨʠʟʠ ʪʘ ʚʠʯʝʨʧʥʽʩʪʴ ʨʝʩʫʨʩʽʚ ʧʽʜʚʠʱʫʻ ʮʽʥʠ ʥʘ 

ʧʘʣʴʥʝ ʟ ʧʦʜʚʽʡʥʦʶ ʩʠʣʦʶ.  

ɸʚʪʦʤʦʙʽʣʴʥʠʡ ʪʨʘʥʩʧʦʨʪ ʧʨʦʜʫʢʫʻ 18% ʩʚʽʪʦʚʠʭ ʚʠʢʠʜʽʚ COϜ, 13%  ʟ ʷʢʠʭ ʧʨʠʧʘʜʘʻ ʥʘ 
ʚʘʥʪʘʞʥʽ ʘʚʪʦʤʦʙʽʣʽ ʢʘʪʝʛʦʨʽʾ N1[3]. ʆʩʦʙʣʠʚʦ ʛʦʩʪʨʦ ʧʠʪʘʥʥʷ ʧʦʩʪʘʻ ʧʽʜ ʯʘʩ ʨʫʭʫ ʤʽʩʪʦʤ. ʋ 

ʤʽʩʴʢʦʤʫ ʨʝʞʠʤʽ ʨʫʭʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ ʪʨʘʜʠʮʽʡʥʦʛʦ ʜʚʠʛʫʥʘ ʚʥʫʪʨʽʰʥʴʦʛʦ ʟʛʦʨʷʥʥʷ ʟʥʘʯʥʦ 

ʧʘʜʘʻ, ʘ ʨʽʚʝʥʴ ʚʠʢʠʜʽʚ ʰʢʽʜʣʠʚʠʭ ʨʝʯʦʚʠʥ, ʰʫʤʦʚʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ, ʝʢʦʥʦʤʽʯʥʠʭ ʟʙʠʪʢʽʚ ʟʨʦʩʪʘʻ. [2]. 

ɿʛʽʜʥʦ ʜʘʥʠʭ ʚʠʨʦʙʥʠʢʽʚ ʣʝʛʢʠʡ ʢʦʤʝʨʮʽʡʥʠʡ ʪʨʘʥʩʧʦʨʪ ʢʘʪʝʛʦʨʽʾ N1 ʥʘ 75% ʨʦʙʦʯʦʛʦ ʯʘʩʪʫ 

ʧʨʘʮʶʶʪʴ ʤʽʩʴʢʦʤʫ ʨʝʞʠʤʽ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʝʨʝʚʘʞʥʦ ʪʨʘʜʠʮʽʡʥʠʡ ɼɺɿ.  

ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʰʚʠʜʢʦ ʥʘʙʫʚʘʶʪʴ ʧʦʧʫʣʷʨʥʽʩʪʴ ʝʣʝʢʪʨʦʤʦʙʽʣʽ, ʥʘʨʘʟʽ ʚʠʧʫʩʢʘʶʪʴʩʷ ʨʷʜ 

ʤʦʜʝʣʝʡ, ʱʦ ʟʜʘʪʥʽ ʧʨʦʾʞʜʞʘʪʠ ʜʦ 500-600 ʢʤ ʥʘ ʦʜʥʽʡ ʟʘʨʷʜʮʽ. ɿʥʠʞʝʥʽ ʧʦʜʘʪʢʠ, ʛʘʨʘʥʪʽʷ ʥʘ ʙʘʪʘʨʝʶ 

ʜʦʟʚʦʣʷʶʪʴ ʟʙʽʣʴʰʠʪʠ ʢʽʣʴʢʽʩʪʴ ʚʣʘʩʥʠʢʽʚ ʝʣʝʢʪʨʦʤʦʙʽʣʽʚ, ʧʨʦʪʝ ʮʽ ʘʚʪʦʤʦʙʽʣʽ ʤʘʶʪʴ ʨʷʜ ʥʝʜʦʣʽʢʽʚ. 

ʎʝ ʙʽʣʴʰ ʚʠʩʦʢʘ ʮʽʥʘ, ʜʦʚʛʠʡ ʯʘʩ ʟʘʨʷʜʞʘʥʥʷ, ʩʪʨʽʤʢʝ ʧʘʜʽʥʥʷ ʟʘʣʠʰʢʦʚʦʾ ʚʘʨʪʦʩʪʽ, ʪʘ ʝʢʦʣʦʛʽʯʥʽ 
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ʥʘʩʣʽʜʢʠ, ʧʦʚôʷʟʘʥʽ ʟ ʙʽʣʴʰʦʶ  ʤʘʩʦʶ, ʚʠʩʦʢʠʤ ʢʨʫʪʥʠʤ ʤʦʤʝʥʪʦʤ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʘʜʤʽʨʥʦʛʦ 

ʩʧʨʘʮʶʚʘʥʥʷ ʰʠʥ ʪʘ  ʧʨʦʙʣʝʤʠ, ʧʦʚôʷʟʘʥʽ ʟ  ʚʠʜʦʙʫʪʢʦʤ ʣʽʪʽʶ, ʫʪʠʣʽʟʘʮʽʻʶ ʪʷʛʦʚʠʭ ʘʢʫʤʫʣʷʪʦʨʽʚ.  

         ʅʘʡʙʽʣʴʰ ʦʧʪʠʤʘʣʴʥʠʤ ʟʙʘʣʘʥʩʦʚʘʥʠʤ ʪʘ ʧʨʘʢʪʠʯʥʠʤ ʨʽʰʝʥʥʷʤ ʚ ʦʛʣʷʜʦʚʽʡ ʢʦʨʦʪʢʦʩʪʨʦʢʦʚʽʡ 

ʧʝʨʩʧʝʢʪʠʚʥʽ  ʻ ʰʠʨʰʝ ʚʧʨʦʚʘʜʞʝʥʥʷ ʛʽʙʨʠʜʥʠʭ ʩʠʣʦʚʠʭ ʫʩʪʘʥʦʚʦʢ ʜʣʷ ʘʚʪʦʤʦʙʽʣʽʚ ʢʘʪʝʛʦʨʽʾ N1, ʜʝ  

ʜʦ ʪʨʘʜʠʮʽʡʥʦʛʦ ɼɺɿ ʜʦʜʘʶʪʴ ʧʦʪʫʞʥʠʡ ʝʣʝʢʪʨʦʜʚʠʛʫʥ ʟ ʧʦʪʫʞʥʠʤ ʘʢʫʤʫʣʷʪʦʨʦʤ ʜʣʷ ʜʦʧʦʤʦʛʠ ʯʠ  

ʧʦʚʥʦʮʽʥʥʦʛʦ ʨʫʭʫ ʘʚʪʦʤʦʙʽʣʷ ʥʘ ʝʣʝʢʪʨʦʪʷʟʽ. ɻʽʙʨʠʜʥʽ ʩʠʣʦʚʽ ʫʩʪʘʥʦʚʢʠ ʧʦʻʜʥʫʶʪʴ ʚ ʩʦʙʽ ʧʝʨʝʚʘʛʠ 

ʷʢ ʪʨʘʜʠʮʽʡʥʠʭ ʜʚʠʛʫʥʽʚ ʚʥʫʪʨʽʰʥʴʦʛʦ ʟʛʦʨʷʥʥʷ, ʪʘʢ ʽ ʝʣʝʢʪʨʠʯʥʠʭ ʤʦʪʦʨʽʚ. ʎʝ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ 

ʨʘʭʫʥʦʢ ʪʦʛʦ, ʱʦ ʝʣʝʢʪʨʦʜʚʠʛʫʥ ʤʘʻ ʟʥʘʯʥʦ ʙʽʣʴʰʠʡ ʢʨʫʪʥʠʡ ʤʦʤʝʥʪ ʥʘ ʥʠʟʴʢʠʭ ʦʙʝʨʪʘʭ, ʥʘ ʚʽʜʤʽʥʫ 

ʚʽʜ ɼɺɿ, ʱʦ ʜʦʟʚʦʣʷʻ ʝʬʝʢʪʠʚʥʦ ʨʦʟʛʘʥʷʪʠʩʷ.    ʇʽʜ ʯʘʩ ʛʘʣʴʤʫʚʘʥʥʷ ʪʘ ʨʫʭʫ ʧʦ ʽʥʝʨʮʽʾ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʟʚʦʨʦʪʥʠʡ ʧʨʦʮʝʩ: ʝʣʝʢʪʨʦʜʚʠʛʫʥ ʚ ʨʝʞʠʤʽ ʛʝʥʝʨʘʪʦʨʘ ʧʦʯʠʥʘʻ ʟʘʨʷʜʞʘʪʠ ʙʘʪʘʨʝʶ,  ʪʠʤ ʩʘʤʠʤ 

ʟʘʦʱʘʜʞʫʶʯʠ ʛʘʣʴʤʽʚʥʫ ʩʠʩʪʝʤʫ. ʆʪʞʝ ʩʧʫʩʢʠ ʪʘ ʥʝʦʙʭʽʜʥʽʩʪʴ ʛʘʣʴʤʫʚʘʥʥʷ ʟʘʨʷʜʞʘʶʪʴ ʙʘʪʘʨʝʶ, ʱʦ 

ʟʙʽʣʴʰʫʻ ʟʘʧʘʩ ʭʦʜʫ, ʱʦ ʨʦʙʠʪʴ ʾʭ  ʥʦʚʠʤ ʜʞʝʨʝʣʦʤ ʝʥʝʨʛʽʾ. 

        ʇʦʻʜʥʘʥʥʷ ʨʦʙʦʪʠ ɼɺɿ ʽ ʝʣʝʢʪʨʠʯʥʦʛʦ ʜʚʠʛʫʥʽʚ ʫ ʛʽʙʨʠʜʥʠʭ ʘʚʪʦʤʦʙʽʣʷʭ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ  

ʦʧʪʠʤʘʣʴʥʦʛʦ ʙʘʣʘʥʩʫ ʤʽʞ ʧʘʣʠʚʥʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ ʪʘ ʪʷʛʦʚʦ-ʰʚʠʜʢʽʩʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʘ 

ʛʦʣʦʚʥʝ ʤʦʞʝ ʜʦʟʚʦʣʠʪʠ ʟʥʠʟʠʪʠ ʚʠʪʨʘʪʠ ʧʘʣʴʥʦʛʦ ʜʦ 50 %  ʚ ʤʽʩʴʢʦʤʫ ʮʠʢʣʽ [3]. ʊʘʢ ʷʢ ʛʽʙʨʠʜʥʽ 

ʩʠʣʦʚʽ ʫʩʪʘʥʦʚʢʠ ʧʦʻʜʥʫʶʪʴ ʚ ʩʦʙʽ ʧʝʨʝʚʘʛʠ ʷʢ ʪʨʘʜʠʮʽʡʥʠʭ ʜʚʠʛʫʥʽʚ ʚʥʫʪʨʽʰʥʴʦʛʦ ʟʛʦʨʷʥʥʷ ʪʘ 

ʝʣʝʢʪʨʠʯʥʠʭ ʤʦʪʦʨʽʚ, ʮʝ ʜʦʟʚʦʣʷʻ ʾʤ ʙʫʪʠ ʙʽʣʴʰ ʝʢʦʥʦʤʽʯʥʠʤʠ, ʝʢʦʣʦʛʽʯʥʠʤʠ,  ʧʦʪʫʞʥʠʤʠ ʪʘ 

ʚʠʪʨʠʚʘʣʠʤʠ, ʥʽʞ ʯʠʩʪʦ ʝʣʝʢʪʨʠʯʥʽ ʤʦʜʝʣʽ, ʦʩʦʙʣʠʚʦ ʜʣʷ ʪʨʠʚʘʣʠʭ ʤʘʨʰʨʫʪʽʚ.  

         ʅʘʨʘʟʽ ʧʨʦʚʽʜʥʽ ʢʨʘʾʥʠ-ʚʠʨʦʙʥʠʢʠ ʘʚʪʦʤʦʙʽʣʽʚ, ʪʘʢʽ ʷʢ ʂʠʪʘʡ, ʗʧʦʥʽʷ ʪʘ ʢʨʘʾʥʠ ɭʚʨʦʧʝʡʩʴʢʦʛʦ 

ʉʦʶʟʫ, ʘʢʪʠʚʥʦ ʚʧʨʦʚʘʜʞʫʶʪʴ ʨʽʟʥʦʤʘʥʽʪʥʽ ʩʪʠʤʫʣʠ ʜʣʷ ʧʨʠʜʙʘʥʥʷ ʛʽʙʨʠʜʥʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ, 

ʥʘʤʘʛʘʶʯʠʩʴ ʟʙʽʣʴʰʠʪʠ ʾʭ ʯʘʩʪʢʫ ʥʘ ʨʠʥʢʫ. ʅʘʧʨʠʢʣʘʜ, ʫ ʂʠʪʘʾ ʧʦʩʪʘʚʣʝʥʘ ʤʝʪʘ, ʱʦʙ ʜʦ 2035 ʨʦʢʫ 

ʛʽʙʨʠʜʥʽ ʝʣʝʢʪʨʦʤʦʙʽʣʽ (HEV), ʷʢʽ ʧʨʦʜʘʶʪʴʩʷ ʥʘ ʚʥʫʪʨʽʰʥʴʦʤʫ ʨʠʥʢʫ, ʩʪʘʥʦʚʠʣʠ 100% ʚʽʜ ʟʘʛʘʣʴʥʦʾ 

ʢʽʣʴʢʦʩʪʽ ʣʝʛʢʦʚʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʥʘ ʪʨʘʜʠʮʽʡʥʦʤʫ ʧʘʣʠʚʽ (ʂʠʪʘʡʩʴʢʝ ʪʦʚʘʨʠʩʪʚʦ ʘʚʪʦʤʦʙʽʣʴʥʦʾ 

ʽʥʞʝʥʝʨʽʾ, 2020). ɺ ɭʚʨʦʧʽ, ʜʝ ʪʨʘʥʩʧʦʨʪ ʜʦʩʪʘʚʢʠ ʩʪʘʥʦʚʠʪʴ ʯʚʝʨʪʴ ʚʠʢʠʜʽʚ, ʛʽʙʨʠʜʠʟʘʮʽʷ ʜʠʟʝʣʴʥʠʭ 

ʘʚʪʦʤʦʙʽʣʽʚ ʻ ʢʣʶʯʦʚʠʤ ʨʽʰʝʥʥʷʤ. ɿʦʥʠ ʟ ʥʠʟʴʢʠʤ ʨʽʚʥʝʤ ʚʠʢʠʜʽʚ, ʦʙʤʝʞʝʥʥʷ CO2 ʜʦ 147 ʛ/ʢʤ (ɭʉ, 

2020 ʨʽʢ) ʩʪʠʤʫʣʶʶʪʴ ʧʝʨʝʭʽʜ ʥʘ HEV, PHEV ʪʘ EV. 

         ɸʅɸʃɯɿ ʃɯʊɽʈɸʊʋʈʅʀʍ ɼɸʅʀʍ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ 
         ɼʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʛʽʙʨʠʜʥʠʭ ʩʠʩʪʝʤ ʚʠʢʦʨʠʩʪʘʥʦ ʨʝʟʫʣʴʪʘʪʠ ʜʦʨʦʞʥʽʭ ʚʠʧʨʦʙʫʚʘʥʴ, 

ʧʨʦʚʝʜʝʥʠʭ ʚ ʨʽʟʥʠʭ ʢʨʘʾʥʘʭ, ʘ ʪʘʢʦʞ ʘʥʘʣʽʟ ʝʢʦʥʦʤʽʯʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʇʽʩʣʷ ʚʽʜʦʤʦʛʦ 

ʩʢʘʥʜʘʣʫ, ʪʘʢ ʟʚʘʥʦʛʦ çɼʠʟʝʣʴʛʝʡʪè, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʜʦʨʦʞʥʽʭ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘʜ 

ʣʘʙʦʨʘʪʦʨʥʠʤʠ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʘʪʠ ʨʝʘʣʴʥʽ ʜʘʥʽ, ʷʢʽ ʚ ʨʘʟʠ ʙʽʣʴʰʽ. ʈʝʟʫʣʴʪʘʪʠ ʦʩʪʘʥʥʽʭ 

ʜʦʩʣʽʜʞʝʥʴ ʫ ʉʐɸ, ʂʘʥʘʜʽ, ʃʘʪʠʥʩʴʢʽʡ ɸʤʝʨʠʮʽ, ɯʪʘʣʽʾ, ʂʠʪʘʾ  ʜʝʤʦʥʩʪʨʫʶʪʴ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʦʚʥʦʮʽʥʥʠʭ ʛʽʙʨʠʜʥʠʭ ʩʠʣʦʚʠʭ ʫʩʪʘʥʦʚʦʢ HEV ʪʘ PHEV ʜʣʷ ʘʚʪʦʤʦʙʽʣʽʚ ʟʥʘʯʥʦ ʟʤʝʥʰʫʻ ʚʠʪʨʘʪʠ 

ʧʘʣʠʚʘ ʪʘ ʨʽʚʝʥʴ ʰʢʽʜʣʠʚʠʭ ʚʠʢʠʜʽʚ, ʘ ʛʽʙʨʠʜʥʽ ʪʝʭʥʦʣʦʛʦʚʽ ʥʘ ʩʴʦʛʦʜʥʽ ʻ ʧʝʨʰʠʤ ʢʨʦʢʦʤ ʨʦʟʚʠʪʢʫ. 

ɿʦʢʨʝʤʘ, ʫ ʉʐɸ ʂʝʨôʷʣʘʡʥʝʨ  ʪʘ ʽʥ. [5] ʧʨʦʚʝʣʠ ʜʦʨʦʞʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ, ʫ ʷʢʠʭ ʧʦʨʽʚʥʷʣʠ ʨʝʘʣʴʥʽ 

ʚʠʢʠʜʠ ʥʘʥʦʯʘʩʪʠʥʦʢ, ʪʚʝʨʜʠʭ ʯʘʩʪʠʥʦʢ ʪʘ ʩʘʞʽ ʚʽʜ ʛʽʙʨʠʜʥʦʛʦ PHEV ʘʚʪʦʤʦʙʽʣʷ (Volkswagen Passat 

2017), ʱʦ ʧʽʜʢʣʶʯʘʻʪʴʩʷ, ʫ ʧʦʨʽʚʥʷʥʥʽ ʟʽ ʟʚʠʯʘʡʥʠʤʠ ʙʝʥʟʠʥʦʚʠʤʠ ʘʚʪʦʤʦʙʽʣʷʤʠ. ʋʤʦʚʠ 

ʚʠʧʨʦʙʫʚʘʥʥʷ  - ʮʝ 2 ʤʘʨʰʨʫʪʠ ʟ ʨʽʟʥʠʤʠ ʫʤʦʚʘʤʠ, ʤʽʩʪʦ ʪʘ ʰʦʩʝ. ʇʨʦʚʝʜʝʥʝ  ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʦ, 

ʱʦ PHEV ʤʘʻ ʥʠʞʯʠʡ  ʨʽʚʝʥʴ ʚʠʢʠʜʽʚ ʪʚʝʨʜʠʭ ʯʘʩʪʠʥʦʢ ʤʘʡʞʝ ʫ 10 ʨʘʟʽʚ. 

         ɺʘʥ ʪʘ ʽʥ. [6] ʧʨʦʚʝʣʠ ʜʦʨʦʞʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʟ ʦʜʥʠʤ  ʛʽʙʨʠʜʦʤ PHEV ʟ ʧʘʨʘʣʝʣʴʥʠʤ 

ʧʽʜʢʣʶʯʝʥʥʷʤ, ʦʮʽʥʶʶʯʠ ʝʢʦʥʦʤʽʯʥʽʩʪʴ ʪʘ ʨʽʚʝʥʴ ʰʢʽʜʣʠʚʠʭ ʚʠʢʠʜʽʚ (CO, NOx ʪʘ ʪʚʝʨʜʠʭ ʯʘʩʪʠʥʦʢ) 

ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʽʚʥʷ ʟʘʨʷʜʫ ʙʘʪʘʨʝʾ ʪʘ ʨʝʞʠʤʫ ʨʦʙʦʪʠ ɻʉʋ. ɰʤ ʚʜʘʣʦʩʷ ʚʠʷʚʠʪʠ, ʱʦ ʨʽʚʝʥʴ ʧʠʪʦʤʦʾ 

ʚʠʪʨʘʪʠ ʝʥʝʨʛʽʾ ʙʫʚ ʥʘ 45% ʚʠʱʠʤ ʟʘ ʦʮʽʥʢʘʤʠ WTW (ʚʽʜ ʩʚʝʨʜʣʦʚʠʥʠ ʜʦ ʢʦʣʽʩ) ʚ ʨʝʞʠʤʽ ʧʽʜʪʨʠʤʢʠ 

ʟʘʨʷʜʫ ʙʘʪʘʨʝʾ  (ɼɺɿ ʧʨʘʮʶʻ) ʧʦʨʽʚʥʷʥʦ ʟ ʨʝʞʠʤʦʤ ʨʦʟʨʷʜʫ ʙʘʪʘʨʝʾ, ʢʦʣʠ ʘʚʪʦʤʦʙʽʣʴ ʨʫʭʘʻʪʴʩʷ ʚ 

ʨʝʞʠʤʽ ʝʣʝʢʪʨʦʤʦʙʽʣʷ.  ʍʫʘʥʛ ʈʦʥʛ ʪʘ ʽʥ. [7]  ʫ 2022 ʨʦʮʽ ʧʨʦʚʝʣʠ ʜʦʨʦʞʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ, ʦʮʽʥʶʶʯʠ 

ʧʝʨʝʚʘʛʠ ʟʚʠʯʘʡʥʠʭ HEV ʥʘʜ ʪʨʘʜʠʮʽʡʥʠʤʠ ʊɿ ʟ ɼɺɿ ʚ ʢʦʥʪʝʢʩʪʽ ʩʧʦʞʠʚʘʥʥʷ ʧʘʣʠʚʘ ʪʘ ʨʽʚʥʷ 

ʰʢʽʜʣʠʚʠʭ ʚʠʢʠʜʽʚ ʫ ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ ʨʦʙʦʪʠ, ʘ ʩʘʤʝ ʚ ʩʧʦʢʽʡʥʽʡ ʪʘ ʘʛʨʝʩʠʚʥʽʡ ʤʘʥʝʨʽ ʚʦʜʽʥʥʷ. 

ɻʽʙʨʠʜʥʘ ʩʠʣʦʚʘ ʫʩʪʘʥʦʚʢʘ   ʤʘʣʘ ʥʘ 41% ʢʨʘʱʫ ʧʘʣʠʚʥʫ ʝʢʦʥʦʤʽʯʥʽʩʪʴ ʚ ʤʽʩʴʢʠʭ ʫʤʦʚʘʭ, ʘ ʚʠʢʠʜʠ 

COϜ ʽ NOx ʙʫʣʠ ʟʥʠʞʝʥʽ ʥʘ 33% ʽ 61%,  ʦʜʥʘʢ ʢʽʣʴʢʽʩʪʴ ʪʚʝʨʜʠʭ ʯʘʩʪʠʥʦʢ ʪʘ CO ʙʫʣʦ ʚʠʱʠʤ ʥʽʞ ʫ 
ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʜʚʠʛʫʥʘʤʠ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʯʘʩʪʠʤʠ ʟʫʧʠʥʢʘʤʠ ʪʘ 

ʧʝʨʝʟʘʧʫʩʢʘʤʠ ɼɺɿ ʜʣʷ HEV. ʋ ʟʚᾷʷʟʢʫ ʟ ʮʠʤ  ʜʣʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʨʽʚʥʷʥʥʷ ʧʘʣʠʚʥʦʾ ʝʢʦʥʦʤʽʯʥʦʩʪʽ 

ʪʘ ʧʦʢʘʟʥʠʢʽʚ ʰʢʽʜʣʠʚʠʭ ʚʠʢʠʜʽʚ ʙʫʚ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʽʥʜʝʢʩ ʦʮʽʥʢʠ ʨʝʘʣʴʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʫ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ. ʎʝ ʜʦʚʦʜʠʪʴ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʦʻʜʥʘʥʥʷ ʩʪʨʘʪʝʛʽʡ ʦʨʽʻʥʪʦʚʘʥʠʭ ʥʘ ʧʘʣʠʚʥʫ ʝʢʦʥʦʤʽʯʥʽʩʪʴ 

ʪʘ ʢʦʥʪʨʦʣʴ ʚʠʢʠʜʽʚ. 

         ʈʦʙʝʨʪʘ ʜʝ ʈʫʙʽʦ ʪʘ ʽʥ. (2022) [8]  ʜʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʛʽʙʨʠʜʥʦʾ ʩʠʣʦʚʦʾ ʫʩʪʘʥʦʚʢʠ  

ʚʠʢʦʨʠʩʪʘʣʠ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ADvanced VehIcle SimulatOR (ADVISOR). ɿʘ ʡʦʛʦ ʜʦʧʦʤʦʛʦʶ 
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ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʾʟʜʦʚʠʭ ʮʠʢʣʽʚ, ʟʦʢʨʝʤʘ ʉʚʽʪʦʚʦʛʦ ʫʟʛʦʜʞʝʥʦʛʦ ʮʠʢʣʫ ʚʠʧʨʦʙʫʚʘʥʴ ʜʣʷ 

ʣʝʛʢʦʚʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ (WLTC). ɹʫʣʘ ʩʪʚʦʨʝʥʘ ʚʽʨʪʫʘʣʴʥʘ ʤʦʜʝʣʴ ʢʦʤʝʨʮʽʡʥʦʛʦ ʜʠʟʝʣʴʥʦʛʦ 

ʛʽʙʨʠʜʥʦʛʦ ʝʣʝʢʪʨʦʤʦʙʽʣʷ ʟ ʧʘʨʘʣʝʣʴʥʦʶ ʢʦʥʬʽʛʫʨʘʮʽʻʶ, ʷʢʫ ʚʝʨʠʬʽʢʫʚʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ, ʦʪʨʠʤʘʥʠʭ ʚʽʜ ʨʝʘʣʴʥʦʛʦ ʜʠʟʝʣʴʥʦʛʦ ʜʚʠʛʫʥʘ. ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʦʢʘʟʘʣʠ ʟʥʘʯʥʫ ʧʝʨʝʚʘʛʫ ʛʽʙʨʠʜʥʦʾ ʩʠʩʪʝʤʠ, ʟʦʢʨʝʤʘ ʫ ʨʝʞʠʤʽ ʚʠʩʥʘʞʝʥʥʷ ʟʘʨʷʜʫ (Charge Depleting) 

ʟʘʬʽʢʩʦʚʘʥʦ ʟʥʠʞʝʥʥʷ ʩʧʦʞʠʚʘʥʥʷ ʧʘʣʠʚʘ ʪʘ ʚʠʢʠʜʽʚ   COϜ ʜʦ   73%, ʘ ʦʢʩʠʜʽʚ ʘʟʦʪʫ ð ʜʦ 69%.         

ʋ ʨʝʞʠʤʽ ʧʽʜʪʨʠʤʢʠ ʟʘʨʷʜʫ (Charge Sustaining) ʮʽ ʧʦʢʘʟʥʠʢʠ ʩʪʘʥʦʚʠʣʠ 30% ʜʣʷ ʧʘʣʠʚʘ ʪʘ COϜ ʪʘ 
15,6% ʜʣʷ ʦʢʩʠʜʽʚ ʘʟʦʪʫ. 

 
ʈʠʩʫʥʦʢ1- ɼʽʘʛʨʘʤʘ ʧʦʨʽʚʥʷʥʥʷ ʨʽʚʥʷ ʰʢʽʜʣʠʚʠʭ ʚʠʢʠʜʽʚ PHEV ʧʨʦʪʠ ɼɺɿ [4] 

          

ʐʘʧʘʣʢʦ ʪʘ ʽʥ. [3] ʜʦʚʝʣʠ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ɻʉʋ ʥʘ ʚʘʥʪʘʞʥʠʭ ʘʚʪʦʤʦʙʽʣʷʭ, ʟ ʪʦʯʢʠ ʟʦʨʫ 

ʝʢʦʥʦʤʽʾ ʧʘʣʠʚʘ ʪʘ ʟʤʝʥʰʝʥʥʷ ʰʢʽʜʣʠʚʠʭ ʚʠʢʠʜʽʚ, ʟʥʘʯʥʦ ʝʬʝʢʪʠʚʥʽʰʝ, ʥʽʞ ʥʘ ʣʝʛʢʦʚʠʭ. 

         ɿʛʽʜʥʦ ʜʦʩʣʽʜʞʝʥʴ 2023 ʨ. ʫ ʂʠʪʘʾ, ʜʝ ʘʥʘʣʽʟʫʶʪʴʩʷ ʝʢʦʣʦʛʽʯʥʽ (WTW ïʚʠʢʠʜʠ CO2 ʚʽʜ 

ʩʚʝʨʜʣʦʚʠʥʠ ʜʦ ʢʦʣʽʩ ) ʪʘ ʝʢʦʥʦʤʽʯʥʽ ʧʦʢʘʟʥʠʢʠ (TCO-ʩʫʢʫʧʥʘ ʚʘʨʪʽʩʪʴ ʚʦʣʦʜʽʥʥʷ) ʜʠʟʝʣʴʥʠʭ, 

ʟʚʠʯʘʡʥʠʭ ʛʽʙʨʠʜʥʠʭ ʪʘ ʛʽʙʨʠʜʥʠʭ ʚʘʥʪʘʞʽʚʦʢ ʟ ʤʦʞʣʠʚʽʩʪʶ ʧʽʜʢʣʶʯʝʥʥʷ ʜʦ ʤʝʨʝʞʽ ʟ ʨʽʟʥʠʤʠ 

ʢʦʝʬʽʮʽʻʥʪʘʤʠ ʛʽʙʨʠʜʠʟʘʮʽʾ   ʽ   ʻʤʥʦʩʪʷʤʠʘʢʫʤʫʣʷʪʦʨʽʚ   50, 100 ʠ 150 ʢɺʪ/ʛ ʰʣʷʭʦʤ ʧʦʨʽʚʥʷʥʥʷ 

ʚʠʢʠʜʽʚ CO2 ʽ ʱʽʣʴʥʦʩʪʽ ʝʥʝʨʛʽʾ ʘʢʫʤʫʣʷʪʦʨʘ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʽʩʪʴ ʚʽʜʩʪʘʥʝʡ ʧʦʾʟʜʢʠ ʚʽʜ 100 

ʜʦ 800 ʢʤ [9]. 

          ɽʬʝʢʪ ʝʢʦʥʦʤʽʾ ʧʘʣʴʥʦʛʦ ʜʣʷ micro-HEV, MHEV ʪʘ HEV  ʟʘʦʱʘʜʞʫʻ  3,5%, 16% ʽ 20% ʚʠʪʨʘʪʠ 

ʜʠʟʝʣʴʥʦʛʦ ʧʘʣʴʥʦʛʦ ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʦʶ ʩʠʣʦʚʦʶ ʫʩʪʘʥʦʚʢʦʶ ʫ ʟʤʽʰʘʥʦʤʫ ʮʠʢʣʽ. 

ʇʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ ʚʘʨʪʽʩʪʴ ʟʘʨʷʜʢʠ, ʘʢʫʤʫʣʷʪʦʨʽʚ ʯʝʨʝʟ ʧʦʰʠʨʝʥʽʩʪʴ ʪʘ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʡ ʙʫʜʝ 

ʟʥʠʞʫʚʘʪʠʩʷ, ʘ ʮʽʥʘ ʥʘ ʥʘʬʪʦʚʝ ʧʘʣʴʥʝ ʙʫʜʝ ʩʪʘʙʽʣʴʥʦ ʟʨʦʩʪʘʪʠ. ɸʚʪʦʨʘʤʠ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ 

ʟʘʛʘʣʴʥʦʾ ʚʘʨʪʦʩʪʽ ʚʦʣʦʜʽʥʥʷ ʟ ʪʦʯʢʠ ʟʦʨʫ ʚʘʨʪʦʩʪʽ ʚʘʪʘʞʥʦʛʦ ʘʚʪʦʤʦʙʽʣʷ, ʚʘʨʪʦʩʪʽ ʧʘʣʴʥʦʛʦ ʪʘ ʚʠʪʨʘʪ 

ʥʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʨʠʩ.2 [9]. 
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                        ʈʠʩʫʥʦʢ 1.3. ʇʦʨʽʚʥʷʥʥʷ ʚʘʨʪʦʩʪʽ ʚʦʣʦʜʽʥʥʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʪ ʪʠʧʫ ʉʋ[9] 

          

HEV ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʚ  ʥʘʡʥʠʞʯʫ TCO. ʉʫʢʫʧʥʘ ʚʘʨʪʽʩʪʴ Plug-in ʟʙʽʣʴʰʫʚʘʣʘʩʷ ʟ ʻʤʥʽʩʪʶ 

ʙʘʪʘʨʝʾ, ʽ ʟ ʥʘʡʙʽʣʴʰʦʶ ʙʘʪʘʨʝʻʶ  ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʩʫʢʫʧʥʦʾ ʚʘʨʪʦʩʪʽ ʫʪʨʠʤʘʥʥʷ ʜʠʟʝʣʴʥʦʛʦ ʜʚʠʛʫʥʘ. 

ʎʝ ʧʦʚôʷʟʘʥʦ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʝʨʮʽʡʥʠʭ ʟʘʨʷʜʥʠʭ ʩʪʘʥʮʽʡ ʪʽ ʙʽʣʴʰʽʡ ʮʽʥʽ ʥʘ ʧʦʢʫʧʢʫ ʘʚʪʦʤʦʙʽʣʷ ʟ 

ʙʽʣʴʰʦʶ ʙʘʪʘʨʝʻʶ. ʋ ʮʽʡ ʞʝ ʨʦʙʦʪʽ ʧʨʦʚʝʜʝʥʦ  ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʛʘʪʠʚʥʦʛʦ ʚʧʣʠʚʫ ʥʘ ʝʢʦʣʦʛʽʶ, ʘ ʩʘʤʝ 

ʩʢʽʣʴʢʠ ʛʨ/ʢʤ ʉʆ2 ʙʫʜʝ ʚʠʜʽʣʝʥʦ ʚʘʞʢʠʤʠ ʚʘʥʪʘʞʽʚʢʘʤʠ  ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʩʪʫʧʝʥʷ ʛʽʙʨʠʜʠʟʘʮʽʾ ʟ 

ʪʦʯʢʠ ʟʦʨʫ ʚʽʜ ʚʠʜʦʙʫʪʢʫ ʜʦ ʙʘʢʫ WTP , ʪʘ ʚʽʜ ʙʘʢʫ ʜʦ ʢʦʣʽʩ PTW, ʨʠʩ. 3  [9]. 

 

 
                         ʈʠʩʫʥʦʢ 3 - ʇʦʨʽʚʥʷʥʥʷ ʚʠʢʠʜʽʚ CO2 ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʪ ʪʠʧʫ ʉʋ. [9] 

          

ʅʘʡʥʠʞʯʽ ʚʠʢʠʜʠ CO2 WTW ʙʫʣʠ ʥʝ ʫ ʈlug-in ʟ ʥʘʡʙʽʣʴʰʠʤ ɸʂɹ, ʘ ʫ  HEV. ʆʜʥʦʯʘʩʥʦ 

ʚʠʢʠʜʠ CO2 WTW plug-in ʟʙʽʣʴʰʫʚʘʣʠʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʻʤʥʦʩʪʽ ʙʘʪʘʨʝʾ. ɼʦʚʝʜʝʥʦ, ʱʦ 6 ʪʠʧʽʚ 

ʛʽʙʨʠʜʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʚʘʥʪʘʞʽʚʦʢ ʤʘʶʪʴ ʢʨʘʱʽ ʝʢʦʣʦʛʽʯʥʽ ʪʘ ʝʢʦʥʦʤʽʯʥʽ ʧʦʢʘʟʥʠʢʠ, ʥʽʞ ʜʠʟʝʣʴʥʽ 

ʚʘʥʪʘʞʽʚʢʠ ʟ ʧʦʛʣʷʜʫ ʚʠʢʠʜʽʚ WTW CO2 ʽ ʩʫʢʫʧʥʦʾ ʚʘʨʪʦʩʪʽ ʚʦʣʦʜʽʥʥʷ. ɹʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʛʽʙʨʠʜʥʽ 

ʝʣʝʢʪʨʠʯʥʽ ʚʘʥʪʘʞʽʚʢʠ ʟ ʚʠʩʦʢʠʤʠ ʢʦʝʬʽʮʽʻʥʪʘʤʠ ʛʽʙʨʠʜʠʟʘʮʽʾ ʧʨʘʮʶʶʪʴ ʥʘʡʢʨʘʱʝ. ʋ ʤʘʡʙʫʪʥʴʦʤʫ 

ʛʽʙʨʠʜʥʽ ʝʣʝʢʪʨʠʯʥʽ ʚʘʥʪʘʞʽʚʢʠ ʟ ʚʝʣʠʢʠʤʠ ʘʢʫʤʫʣʷʪʦʨʘʤʠ, ʱʦ ʧʽʜʢʣʶʯʘʶʪʴʩʷ, ʧʨʘʮʶʚʘʪʠʤʫʪʴ 

ʥʘʡʢʨʘʱʝ ʥʘ ʢʦʨʦʪʢʠʭ ʚʽʜʩʪʘʥʷʭ. ɯ ʥʘʚʧʘʢʠ, ʧʽʜ'ʻʜʥʫʚʘʣʴʥʽ (PHEV)  ʛʽʙʨʠʜʥʽ ʝʣʝʢʪʨʠʯʥʽ ʚʘʥʪʘʞʽʚʢʠ ʟ 

ʥʝʚʝʣʠʢʠʤʠ ʘʢʫʤʫʣʷʪʦʨʘʤʠ ʙʫʜʫʪʴ ʢʨʘʱʠʤʠ ʜʣʷ ʩʝʨʝʜʥʽʭ ʽ ʚʝʣʠʢʠʭ ʚʽʜʩʪʘʥʝʡ. ʎʝ ʚ ʦʩʥʦʚʥʦʤʫ 

ʧʦʚ'ʷʟʘʥʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʪʢʠ ʝʢʦʣʦʛʽʯʥʦ ʯʠʩʪʦʾ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʪʘ ʟʥʠʞʝʥʥʷʤ ʮʽʥ ʥʘ ʟʘʨʷʜʢʫ. 

ɿʘʛʘʣʦʤ, ʧʝʨʝʚʘʛʘ Plag-in  TCO ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʱʦʜʝʥʥʦʾ ʚʽʜʩʪʘʥʽ ʧʨʦʙʽʛʫ, ʮʽʥ ʥʘ ʟʘʨʷʜʢʫ 

ʪʘ ʟʥʠʞʝʥʥʷʤ ʮʽʥ ʥʘ ʜʠʟʝʣʴʥʝ ʧʘʣʴʥʝ. ʅʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʜʣʷ ʂʠʪʘʶ  ʚ ʩʪʨʫʢʪʫʨʽ ʚʠʨʦʙʥʠʮʪʚʘ 
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ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ, ʮʽʥ ʥʘ ʧʘʣʴʥʝ, ʟʘʨʷʜʢʫ, ʘʢʫʤʫʣʷʪʦʨʠ ʩʠʣʦʚʘ ʫʩʪʘʥʦʚʢʘ ʟʚʠʯʘʡʥʠʡ ʛʽʙʨʠʜ  HEV 

ʚʚʘʞʘʻʪʴʩʷ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦʶ. [9] 

         ʎɯʃʔ ʊɸ ɿɸɼɸʏɯ ɼʆʉʃɯɼɾɽʅʅʗ 
         ʄʝʪʦʶ ʩʪʘʪʪʽ ʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʪʷʛʦʚʦ-ʰʚʠʜʢʽʩʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽ ʧʘʣʠʚʥʦʾ 

ʝʢʦʥʦʤʽʯʥʦʩʪʽ ʚʘʥʪʘʞʥʠʭ ʛʽʙʨʠʜʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʢʘʪʝʛʦʨʽʾ N1 ʫ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ.  

          ɻʽʙʨʠʜʥʽ ʚʘʥʪʘʞʽʚʢʠ  ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʪʘʢʠʭ ʪʠʧʽʚ: 

-ʧʘʨʘʣʝʣʴʥʽ ʛʽʙʨʠʜʠ: ɼɺɿ ʪʘ ʝʣʝʢʪʨʦʜʚʠʛʫʥ ʧʨʘʮʶʶʪʴ ʦʜʥʦʯʘʩʥʦ ʘʙʦ ʧʦ ʯʝʨʟʽ; 

-ʧʦʩʣʽʜʦʚʥʽ ʛʽʙʨʠʜʠ: ɼɺɿ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʟʘʨʷʜʞʘʥʥʷ ʘʢʫʤʫʣʷʪʦʨʘ, ʘ ʝʣʝʢʪʨʦʜʚʠʛʫʥ 

ʧʨʠʚʦʜʠʪʴ ʚ ʨʫʭ ʢʦʣʝʩʘ; 

-ʢʦʤʙʽʥʦʚʘʥʽ ʛʽʙʨʠʜʠ: ʇʦʻʜʥʫʶʪʴ ʚ ʩʦʙʽ ʝʣʝʤʝʥʪʠ ʧʘʨʘʣʝʣʴʥʦʾ ʪʘ ʧʦʩʣʽʜʦʚʥʦʾ ʩʭʝʤ. ɭ ʢʨʘʱʠʤ 

ʚʠʙʦʨʦʤ, ʘʜʞʝ ʥʘʡʙʽʣʴʰʠʡ ʂʂɼ, ʤʽʥʽʤʽʟʫʶʯʠ ʚʪʨʘʪʠ ʧʦʩʣʽʜʦʚʥʦʾ ʩʭʝʤʠ ʥʘ ʧʝʨʝʪʚʦʨʝʥʥʷ 

ʝʥʝʨʛʽʾ ʟ ʤʝʭʘʥʽʯʥʦʾ ʚ ʝʣʝʢʪʨʠʯʥʫ ʪʘ ʟ ʝʣʝʢʪʨʠʯʥʦʾ ʚ ʤʝʭʘʥʽʯʥʫ  

          ʂʣʶʯʦʚʠʤ ʧʦʢʘʟʥʠʢʦʤ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʪʠʧʫ  ʛʽʙʨʠʜʥʠʭ ʘʚʪʦʤʦʙʽʣʽʚ ʻ ʢʦʝʬʽʮʽʻʥʪ ʛʽʙʨʠʜʠʟʘʮʽʾ, 

ʱʦ  ʭʘʨʘʢʪʝʨʠʟʫʻ ʟʘʣʝʞʥʽʩʪʴ ʧʦʪʫʞʥʦʩʪʽ ʪʷʛʦʚʦʛʦ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ ʜʦ ʩʫʤʘʨʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ɻʉʋ: 

              

ʜʝ   ʠ  ð ʤʘʢʩʠʤʘʣʴʥʽ ʧʦʪʫʞʥʦʩʪʽ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ ʪʘ ɼɺɿ, ʷʢʘ ʜʦʩʪʫʧʥʘ ʜʣʷ ʧʨʠʚʝʜʝʥʥʷ ʊɿ ʜʦ 

ʨʫʭʫ.  

         ɿʘ ʮʠʤ ʧʦʢʘʟʥʠʢʦʤ ʫ ʪʘʙʣ. 1 ʥʘʚʝʜʝʥʽ  ʭʘʨʘʢʪʝʨʥʽ ʦʟʥʘʢʠ ʪʠʧʽʚ ʛʽʙʨʠʜʽʚ  [2]. 

                             ʊʘʙʣʠʮʷ 1 - ʍʘʨʘʢʪʝʨʥʽ ʦʟʥʘʢʠ ʪʠʧʽʚ ʛʽʙʨʠʜʽʚ  [2] 

 
 

         ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʽ ʜʦʨʦʞʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ. ʇʨʠ ʮʴʦʤʫ ʙʝʟʧʦʩʝʨʝʜʥʻ 

ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʨʫʭʫ ʘʚʪʦʤʦʙʽʣʷ (ʰʚʠʜʢʽʩʪʴ, ʧʨʠʩʢʦʨʝʥʥʷ, ʚʠʪʨʘʪʘ ʧʘʣʠʚʘ, ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ 

ʜʚʠʛʫʥ, ʪʝʤʧʝʨʘʪʫʨʠ, ʟʤʽʥʘ ʧʦʟʜʦʚʞʥʴʦʛʦ ʥʘʭʠʣʫ ʜʦʨʦʛʠ, ʥʘʧʨʷʤ ʚʽʪʨʫ) ʚ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʥʘʜʘʻ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʩʪʦʚʽʨʥʽ ʜʘʥʽ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʦʪʨʠʤʫʶʪʴʩʷ ʚ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʪʘ 

ʜʦʟʚʦʣʷʶʪʴ ʚʠʷʚʠʪʠ ʥʝʧʝʨʝʜʙʘʯʝʥʽ ʝʬʝʢʪʠ ʚʟʘʻʤʦʜʽʾ ʩʠʩʪʝʤ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ  ʚʘʨʪʽʩʪʴ ʪʘ ʯʘʩʦʚʽ 

ʚʠʪʨʘʪʠ, ʩʢʣʘʜʥʽʩʪʴ ʚʽʜʪʚʦʨʝʥʥʷ ʽ ʧʦʚʪʦʨʶʚʘʥʦʩʪʽ ʚʩʽʭ ʤʦʞʣʠʚʠʭ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

          ʇʨʝʜʤʝʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʘʣʠ ʫʤʦʚʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʦʧʫʣʷʨʥʦʾ ʤʦʜʝʣʽ ʢʣʘʩʫ N1, ʷʢʫ ʱʦʜʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ ʢʦʤʧʘʥʽʾ ʜʣʷ ʨʦʟʚʝʟʝʥʥʷ ʪʦʚʘʨʽʚ ʰʠʨʦʢʦʛʦ ʚʞʠʪʢʫ ʧʦʚʥʠʡ ʨʦʙʦʯʠʡ ʜʝʥʴ ʚ ʂʠʻʚʽ ʪʘ 

ʦʙʣʘʩʪʽ. ʎʝ ʚʘʥʪʘʞʥʠʡ ʘʚʪʦʤʦʙʽʣʴ MERSEDES SPRITNER 208 cdi, ʜʠʟʝʣʴ ʦʙôʻʤʦʤ 2143ʩʤ3, 105ʢɺʪ, 

ʢʣʘʩ ʝʢʦʣʦʛʽʯʥʦʩʪʽ ɭʚʨʦ 6. ɸʚʪʦʨʦʤ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʮʴʦʛʦ ʘʚʪʦʤʦʙʽʣʷ ʚ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʥʘ ʟʘʜʘʥʦʤʫ ʤʘʨʰʨʫʪʽ, ʫ ʟʚʠʯʘʡʥʠʡ ʨʦʙʦʯʠʡ ʜʝʥʴ, ʜʣʷ ʯʦʛʦ ʩʢʣʘʜʝʥʦ ʟʚʽʪ ʧʦ ʧʨʦʙʽʛʫ. 

 


