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ABSTRACT 

 

Zub E.P. Reducing the wear of the wheel flanges of freight cars based on the 

standardization of permissible skews of wheel pairs in bogies. Qualification scientific 

work in the form of a manuscript. 

Dissertation for the degree of Doctor of Philosophy in specialty 273 Railway 

Transport. National Transport University, Ministry of Education and Science of 

Ukraine, Kyiv, 2025. 

The dissertation is dedicated to solving the current scientific problem of reducing 

the wear of freight car wheel flanges based on the standardization of permissible 

misalignments of wheel pairs in freight car bogies, which will help ensure the safe 

operation of this type of rolling stock. 

Scientific novelty of the obtained results. 

1. For the first time, it was proposed to use the difference in the thickness of the 

wheel flanges of individual wheel pairs as a criterion for the feasibility of emergency 

diagnostics of units that affect the geometric parameters of the installation of wheelsets 

in a bogie. 

2. The theory of frictional contact interaction of wheels with rails was further 

developed based on taking into account in the mathematical model the influence on the 
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wear of the flanges of technological and operational deviations of the position of the 

wheelsets in the bogie from the nominal one. 

3. The dependences of the level of steering efforts and the intensity of wear of 

the flanges when the crew enters a curved section of the track on the position of the 

wheelsets in the bogie were clarified. 

4. The formula for determining the safety margin of wheelsets from derailment 

was clarified, based on taking into account the influence of the skew angle of the 

wheelset in the bogie on the critical ratio of vertical load and steering effort. 

5. A new scientific approach to reducing wheel pair wheel flange wear is 

proposed, based on monitoring wheel pair misalignment in the bogie. 

Practical significance of the results obtained. 

1. The proposed criterion for the feasibility of extraordinary diagnostics of units 

that affect the geometric parameters of the installation of wheelsets in the bogie is a 

justification for the introduction of an additional technological operation for controlling 

the installation of wheelsets in the system for technical maintenance of the running 

gear of freight cars. 

2. Clarification of the formula for determining the stability reserve coefficient 

against derailment allows improving the safety indicators of freight cars. 

3. The research results were used in the development of sections of lecture 

courses and topics of course design, qualification works and research works of higher 

education applicants of the State University of Infrastructure and Technologies in the 

training of bachelors and masters in the OPP "Wagon and Wagon Management" 

(specialty 273 "Railway Transport") in the teaching of the disciplines: "Technology of 

Production and Repair of Wagons" (bachelor's training) and "Current Problems of 

Design, Dynamics and Calculation of New Wagon Structures" (master's training) (Act 

of Implementation in the State University of Infrastructure and Technologies). 

4. The results of the research were used in the state enterprise "Ukrainian 

Research Institute of Carriage Building" (UkrNDIV) and implemented: a refined 

formula for determining the stability reserve coefficient against derailment, based on 
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taking into account the dependence of the critical ratio of vertical load and directional 

force on the angle of incidence of the wheelset on the rails, which allows for theoretical 

studies to obtain more accurate results of calculations of the stability reserve coefficient 

of cars against derailment and, thus, improve the safety indicators of freight cars; (Act 

of implementation of the State Enterprise «UkrNDIV»). 

5. Based on the study of the interaction of freight cars with rails in curved 

sections of the track and monitoring of the skew of wheelsets in bogies in operation, it 

has been proven that there is a need to introduce the standardization of the skew of 

wheelsets in bogies of freight cars of type 18-100 and their modification into the 

technical diagnostics and repair system. 

The INTRODUCTION substantiates the relevance of the thesis topic, its 

connection with scientific programs, puts forward a research hypothesis, formulates 

the goal and objectives of the study, defines the object and subject of the study, 

indicates the research methods, defines the scientific novelty of the thesis, practical 

significance and provides data on the implementation of the results. 

In SECTION 1, statistical data on the undercutting of the wheel flanges of freight 

cars on the railways of Ukraine are provided. As stated, the number of wheel pairs with 

the same thickness of the flanges does not exceed 20%. In 15% of wheel pairs, the 

difference in the thickness of the flanges is up to 6 mm, and in 65% of wheel pairs, the 

flange wear is observed in only one wheel. 

The author conducted a comparative analysis of data on the wear of the flanges 

of freight cars at the Darnytsia wagon depot and passenger cars at the Kyiv-Passenger 

wagon depot. In the process of analysis, a fundamental difference in the nature of wear 

of the wheel flanges of wheel pairs of bogies of different designs was revealed: bogies 

with a rigid frame on passenger cars and bogies with a non-rigid frame of the 18-100 

model. 

An analysis of studies of wear of the flanges of freight cars and factors affecting 

its intensity was conducted. The dependence of wheel wear on the profile of the rolling 

surfaces was studied by a large number of scientists. In particular, these are Ukrainian 
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researchers E. Blokhin, E. Danilenko, S. Kutsenko, V. Masliyev, O. Reidemeister, S. 

Sapronova, O. Sladkovsky, V. Tkachenko, V. Ushkalov and others. 

An analysis of studies of the influence of deviations of the geometric parameters 

of the chassis from the nominal ones was conducted. It was proved that the angle of 

incidence, or angle of attack, of the wheel pair on the rail is an indirect factor 

determining the intensity of wear in the contact pair "flange-rail". In this regard, it is 

of interest to study the distribution of force and kinematic parameters in the ridge 

contact of the wheel and rail. 

A review of studies of directing forces in the ridge contacts of wheels with rails, 

tangential forces in the contacts of wheels with rails is conducted. 

In SECTION 2, the design of bogies of freight cars of the 18-100 model is 

considered. About 90% of freight cars on the railways of Ukraine have bogies of 

various modifications of the 18-100 model. When analyzing the shortcomings of this 

type of bogies, the low parallelogram rigidity of the prefabricated frame of the bogie 

in the plan is first of all mentioned due to the non-rigid connection of the super-spring 

beam with the sidewalls of the frames. The possibility of longitudinal runs of the 

sidewalls of the frame in motion relative to each other by up to 15–20 mm and, as a 

result, skewing of the wheel pairs relative to the nominal position in the bogie frame is 

characteristic. The latest innovative modifications of the 18-100 bogie are the bogies 

of models 18-4129 and 18-9817. 

Publications on the direction of wagons along the rail track and the conditions 

of stability against derailment are considered. Up to 25% of the main causes of 

disasters, accidents and serious incidents on the railway are due to the derailment of 

wheelsets from the rails. The classic safety criterion for the movement of rail crews is 

the coefficient of stability against derailment, in the form of the ratio of the transverse 

force to the vertical load of the wheel on the rail - the Nadal criterion. 

The criterion for the derailment of wheelsets from the rail was refined by 

modeling the movement of the wheelset in the rail track with an angle of attack ñ. The 

case when the load in the main contact of the inbound wheel – in the contact K21 – is 

zero is taken as the derailment condition. 
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The proposed refinement of the safety criterion for derailment of a wheelset – 

the classical Nadal formula – offers more stringent requirements for the maximum 

permissible ratio of the steering force to the vertical load of the wheel at higher values 

of the friction coefficient in the ridge contacts and ridge inclination angles greater than 

60 degrees. 

In SECTION 3, a study of the dynamic fitting of a freight car bogie in curves 

was conducted to determine the influence of the design features of type 18-100 bogies, 

the geometric parameters of the installation of wheelsets in bogies, on the indicators of 

horizontal dynamics of the car, as well as the wear of the rolling surfaces of the wheels, 

namely the undercut of the ridges. A mathematical model was built to fit the bogie 18-

7055 of the gondola car model 12-7023 of the Kryukiv Wagon Building Plant into the 

curve. 

An example of a freight car wheelset with wheels having a standard unworn 

rolling surface profile DSTU GOST 9036-88 is considered. When interacting with the 

bogie with rails, the profiles of new rails P65 (DSTU 4344:2004) are considered. 

The angles of inclination of the profiles of the rolling surfaces of the wheels at 

the points of their contact with the rails and the functional dependences of these angles 

on the transverse movement of the wheelset in the track, which are necessary for the 

correct modeling of contact forces when fitting the bogies into the curve, are 

determined. 

The kinematic parameters of contact were determined: slip speeds in wheel-rail 

contacts, forces in wheel-rail contacts, adhesion forces in wheel-rail contacts. 

The mathematical model of the carriage fitting into a circular curve was 

constructed as a system of equilibrium equations under the action of external forces 

and moments. The mechanical system of the carriage is represented as three 

subsystems: the carriage frame system, the first wheel pair system, and the second 

wheel pair system. A flowchart of the program for solving the system of equilibrium 

equations of the carriage in the curve was developed. The results of the calculation of 

the parameters of the dynamic fitting of the 18-7055 carriage into a circular curve were 

obtained. 
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The results of the calculations confirmed that the angles of incidence of the 

wheel pairs on the rails significantly increase with an increase in the total gaps in the 

rail track. For example, when the bogie is installed obliquely in a track in a curve with 

a radius of 250 m with a gap of 14 mm, the angle of attack of the first wheel pair (the 

one that is approaching) is 20,84 B (-0,015 rad), and with a gap of 50 mm 21,95 B(0,034rad). In a curve of 1000 m  20,54 B (20,009 rad) and -1,650 (-0,029 

rad), respectively. 

In the range of possible operational gaps of wheel pairs in a rail track (14–65 

mm), the angles of attack of the approaching wheel pairs (the first wheel pair) can 

increase from minimum to maximum by 2,3–3,5 times for different radii of curves.  

Changing the clearances of the wheelsets in the track · from 15 mm to 45 mm 

has the effect of increasing the angles of attack ³ by 1.6 times in curves with a radius 

of ρ=300 m and by 2,7 times in curves with a radius of ρ=1250 m. 

The nature of the change in the angles of attack of the wheelsets on the rails from 

the clearances in the track · does not depend on the angles of skew of the wheelsets Ã. 

The difference in the angles of attack of the first and second wheelsets ( ñô ) of the 

bogie depends on the radius of the curve and does not depend on the installation of the 

wheelsets in the bogie and the clearances of the wheelsets in the track. Moreover, it 

decreases from 0,50 (0,01 rad) for  0,15 (0,003 )
o

 D48 to for 300@ò = .  

Thus, it is confirmed that the skewed installation of the bogie in the track is more 

dangerous from the point of view of the stability of the wheelsets with respect to 

derailment and the intensity of wear of the wheel crests due to the significant values of 

the angles of incidence of the wheels on the rails. 

The running-in of the inner (relative to the curve) sidewall of the bogie frame is 

a typical case of fitting bogies 18-100 into curved sections of the track. When the skew 

of the wheelsets in the bogie increases from 00 to +0,50, the angles of incidence of the 

approaching wheelsets increase by 2–3 times. 

In SECTION 4, a system for monitoring the misalignment of wheelsets in bogies 

in operation is developed with a proposal to introduce an additional technological 
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operation to monitor the misalignment of wheelsets in bogies into the maintenance and 

repair system of model 18-100 bogies.  

In particular, in the device for controlling the skew of wheelsets, it is proposed 

to use the principle of controlling geometric parameters based on laser topology. It is 

proposed to introduce an additional technological operation to control the skew of 

wheelsets in the bogies into the maintenance and repair system of model 18-100 bogies. 

A method for diagnosing the technical condition of three-element bogies of 

freight cars by the difference in the thickness of the wheel crests of the wheelset is 

proposed. Such a technical solution allows for operational monitoring of the general 

technical condition of the bogies, which affects the skew of the wheelsets to make a 

decision on the need for their repair through the analysis of the difference in the 

thickness of the wheel crests. The proposed method is based on the analysis of known 

technical solutions of a similar purpose. 

A device for controlling the skew of the wheelsets of a freight car in the frame 

of the bogie model 18-100 has been developed. The proposed device for monitoring 

the skew of the wheelsets of a railway car in the bogie frame uses the reflections of 

light beams from laser emitters.  

Recommendations are provided regarding the feasibility of introducing 

standardization of wheelset misalignments into the system of technical diagnostics and 

repair of freight cars. 

Recommendations are provided on the feasibility of introducing permissible 

standardization of wheel pair misalignments into the system of technical diagnostics 

and repair of freight cars. 

Keywords: railway transport, rolling stock, freight car, bogie, wheel-rail 

system, skew, camber, wear, steering forces, stability, mathematical model, dynamics, 

traffic safety, technical diagnostics, repair. 
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34 

$"���� 1  (��&"$�, ��� /��) ������&Ь �!&�!%��!�%&Ь 

#��$��' �$��!�� �"��% &� %&����%&Ь -"�" %)"�' �"��%!�) #�$ � 

$��"�  

 

1.1 "1ґ@C=BC20==O 3V?>B578 4>A;V465==O 
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� 48A5@B0FVW 1C;> ?@>0=0;V7>20=> 40=V 7 6C@=0;V2 >3;O4C :>;VA=8E ?0@ 
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@59>: 70;568BP 2V4 =0ABC?=8E >A=>2=8E D0:B>@V2:  

- =>@<0;P=>3> :>=B0:B=>3> =020=B065==O, ?>28O70=5 V7 A?@O<>2CNG8< 

7CA8;;O< 7 1>:C @59:>2>W :>;VW; 

- H284:>ABV 2V4=>A=>3> ?@>:>27C20==O C 3@515=52><C :>=B0:BV; 

- :>5DVFVє=B0 B5@BO C 3@515=52><C :>=B0:BV.  

/: =5?@O<89 D0:B>@, I> 287=0G0є V=B5=A82=VABP 7=>AC C :>=B0:B=V9 ?0@V 

«3@51V=P-@59:0» є :CB =01V30==O, 01> :CB 0B0:8, :>;VA=>W ?0@8 =0 @59:C. 

' 72'O7:C V7 F8<, AB0=>28BP V=B5@5A 4>A;V465==O @>7?>4V;C A8;>28E V 

:V=5<0B8G=8E ?0@0<5B@V2 C 3@515=52><C :>=B0:BV :>;5A0 V @59:8.  

 

1.4 "3;O4 4>A;V465=P A?@O<>2CNG8E 7CA8;P 2 3@515=528E :>=B0:B0E :>;VA 

V7 @59:0<8 

 

#8B0==O< 3>@87>=B0;P=>W 270є<>4VW 5:V?06V2 V :>;VW ?@8A2OG5=> 45:V;P:0 

B8AOG @>1VB, B><C ?>2=89 WE >3;O4 =5<>6;8289. #5@HV DC=40<5=B0;P=V 

4>A;V465==O, I> ACBBє2> 2?;8=C;8 =0 @>728B>: B5>@VW 2?8AC20==O 1572V7:>28E 

5:V?06V2 ?0@>2>7V2 C :@82V 4V;O=:8 :>;VW 1C;8 ?@0FV, 28:>=0=V 2G5=8<8-

70;V7=8G=8:0<8 =0?@8:V=FV XIX – =0?>G0B:C )).  

/: ?@8:;04, )59<0= (Heyman) 70?@>?>=C202 <5B>4, 70A=>20=89 =0 

<V=V<V70FVW <><5=BV2 >?>@C >15@B0==O 5:V?06C 2 :@82V9. )59<0= @>73;O40є 

?>254V=:C 2 :@82V9 2V7:V2 �VAA5;O, �5;P<3>;PF0 V 707=0G0є, I> =0?@O<=0 :>;VA=0 

?0@0 ?>?5@54C 2V7:0, O: ?@028;> =01V30є =0 7>2=VH=N @59:C V =5 <0є 2V;P=>W 

CAB0=>2:8. �04=O =0?@O<=0 :>;VA=0 ?0@0, ?@0:B8G=> 702648 <0є 2V;P=C CAB0=>2:C  

%8AB5<8 :5@>20=>3> A?@O<C20==O 5:V?06V2 @59:>2>N :>;VєN <>6CBP 1CB8 

?>4V;5=V =0 ?0A82=V V 0:B82=V.  

�> ?0A82=8E A8AB5< C?@02;V==O <>6=0 2V4=5AB8: 
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- :5@>20=5 7<VI5==O F5=B@0 ?>2>@>BC 2V7:0 =0704 V 7<5=H5==O, B0:8< 

G8=><, =0?@O<=8E 7CA8;P =0 :>;VA=V9 ?0@V, I> =01V30є; 

- ?@8<CA>20 @04V0;P=0 CAB0=>2:0 :>;VA=8E ?0@ C :@82V9 ?V4 4VєN 

=5?>30H5=>W 2V4F5=B@>2>W A8;8; 

- 3>@87>=B0;P=5 10;0=AC20==O :>;VA=8E ?0@. 

' A8AB5<0E 0:B82=>3> A?@O<C20==O 28:>@8AB>2CNBPAO 02B><0B8G=V 

?@8AB@>W C?@02;V==O ?0@0<5B@0<8 2V7:V2 70 4>?><>3>N @V7=8E ?@82>4V2. 

�030BP<0 4>A;V4=8:0<8 2V47=0G0єBPAO, I> :5@C20==O A?@O<C20==O< 

5:V?06V2 @59:>2>N :>;VєN 4>72>;Oє 7=0G=> 7<5=H8B8 :V=5<0B8G=89 >?V@ @CEC 

7024O:8 7=865==N 3>@87>=B0;P=8E @50:FV9 2 3@515=528E :>=B0:B0E [76, 90, 94, 

95]. 

$CE><89 A:;04 70;V7=8FP, O: =075<=89 B@0=A?>@B=89 70AV1, :5@CNBPAO 

H;OE>< 1VG=>3> A?@O<C20==O @59:0<8, @503CNG8 =0 B>?>;>3VN :>;VW, I>1 

@CE0B8AO 70740;53V4P 7040=>N B@0є:B>@VєN [96, 97, 100-102, 109-111].  

#8B0==O :5@>20=>ABV @59:>28E 5:V?06V2 @>73;O=CB> C A5@VW =0C:>28E @>1VB 

?>G8=0NG8 7 ). )59<0=0 (H. Heyman) [2], V @>728=CB> C @>1>B0E �. &:0G5=:0 [16, 

18–22, 25–27], C. C0?@>=>2>W [77, 79], 45 ?@>?>=CєBPAO >FV=N20B8 O:VABP 

:5@>20=>ABV @59:>28E 5:V?06V2 70 @V2=5< 4>40B:>2>3> 2?;82C 7 1>:C 5:V?06C =0 

:>;VN.  

/: 2V4><>, G8AB5 :>G5==O :>;VA=>W ?0@8 @59:>2>N :>;VєN 157 ?@>:>27C20=P  

є <>6;828< ;8H5 ?@8 WW 2V;P=><C @CAV ?> @59:0E 157 270є<>4VW V7 @0<>N 2V7:0. 

#@8 @50;P=><C @CAV :>;VA=8E ?0@ C A:;04V 2V7:0, =0 =5W 4VNBP ?>274>26=V V 

?>?5@5G=V 1C:A>2V @50:FVW.  

#@8 @CAV 203>=0 2 :@82V9 4V;O=FV :>;VW :>65= 7 3>;>2=8E 25:B>@V2 7>2=VH=VE 

A8; – 3>;>2=89 25:B>@ A8; (�⃗þ) V 3>;>2=89 25:B>@ <><5=BV2 (ý⃗⃗⃗), 4>@V2=Nє =C;N 

 

0; 0y i k i kF F F           M M M= + = = + = ,                               (1.12) 

 

45 iF  – 3>;>2=89 25:B>@ 3>@87>=B0;P=8E V=5@FV9=8E A8;; 
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kF  – 3>;>2=89 25:B>@ A?@O<>2CNG8E A8; 2 3@515=528E :>=B0:B0E; 

iM  – 3>;>2=89 25:B>@ <><5=BV2 3>@87>=B0;P=8E V=5@FV9=8E A8;,; 

kM – 3>;>2=89 25:B>@ <><5=BV2 A?@O<>2CNG8E A8; 2 3@515=528E :>=B0:B0E. 

�=0G5==O 3>@87>=B0;P=8E @50:FV9 2 :>=B0:B0E :>;VA V7 @59:0<8 70;560BP 2V4 

E0@0:B5@8AB8: :5@>20=>ABV 5:V?06C. 

�=H8< O:VA=8< ?>:07=8:>< :5@>20=>ABV 5:V?06V2 є :V=5<0B8G=89 >?V@ @CEC, 

?>2'O70=89 V7 A?@O<C20==O< :>;VA=8E ?0@ :>;VєN. ' ?@>F5AV A?@O<C20==O 5:V?06C 

A?>AB5@V30єBPAO F8@:C;OFVO A8;>28E ?>B>:V2 2 70<:=CB8E :V=5<0B8G=8E :>=BC@0E 

E>4>2>W G0AB8=8. *8@:C;NNGV ?>B>:8 ?>BC6=>ABV, ?>2'O70=V V7 A?@O<C20==O< 

:>;VA=8E ?0@, є ?0@078B=8<8 V AB2>@NNBP 7=0G=V 4>40B:>2V ?@>:>27C20==O 2 

:>=B0:B0E V O: =0A;V4>:, <5E0=VG=V 2B@0B8, ?V428I5==O >?>@C @CEC V є ?@8G8=>N 

?V428I5==O V=B5=A82=>ABV 7=>AC 3@51=V2.  

�2B>@0<8 C @>1>BV [31] 70?@>?>=>20=> 4>40B:>2V ?>;>65==O 4> B5>@VW 

70<:=CB8E A8;>28E :>=BC@V2 =0 ?@8:;04V A?@O<C20==O 5:V?06V2 @59:>2>N 

:>;VєN. 

�C4P-O:V ?@>:>27C20==O, =5 ?>2'O70=V 7 @50;V70FVєN A8;8 BO38 ;>:><>B82V2, 

?>3V@HCNBP WE BO3>2>-48=0<VG=V V 30;P<V2=V O:>ABV.  

�>;VA=V ?0@8 203>=V2 V ;>:><>B82V2 B@048FV9=> A:;040єBPAO 7 42>E 6>@AB:8E 

:>;VA, O:V 70:@V?;5=V =0 >AV. �>;VA=V ?0@8 7 :>;5A0<8, I> =570;56=> >15@B0NBPAO, 

є @V4:VA=8< 20@V0=B>< :>=AB@C:FVW E>4>2>W G0AB8=8, =0?@8:;04 =0 VA?0=AP:8E  

5;5:B@>?>W740E Talgo [13].  

/: 72VA=>, <V6 3@51=O<8 :>;VA V 1>:>28<8 ?>25@E=O<8 @59>: 702648 VA=Cє 

707>@ (@8A. 1.3), =5>1EV4=89 4;O 70?>1V30==O 70:;8=N20==O :>;VA=8E ?0@ 2 

:>;VW. *59 707>@ 287=0G0єBPAO, O: AC<0@=89 4;O 707>@V2 <V6 3@51=O<8 :>;VA V 

2V4?>2V4=8<8 @59:0<8 [16].  

�5;8G8=0 707>@C 70;568BP 2V4 =><V=0;P=8E @>7<V@V2 :>;VA=8E ?0@ V :>;VW, 

=>@<0B82=8E 4>?CA:V2 =0 =8E B0 ?0@0<5B@V2 7=>AC 3@51=V2 V 1>:>28E ?>25@E>=P 

@59>:.  
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$8AC=>: 1.3 – �07>@ :>;VA=>W ?0@8 2 @59:>2V9 :>;VW (@8AC=>: 70?>78G5=> V7 

465@5;0 [16]) 

 

 0:A8<0;P=89 <>6;8289 707>@ :>;VA=>W ?0@8 2 :>;VW 287=0G0єBPAO 

?>є4=0==O< :@09=VE =>@<0B82=8E 7=0G5=P @>7<V@V2 A8AB5<8 «:>;5A>–@59:0» 

 

  Ăÿÿý = þÿÿý 2 þÿÿĀ 2 2ĀÿÿĀ + 2[∆] + [�], <<                      (1.13) 

 

45 þÿÿý – <0:A8<0;P=>-<>6;820 H8@8=0 :>;VW C ?@O<V9 4V;O=FV 7 C@0EC20==O< 

4>?CA:C (+ 8 <<), 2V4?>2V4=> 4> «�=AB@C:FVW V7 C:;04:8 B0 CB@8<0==O :>;VW 

70;V7=8FP ':@0W=8» (*#-0269) [14] 

 þÿÿý = 1520 + 8 = 1528 @@;                                  (1.14) 

 þÿÿĀ – <V=V<0;P=>-<>6;820 2=CB@VH=O 2V4AB0=P <V6 :>;5A0<8 (4>?CA: –3 <<)  

  þÿÿĀ = 1440 2 3 = 1437 @@,                                (1.15) 

 

45 ĀÿÿĀ – <V=V<0;P=>-4>72>;5=0 B>2I8=0 3@51=O. �V4?>2V4=> 4> «�=AB@C:FVW 7 

D>@<C20==O, @5<>=BC B0 CB@8<0==O :>;VA=8E ?0@ BO3>2>3> @CE><>3> A:;04C 

70;V7=8FP :>;VW 1520 <<» (�!� 32.0.007.001-2001) [15]:   ĀÿÿĀ = 25 @@; [∆] – <0:A8<0;P=>-4>72>;5=89 1>:>289 7=>A 3>;>2:8 @59:8, <; [�] – <0:A8<0;P=>-4>72>;5=0 1VG=0 48=0<VG=0 45D>@<0FVO @59:8 ?V4 4VєN 

A?@O<>2CNG8E 7CA8;P. �V4?>2V4=> 4> «�=AB@C:FVW V7 C:;04:8 B0 CB@8<0==O :>;VW 



49 

70;V7=8FP ':@0W=8» (*#-0269) [14]: [∆] = 15 @@;  [�] = 7@@. 
 V=V<0;P=>-<>6;8289 707>@ :>;VA=>W ?0@8 2 :>;VW [16]: 

 

 ĂÿÿĀ = þÿÿĀ 2 þÿÿý 2 2Ā  ,  <<                                     (1.16) 

 

45 þÿÿĀ – <V=V<0;P=>-4>72>;5=0 H8@8=0 :>;VW (4>?CA: – 4 <<), 2V4?>2V4=> 4> 

«�=AB@C:FVW V7 C:;04:8 B0 CB@8<0==O :>;VW 70;V7=8FP ':@0W=8» A:;040є 

 þÿÿý = 1520 2 4 = 1516 @@, 
 þÿÿý  – <0:A8<0;P=>-<>6;820 2=CB@VH=O 2V4AB0=P <V6 :>;5A0<8 (4>?CA: +3 <<) 

 þÿÿĀ = 1440 + 3 = 1443 @@,                                   (1.17) 

 

45 b – B>2I8=0 3@51=O =>2>3> :>;5A0: Ā = 31,8 @@. 

� C@0EC20==O< 28I5 =02545=8E D>@<C; 

 Ăÿÿý = 76 @@;                  ĂÿÿĀ = 14  @@.                               (1.18) 

 

1.5 �>A;V465==O 4>B8G=8E A8; C :>=B0:B0E :>;VA V7 @59:0<8 

 

�;O B5>@5B8G=8E 4>A;V465=P A8; A?@O<C20==O :>;VA=8E ?0@ @59:>2>N 

:>;VєN =5>1EV4=89 B>G=89 >?8A 4>B8G=8E :>=B0:B=8E A8; V A8; 7G5?;5==O. 

!0 ?5@H><C ?5@V>4V @>728B:C 70;V7=8FV ?8B0==O 7G5?;5==O :>;VA 7 @59:0<8 

?V4=V<0;8AO 28:;NG=> C 72'O7:C 7V 7GV?=8<8 O:>ABO<8 BO3>2>3> @CE><>3> A:;04C. 

#V428I5==N <0:A8<0;P=>W A8;8 BO38 70 7G5?;5==O< 2 A8AB5<V :>;5A>-@59:0 4;O 

1V;PH ?>2=>W @50;V70FVW WW DC=:FVW, O: @CHVO, ?@8A2OG5=> 25;8:C :V;P:VABP 

4>A;V4=8E @>1VB. "4=0:, ?@>1;5<0 7G5?;5==O :>;VA 7 @59:0<8 =01030B> 3;81H0, 

=V6 9>3> 0=0;V7 7 B>G:8 7>@C BO38. �G5?;5==O =5>1EV4=> @>73;O40B8 C 2AP><C 

:><?;5:AV 7 C@0EC20==O< ?>2=>W :0@B8=8 3>@87>=B0;P=8E A8; 270є<>4VW 5:V?06C V 
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:>;VW, 7 >3;O4C =0 B5, I> 3>@87>=B0;P=V A:;04>2V :>=B0:B=8E A8; 287=0G0NBP 

3>@87>=B0;P=C 48=0<V:C 5:V?06C. � 2 FP><C A5=AV 4>@5G=> 1C;> 1 =5 284V;OB8, O: 

>:@5<V ?@>1;5<8 ?>74>26=V O28I0, ?>2'O70=V 7V 7GV?=8<8 O:>ABO<8, 0 ?>?5@5G=V – 

7 3>@87>=B0;P=>N ?>?5@5G=>W 48=0<V:>N, 0 @>73;O40B8 FV O28I0 A?V;P=> 2 @0<:0E 

?>2=>W 3>@87>=B0;P=>W 48=0<V:8. %?@>18 @>73;O4C ?8B0=P ?>74>26=P>3> V 

?>?5@5G=>3> 7G5?;5==O >:@5<>, 2 :@0I><C 28?04:C, O: G0AB:>2> ?>2'O70=8E, 

G0AB> ?@872>4OBP 4> ?>1VG=8E O28I. !0?@8:;04, :>=AB@C:B82=V 70E>48, I> 

?>;V?HCNBP, 48=0<VG=V ?>:07=8:8, <>6CBP ?@872>48B8 4> ?>3V@H5==O V=H8E 

?>:07=8:V2: >?>@C @CEC; V=B5=A82=>ABV 7=>AC ?>25@E>=P :>G5==O B>I>. 

 

1.5.1 $>728B>: B5>@V9 7G5?;5==O :>;VA V7 @59:0<8 

!0 ?>G0B:C )) AB>;VBBO, 2 72'O7:C 7 1C@E;828< @>728B:>< B@0=A?>@B=>W 

B5E=V:8, 7'O28;>AO 2V4@07C :V;P:0 =0C:>28E B5>@V9, I> 2V4>1@060NBP DV78G=V 

70:>=><V@=>ABV 7G5?;5==O :>;VA 7 @59:0<8.  

%5@54 =8E =091V;PH @>7@>1;5=8<8  V 4>A:>=0;8<8 є: 

- B5>@VO ?;0AB8G=>3> 45D>@<C20==O; 

- B5>@VO ?@C6=8E =54>A:>=0;>AB59;  

- <>;5:C;O@=0 B5>@VO; 

- <>;5:C;O@=>-<5E0=VG=0 B5>@VO. 

,8@>:5 28:>@8AB0==O 2 ?@0:B8FV @>7@0EC=:V2 A8; 7G5?;5==O >B@8<0;0 

F9BDVO CE968B>B6;аAAO (F9BDVO >D<CG) $59=>;P4A0 (O. Reynolds) [17]. &5>@VO 

$59=>;P4A0 1C;0 70AB>A>20=0 �0@B5@>< (F. Karter) [58] ?@8 @>7@>1FV <5B>48:8 

B5>@5B8G=>3> 287=0G5==O 25;8G8=8 :>270==O :>;5A0 2V4=>A=> @59:8. �0@B5@ 

70?@>?>=C202 D>@<C;C, 2V4><C AP>3>4=V, O: D>@<C;0 :@8?C 

 ă = Ā√ 8�ýý(12�2) (1 2 þþ��ý),                                             (1.19) 

 

45 R – @04VCA :>G5==O :>;5A0, <; 

µ  – :>5DVFVє=B B5@BO :>270==O; 
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P – 25@B8:0;P=5 =020=B065==O =0 >48=8FN H8@8=8 :>=B0:B=>W ?>25@E=V, !; 

E – <>4C;P ?@C6=>ABV <0B5@V0;C :>;5A0, #0; 

ó  –  :>5DVFVє=B #C0AA>=0 <0B5@V0;C :>;5A0; 

F, Fmax – 2V4?>2V4=>, B0=35=FV0;P=0 A8;0 =0 >48=8FN H8@8=8 :>=B0:B=>W 

?>25@E=V V WW <0:A8<0;P=5 7=0G5==O 70 C<>20<8 7G5?;5==O, !. 

�6>=A>= (K. Johnson) [59] C7030;P=82 B5>@VN �0@B5@0 =0 B@828<V@=89 

28?04>: :>G5==O 42>E AD5@ 7 C@0EC20==O< CB;8B6:AьB7B V CBC9D9чAB7B >D<CG. 

�V4?>2V4=> 4> 9>3> CO2;5==O, ?>25@E=O :>=B0:BC 42>E BV; 4V;8BPAO =0 42V 

=5A8<5B@8G=V >1;0ABV – >1;0ABP ?@>:>27C20==O V >1;0ABP ?@8;8?0==O. "AB0==O 

<0є D>@<C 5;V?A0, O:89 ?5@54=P>N ?> E>4C @CEC 25@H8=>N B>@:0єBPAO 5;V?A0 

:>=B0:BC.  

$>728B:>< B5>@VW �0@B5@0 <>6=0 22060B8 B0:>6 F9BDVN E@G7 )>;;V=30 (J. 

Halling) [60], )09=5A0 (D. Hainess) V ";5@B>=0 (E. Olerton) [61]. �E =01;865=0 

B5>@VO @>73;O40є G8AB89 ?>74>26=V9 :@V? 7 5;V?B8G=>N >1;0ABN :>=B0:BC. #@8 

FP><C :>=B0:B=0 ?;O<0 4V;8BPAO =0 @O4 A<C3, ?0@0;5;P=8E =0?@O<:C :>G5==O, 

:>6=0 7 O:8E 4>A;V46C20;0AO 2V4?>2V4=> 4> B5>@VW �0@B5@0 157 270є<>72'O7:C <V6 

A>1>N.  

�=0G=89 2=5A>: C @>728B>: B5>@V9 7G5?;5==O =0;568BP �0;:5@C (�. Kalker) 

[66, 67], O:89 @>7@>182 ?VAV=AG F9BDVN >D<CG, 70 O:>N ?;>I5N :>=B0:B=>W 

?;O<8, =0 O:V9 <0є <VAF5 ?@>A;870==O <>6=0 7=5EBC20B8, @>73;O40NG8 2AN 

?;>IC :>=B0:BC, O: 7>=C 7G5?;5==O. �V4?>2V4=> 4> FVєW B5>@VW 2 <V@C B>3>, O: 

G0AB8=:8 ?>25@E=V :>;5A0 ?>B@0?;ONBP 2 >1;0ABP :>=B0:BC, 2>=8 2ABC?0NBP C 

270є<>4VN =0 ?5@54=P><C :@0W >1;0ABV :>=B0:BC. ' <V@C ?@>AC20==O ?> :>=B0:BC, 

2=0A;V4>: 2V4ACB=>ABV ?@>A;870==O @>72820єBPAO BO3>25 7CA8;;O. %?V22V4=>H5==O 

<V6 :@8?>< V A8;0<8 :@8?C �0;:5@ 70?@>?>=C202 C 283;O4V A?@>I5=8E ;V=V9=8E 

DC=:FV9. 

�3V4=> EFDG>FGDAB-9A9D79F<чABW F9BDVW 2AV ?@>F5A8 B5@BO 28=8:0NBP V 

@>72820NBPAO 2 @57C;PB0BV 42>E 287=0G0;P=8E O28I, 7 >4=>3> 1>:C – 71V;PH5==O 

2V;P=>W 5=5@3VW 2 A8AB5<V B5@BO – 0:B820FVW, 7 V=H>3> – WW 7<5=H5==O – ?0A820FVW. 

 5B0;>7=02GV 0A?5:B8 AB@C:BC@=8E D07>28E ?5@5E>4V2 V ?5@5B2>@5=P =0 
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:>=B0:BCNG8E ?>25@E=OE ?@8 B5@BV 28:;045=V 2 ?@0FOE �6>=A>=0 (K. Johnson) 

[59],  �0@25;; (F. Barwell) [68].  

%CG0A=V CO2;5==O ?@> 7G5?;5==O :>;5A0 7 @59:>N, 107CNBPAO =0 

:><?;5:A=><C ?V4E>4V 4> 73040=8E 28I5 B5>@V9 B5@BO [124, 125, 136, 151, 154, 

156-159]. 

 

1.5.2 �>A;V465==O E0@0:B5@8AB8: 7G5?;5==O 

#@8 <0B5<0B8G=><C <>45;N20==V @CEC @59:>28E 5:V?06V2 206;828< є 

28:>@8AB0==O 4>AB>2V@=8E 7>2=VH=VE E0@0:B5@8AB8: 7G5?;5==O C :>=B0:B0E :>;VA 

7 @59:0<8 [135, 113-115, 117, 118, 120, 123]. )0@0:B5@8AB8:0<8 7G5?;5==O 

?@89=OB> =07820B8 70;56=>ABV :>5DVFVє=BC 7G5?;5==O 2V4 ?8B><>W H284:>ABV 

:>270==O C >A=>2=><C :>=B0:BV. !0O2=VABP ?>274>26=P>3> ?@>:>27C20==O :>;VA 

2V4=>A=> @59>: є =5>1EV4=>N C<>2>N 28=8:=5==O 2 :>=B0:B0E A8; 7G5?;5==O. 

�>A;V465==N E0@0:B5@8AB8: 7G5?;5==O ?@8A2OG5=0 25;8:0 :V;P:VABP @>1VB.  

�. &:0G5=:> C @>1>BV [33] 70?@>?>=>202 E0@0:B5@8AB8:8 7G5?;5==O 

?@54AB02;OB8 C =0ABC?=><C 283;O4V 
 āý(ăý , ăþ),       āý(ăý , ăþ) ,                                          (1.20)    

 

45 āý, āþ,  ăý , ăþ – 2V4?>2V4=> 2V4=>A=V :>5DVFVє=B8 7G5?;5==O 2V4=>A=V 

?@>:>27C20==O C :>=B0:B0E, 2V4?>2V4=> C ?>274>26=P><C V ?>?5@5G=><C 

=0?@O<:0E. 
 āý = �ý�0;      āþ = �þ�0;      ăý = ��ý�� ;      ăþ = ��þ��  ,                       (1.21)           

 

45 xù , yù   – ?>B>G=V 7=0G5==O :>5DVFVє=BV2 7G5?;5==O, 2V4?>2V4=> C 

?>274>26=P><C V ?>?5@5G=><C =0?@O<:0E; 

où – DV78G=89 :>5DVFVє=B 7G5?;5==O; 

sxV , syV   – H284:>ABV ?@>:>27C20==O C F5=B@V :>=B0:B=>W ?;O<8, 2V4?>2V4=> C 

?>274>26=P><C V ?>?5@5G=><C =0?@O<:0E, </A; 
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cV �ā– H284:VABP ?>@V2=O==O, </A. � O:>ABV H284:>ABV ?>@V2=O==O <>65 1CB8 
?@89=OB0 01> H284:VABP @CEC F5=B@C :>;5A0 (V ), 01> >:@C6=0 H284:VABP :>;0 

:>G5==O :>;5A0 ( R÷ ). 

!0O2=VABP 28AEV4=>W V ?040NG>W 3V;>: E0@0:B5@8AB8:8 7G5?;5==O 

?V4B25@46CєBPAO @57C;PB0B0<8 25;8:>W :V;P:>ABV 4>A;V465=P. !0 @8A.1.4 ?>:070=0 

B8?>20 E0@0:B5@8AB8:0 7G5?;5==O :>;5A0 7 @59:>N. '<>2=> WW <>6=0 @>718B8 =0 

B@8 >1;0ABV: 1 – >1;0ABP ?@>?>@FV9=>ABV, 2 O:V9 70;56=VABP ;V=V9=0; 2 – >1;0ABP 

?@C6=>3> ?@>:>27C20==O; 3 – >1;0ABP ?>2=>3> :>270==O.  
 

 

$8AC=>: 1.4 – &8?>20 E0@0:B5@8AB8:0 7G5?;5==O :>;5A0 7 @59:>N 

 

->4> G8A5;P=8E 7=0G5=P E0@0:B5@8AB8: 7G5?;5==O, B> BCB A?>AB5@V30єBPAO 

25;8:89 WE 4V0?07>=. 

�0@25;; (F. Barwell) [68],  0@C90<0 (H. Mariama) V "E090<0 (T. Ohyama) 

[71] 28O28;8 7=0G=5 ?04V==O :>5DVFVє=B0 7G5?;5==O ?@8 ?V428I5=V9 2>;>3>ABV 

?>2VB@O V ?@8 ?>40GV 2 :>=B0:B 2>48 (@8A.1.5, 1.6). +0? (J. Chap) [72] ?>:0702, I> 

?@8 7<V==><C =020=B065==V :>5DVFVє=B 7G5?;5==O <5=H5, =V6 ?@8 ?>ABV9=><C 

(@8A.1.7). 
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$8AC=>: 1.5 – )0@0:B5@8AB8:8 7G5?;5==O ?@8 @V7=V9 2>;>3>ABV ?>2VB@O (70 
40=8<8 �0@25;;0 [68]): 1 – 20 %; 2  – 40 %; 3 – 65 %; 4 – 100 

 

 

$8AC=>: 1.6 – )0@0:B5@8AB8:8 7G5?;5==O ?@8 ?>40GV 2 :>=B0:B 2>48 

(70 40=8<8  0@C90<0 V "E090<0 [71]) 

 

 

$8AC=>: 1.7 – )0@0:B5@8AB8:8 7G5?;5==O ?@8 48=0<VG=><C 25@B8:0;P=><C 
=020=B065==V (70 40=8<8 +0?0 [72]) 

 

!54>;V:>< <0965 2AVE 5:A?5@8<5=B0;P=8E 4>A;V465=P =0 @50;P=8E 

203>=0E, є AC<=V2=0 G8AB>B0 5:A?5@8<5=BC G5@57 >G5284=C =5<>6;82VABP 

2@0EC20B8 157;VG ?>1VG=8E G8==8:V2, ?>2'O70=8E V7 :>;820==O<8 V 2V1@0FVєN 2 

A8AB5<V «:>;5A>-@59:0». � V=H>3> 1>:C, 5:A?5@8<5=B8 =0 <>45;NNG8E AB5=4>28E 

CAB0=>2:0E =5 <>6CBP @50;P=> 2V4>1@078B8 DV78G=V ?@>F5A8 2 :>=B0:B0E :>;VA 7 

@59:0<8 G5@57 ?@0:B8G=C 2V4ACB=VABP =04V9=8E :@8B5@VW2 ?>4V1=>ABV :>=B0:B=>W 

270є<>4VW ?@8 28A>:8E =>@<0;P=8E V 4>B8G=8E =0?@C65==OE. ' 728O7:C 7 F8< 

>A>1;8289 V=B5@5A ?@54AB02;ONBP @57C;PB0B8 4>A;V465==O E0@0:B5@8AB8: 

7G5?;5==O =0 AB5=4>2V9 CAB0=>2FV =0 >A=>2V =0BC@=8E :>;5A0 V @59:8, 

?@54AB02;5=V C @>1>BV [33]. 'AB0=>2:0 4>72>;Oє V<VBC20B8 ?@>F5A @CH0==O :>;5A0 

V >B@8<C20B8 E0@0:B5@8AB8:8 7G5?;5==O :>;5A0 7 @59:>N, O: 70;56=>ABV 

?>74>26=P>W V ?>?5@5G=>W A8; 7G5?;5==O 2V4 ?>74>26=P>3> V ?>?5@5G=>3> 

2V4=>A=>3> :>270==O 2 :>=B0:BV. !0 AB5=4V 1C;> >B@8<0=> E0@0:B5@8AB8:0<8 
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7G5?;5==O C ?>74>26=P><C V ?>?5@5G=><C =0?@O<:0E (@8A. 1.8). 

 

  

0)                                                                   1) 
$8AC=>: 1.8 – �:A?5@8<5=B0;P=V E0@0:B5@8AB8:8 7G5?;5==O [33] 

 

)0@0:B5@8AB8:8 7G5?;5==O <0NBP 7=0G=5 B5>@5B8G=5 V ?@0:B8G=5 7=0G5==O. 

&5>@5B8G=89 >?8A E0@0:B5@8AB8: 7G5?;5==O 28:>@8AB>2CєBPAO ?@8 

<0B5<0B8G=><C <>45;N20==V ?@>F5AV2 CB2>@5==O :>=B0:B=8E A8; 7G5?;5==O ?@8 

4>A;V465==OE :V=5<0B8:8 V 48=0<V:8 BO3>2>3> ?@82>4C, 4>A;V465==V 

3>@87>=B0;P=>W 48=0<V:8 @CE><>3> A:;04C B>I>. !0 >A=>2V >?8AC E0@0:B5@8AB8: 

7G5?;5==O ?>1C4>20=> 02B><0B87>20=V A8AB5< C?@02;V==O 7G5?;5==O< B0 

?>?5@5465==O 1C:AC20==O.  

 

1.6 �8A=>2:8 70 @>74V;>< 1 

 

' ?5@H><C @>74V;V 28:>=0=> =0;V7 4>A;V465=P D0:B>@V2, 2V4 O:8E 70;568BP 

V=B5=A82=VABP ?V4@V7C 3@51=V2 :>;VA B0 ABV9:VABP I>4> AE>4C :>;VA=8E ?0@ 7 @59>:. 

' @>1>BV 28AC=CB> 3V?>B57C 4>A;V465==O, 2V4?>2V4=> 4> O:>W ?5@5:VA :>;VA=8E ?0@ 

C 2V7:0E 20=B06=8E 203>=V2 =0:>?8GCєBPAO 2 ?@>F5AV 5:A?;C0B0FVW V є >A=>2=>N 

?@8G8=>N ?V428I5==O A?@O<>2CNG8E A8; 2 :>=B0:B0E 3@51=V2 :>;VA 7 @59:0<8. 

#V428I5=V A?@O<>2CNGV A8;8, 7 V=H>3> 1>:C, є ?@8G8=>N ?V428I5==O 

V=B5=A82=>ABV 1>:>2>3> 7=>AC 3@51=V2 B0 7=865==O :>5DVFVє=BC 70?0AC ABV9:>ABV 

I>4> 2V4 AE>4C 20=B06=8E 203>=V2 7 @59>:. �V4ACB=VABP є48=8E <V6=0@>4=8E 

28<>3 4> B5E=VG=>3> >1A;C3>2C20==O 20=B06=8E 203>=V2 7 2V7:0<8 B8?C 18-100 B0 
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WE 0=0;>30<8 ?@82>48BP 4> B>3>, I> ?5@5:>A8 :>;VA=8E ?0@ =5 :>=B@>;NNBPAO 2 

5:A?;C0B0FVW. � @57C;PB0BV WE 28=8:=5==O 71V;PHCєBPAO 7=>A 3@51=V2 :>;VA, 

?V428I5=89 >?V@ @CEC, O:V ?@82>4OBP 4> 28=8:=5==O =5157?5G=>W A8BC0FVW AE>4C 

203>=C 7 @59>:.  

#@>0=0;V7>20=> AB0B8AB8G=V 40=V I>4> ?V4@V7C 3@51=V2 :>;VA 20=B06=8E 

203>=V2 =0 70;V7=8FOE ':@0W=8. �8:>=0=> 0=0;V7 4>A;V465=P 7=>AC 3@51=V2 

20=B06=8E 203>=V2 B0 G8==8:V2, I> 2?;820NBP =0 9>3> V=B5=A82=VABP. 

�>A;V465==O ?>4V;ONBPAO 70 =0?@O<:0<8: 

- 4>A;V465==O 2?;82C 2V4E8;5=P 35><5B@8G=8E ?0@0<5B@V2 E>4>2>W G0AB8=8 

2V4 =><V=0;P=8E;

- @>7@0EC=:>2V <5B>48 >FV=:8 V=B5=A82=>ABV 7=>HC20==O 3@51=V2 :>;VA 

20=B06=8E 203>=V2; 

- 4>A;V465==O A?@O<>2CNG8E 7CA8;P 2 3@515=528E :>=B0:B0E :>;VA V7 

@59:0<8; 

- 4>A;V465==O 4>B8G=8E A8; C :>=B0:B0E :>;VA V7 @59:0<8; 

- @>728B>: B5>@V9 7G5?;5==O :>;VA V7 @59:0<8; 

- 4>A;V465==O E0@0:B5@8AB8: 7G5?;5==O. 

$57C;PB0B8 4>A;V465==O ?5@H>3> @>74V;C >?C1;V:>20=V C ?@0FOE [31, 21, 64, 

97, 109, 131, 142, 159]. 
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$"���� 2 �"%�����!!/ ���Є "��� ��!&��!�) ���"!�� � 

$���� � � �$���)  

 

2.1 �>=AB@C:FVO 2V7:V2 20=B06=8E 203>=V2 <>45;V 18-100 

 

�;87P:> 90 % 20=B06=8E 203>=V2 =0 70;V7=8FOE ':@0W=8 <0NBP 2V7:8 @V7=8E 

<>48DV:0FV9 <>45;V 18-100. �V7>: <>45;V 18-100 A:;040єBPAO 7 =0ABC?=8E 

>A=>2=8E 5;5<5=BV2 (@8A. 2.1): 

• 42V :>;VA=V ?0@8 (1); 

• G>B8@8 1C:A>28E 2C7;0 (5); 

• 420 :><?;5:B8 ?@C68= F5=B@0;P=>3> @5A>@=>3> ?V42VHC20==O (3); 

• =04@5A>@=0 10;:0 (4); 

• 5;5<5=B8 30;P<V2=>W 206V;P=>W ?5@540GV (6). 

 

 
$8AC=>: 2.1 – �V7>: <>45;V 18-100 

 

�V7>: 4>?CA:0є >AP>25 =020=B065==O 4> 230 :! B0 H284:>AB59 @CEC 4> 120 

:</3>4. ,8@>:5 @>7?>2AN465==O 2V7:V2 <>45;V 18-100, O: 22060єBPAO ?>28O70=5 

V7 WE ?5@52030<8 =04 V=H8<8 B8?0<8:  

- ?@>AB>B0 WE :>=AB@C:FVW;  
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- B5E=>;>3VG=VABP 28@>1=8FB20, B5E=VG=>3> >1A;C3>2C20==O V @5<>=BC;  

- @5<>=B>?@840B=VABP 2C7;V2, I> 7=>HCNBPAO; 

- 4>AB0B=O =04V9=VABP 2 5:A?;C0B0FVW ?>@O4 V7 7=0G=8< 70 ?@>BO6=VABN 

68BBє28< F8:;><.  

#@8 0=0;V7V =54>;V:V2 FP>3> B8?C 2V7:V2 =0A0<?5@54 7304CєBPAO =87P:0 

?0@0;5;>3@0<=0 6>@AB:VABP 71V@=>W @0<8 2V7:0 2 ?;0=V G5@57 =56>@AB:89 728O7>: 

=04@5A>@=>W 10;:8 7 1>:>28=0<8 @0<. )0@0:B5@=8<8 є <>6;82VABP ?>274>26=VE 

701V30=P 1>:>28= @0<8 2 @CAV 2V4=>A=> >4=0 >4=>W =0 25;8G8=C 4> 15–20 << V, O: 

=0A;V4>: – ?5@5:>AC :>;VA=8E ?0@ 2V4=>A=> =><V=0;P=>3> ?>;>65==O 2 @0<V 2V7:0 

[133].  

 >45;P 2V7:0 18-100 є 107>2>N 4;O 1V;PH5 =V6 50 9>3> <>48DV:0FV9 . �>6=0 

7 <>48DV:0FV9 AB2>@N20;0AP 7 =04VєN =0 ?>;V?H5==O 5:A?;C0B0FV9=8E 

E0@0:B5@8AB8: 203>=V2. !0 70;V7=8FOE ':@0W=8 5:A?;C0BCNBPAO <>48DV:0FVW 2V7:V2 

18-100 @>7@>1:8 V 28@>1=8FB20 =87:8 DV@< [88, 89]:  

- #�& «�7>2<0H» [86] (':@0W=0) (@8A. 2.4);  

-  «":@5<5 :>=AB@C:B>@AP:5 1N@> 203>=>1C4C20==O» [81] (<. �@5<5=GC:, ':@0W=0) 

(@8A. 2.5);  

-  &"� «&�% �!�#$"���"! �,» [82] (':@0W=0) (@8A. 2.6);  

-  #�& «�@N:V2AP:89 203>=>1C4V2=89 702>4» [83, 84, 87] (':@0W=0) (@8A. 2.7);  

 

 

$8AC=>: 2.4 – �V7>: 18-1711 #�& «�7>2<0H» (':@0W=0) [75] 
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�V7>: <>45;V 18-9817                          �V7>: <>45;V 18-9902 

 

   

�V7>: <>45;V 18-4129                           �V7>: <>45;V 18-9844 

$8AC=>: 2.5 – �V7:8 @>7@>1:8 «":@5<>3> :>=AB@C:B>@AP:>3> 1N@> 

203>=>1C4C20==O» (':@0W=0) [81] 

 

$8AC=>: 2.6 – �V7>: <>45;V 1750  &" 

«&�% �!�#$"���"! �,» (':@0W=0)  [82] 

$8AC=>: 2.7 – �V7>: <>45;V 18-
7020 #�& «�@N:V2AP:89 

203>=>1C4V2=89 702>4» (':@0W=0) 
[83] 

 

"AB0==V<8 V==>20FV9=8<8 <>48DV:0FVO<8 2V7:0 18-100 є 2V7:8 <>45;59 18-

4129 V 18-9817 [91]. �V7>: 18-9817 є A?V;P=>N @>7@>1:>N :><?0=V9 ASF Keystone 

(%,�) V #�� «�=B5@-�0@-�@C?» (':@0W=0). ' 2V7:C 28:>@8AB0=V B5E=VG=V @VH5==O 

V B5E=>;>3VW, AEV4=V =0 2V7>: Motion Control (@8A. 2.10), O:0 CA?VH=> 

5:A?;C0BCєBPAO 2 %,� V �0=04V. �>:@5<0, C 1C:A>28E >B2>@0E 1>:>28= 
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2AB0=>2;5=V ?>;V<5@=V 040?B5@8 «AdapterPlus», 70AB>AC20==O O:8E ACBBє2> 

7=86Cє 7=>A :>;VA V @59>:.  

 

$8AC=>: 2.10 – �V7>: <>45;V Motion Control (%,�) (70?>78G5=> V7 465@5;0 [81] 

 

�V7>: <>45;V 18-4129 AB2>@5=> C:@0W=AP:>N DV@<>N &"� «%>DVO �=25AB» 

(@8A. 2.11). �;O 7<5=H5==O :CBV2 =01V30==O :>;VA =0 @59:8 G5@57 701V30==O 

1>:>28= @0<8 C 2V7:0E 70AB>A>20=> 4V03>=0;P=V 72'O7:8 B8?C ,5DD5;O, 7024O:8 

FP><C 7<5=HCєBPAO V=B5=A82=VABP ?V4@V7C 3@51=V2 :>;VA.  

 

 

$8AC=>: 2.11 – �;5<5=B8 2V7:0 <>45;V 18-4129 (70?>78G5=> V7 465@5;0 [81]) 
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�0 @57C;PB0B0<8 28?@>1C20=P, 48=0<VG=V E0@0:B5@8AB8:8 203>=V2 7 2V7:0<8 

18-9817 V 18-4129 ACBBє2> :@0IV, =V6 7 2V7:0<8 107>2>W <>45;V 18-100 [91].  

 

2.2 %?@O<C20==O 203>=V2 @59:>2>N :>;VєN B0 C<>28 ABV9:>ABV I>4> AE>4C 

7 @59>: 

 

�> 25% >A=>2=8E ?@8G8= :0B0AB@>D, 020@V9 B0 A5@9>7=8E V=F845=BV2 =0 

70;V7=8FV ?@8E>48BPAO =0 AE>48 :>;VA=8E ?0@ 7 @59>:. �0 >AB0==V 45AOB8;VBBO 

G0AB>B0 AE>4V2 203>=V2 7 @59>: ?><VB=> 7<5=H8;>AO, 0;5, =0 60;P, 2V41C20єBPAO 7 

4>A8BP AB01V;P=>N @53C;O@=VABN.  5E0=V7< AE>4C 7 @59>: 70;V7=8G=8E 

B@0=A?>@B=8E 70A>1V2 є A:;04=8< <5E0=VG=8< ?@>F5A>< [92, 93]. 

' AB0BBV [38] =02>48BPAO AB0B8AB8:0 V 0=0;V7CNBPAO ?@8G8=8 <0AHB01=8E 

020@V9 =0 70;V7=8FV. #V4:@5A;NєBPAO 206;82VABP 4>A;V465=P 3@515=52>3> 

:>=B0:BC, O: >A=>2=>3> D0:B>@C 157?5:8.  

�;0A8G=8< :@8B5@Vє< 157?5:8 @CEC @59:>2>3> 5:V?06C є :>5DVFVє=B 

ABV9:>ABV ?@>B8 AE>4C 7 @59>:, C 283;O4V 2V4=>H5==O ?>?5@5G=>W A8;8 4> 

25@B8:0;P=>W =020=B065==V :>;5A0 =0 @59:C – :@8B5@V9 !040;O (Nadal) [85]. 

�V4?>2V4=> 4> B5>@VW !040;O 

 [��] = þąĀ 2 Ā1 + Ā ∙ þąĀ ,                                                 (2.1) 
 

 

45 ³ – :CB =0E8;C 3@51=O :>;5A0 2V4?>2V4=> 3>@87>=B0;V, @04;  

μ – :>5DVFVє=B B5@BO 2 :>=B0:BV 3@51=O V @59:8. 

(>@<C;0 !040;O 70A=>20=0 =0 45:V;P:>E A?@>I5==OE, B><C 4;O ?V428I5==O 

4>AB>2V@=>ABV >FV=:8 @V2=O 157?5:8 203>=V2 2V4 AE>4C 7 @59>: I5 =0 AB04VW 

:>=AB@C:B>@AP:>W @>7@>1:8 78O28;8AO G8A;5==V A?@>18 WW CB>G=5==O.  

�2B>@0<8 [34] 70?@>?>=>20=> CB>G=5==O D>@<C;8 !040;O, 70A=>20=5 =0 

B5>@5B8G=><C 3-D 4>A;V465==V A8; ?>27CG>ABV =0 ?;O<V :>=B0:BC :>;5A0 7 

@59:>N. 'B>G=5=0 D>@<C;0 40є <5=H :>=A5@20B82=V 7=0G5==O 4;O =C;P>28E :CBV2 
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=01V30==O. �>;8 6 :CB8 =01V30==O 4>A8BP 25;8:V, >B@8<0=V @57C;PB0B8 71V30NBPAO 

7 B8<8, I> ?5@5410G5=V >A=>2=8< @V2=O==O< !040;0. 

 [��] = þąĀ 2 Ā ∙ āāýā(1 + Ā ∙ þąĀ) ∙ āāýā ,                                                   (2.2) 
 

45 ´ – :CB 2V4E8;5==O =>@<0;P=>3> =020=B065==O :>;5A0 =0 @59:C 2V4 

25@B8:0;P=>W >AV, @04. 

� @>1>BV [35] =0 >A=>2V D>@<C;8 !040;O, =02>48BPAO 0=0;V7 @>;V A?8=0 2 

?@>F5A0E, I> <0NBP <VAF5 C 3@515=52><C :>=B0:BV :>;5A0 7 @59:>N. 

#@>?>=CєBPAO >=>2;5=89 :@8B5@V9 157?5:8, O:89 ?@872>48BP 4> 1V;PH B>G=8E, 70 

4C<:>N 02B>@V2, 7=0G5==O<, =V6 D>@<C;0 !040;O. 

%?@>10 CB>G=5==O D>@<C;8 !040;O 7@>1;5=0 B0:>6 C @>1>BV [36]. 

'B>G=5==O 70A=>20=5 =0 C@0EC20==V 2?;82C ?>74>26=P>W :>=B0:B=>W A8;8 

?>27CG>ABV V :CB0 =01V30==O :>;5A0 =0 @59:C. "B@8<0=V @57C;PB0B8, ?@>B5, <0;> 

2V4@V7=ONBPAO 2V4 :@8B5@VN !040;O, 1> =5 2@0E>2CNBP ?@>A;870==O 2 >A=>2=><C 

:>=B0:BV B0 @568<C @CEC :>;VA=>W ?0@8.  

' 4>A;V465==V [37] ?@>2545=> 0=0;V7 >A=>2=8E B8?V2 AE>4C 7 @59>: 

70;V7=8G=8E B@0=A?>@B=8E 70A>1V2, ?>2'O70=8E 7 E0@0:B5@8AB8:0<8 @59:>2>W :>;VW 

V 7 ?@>DV;5< ?>25@E>=P :>G5==O :>;VA V @59>:. �8OA>20=>, I> =0E8; 3@51=O :>;5A0 

є >A=>2=8< 35><5B@8G=8< ?0@0<5B@><, O:89 2?;820є =0 9<>2V@=VABP AE>465==O 

:>;VA=8E ?0@ 7 @59>:.  

� @>1>BV [39] =02545=> @V2=O==O 4;O >FV=:8 =020=B065==O =0 :>;5A> 7 

C@0EC20==O< 2V4F5=B@>28E A8;, 2V4E8;5==O 35><5B@VW B@0є:B>@VW V 45D>@<0FVW 

2B>@8==>3> ?V42VHC20==O 70;V7=8G=8E B@0=A?>@B=8E 70A>1V2. �0?@>?>=>20=> 

@>728B>: <5B>4V2 @>7@0EC=:C :@8B8G=>3> :>5DVFVє=B0 157?5:8 =0 >A=>2V 

C@0EC20==O :CB0 =01V30==O :>;5A0 =0 @59:C V 5:2V20;5=B=>3> :>5DVFVє=B0 B5@BO.  

' 4>A;V465==V [40] 0=0;V7CNBPAO E0@0:B5@8AB8:8 :>=B0:BC 7 :>;5A0 7 

@59:>N, O:V 2?;820NBP =0 ?@>F5A8 AE>465==O :>;VA=>W ?0@8 7 @59>:: 

- @>7?>4V; A8;>28E @50:FV9 2 :>=B0:BV :>;5A0 7 @59:>N; 
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- :V=5<0B8:0 270є<=>3> ?5@5<VI5==O ?>25@E>=P, I> :>=B0:BCNBP, ?@8 

42>E-B>G:>2><C :>=B0:BV; 

- ?5@5@>7?>4V; A8; V H284:>AB59 <V6 :>=B0:B=8<8 ?>25@E=O<8 ?@8 

?5@5:;04FV :>=B0:BC 7 >A=>2=>3> 4> 3@515=52>3>; 

- 70;56=VABP =0?@O<:C 25:B>@C A8;8 2 3@515=52><C :>=B0:BV 2V4 :CB0 

=01V30==O :>;VA =0 @59:8 B0 @568<C @CEC – BO30, 281V3 01> 30;P<C20==O; 

- <5E0=V7< ?>O28 25@B8:0;P=>W A:;04>2>W A8;8 B5@BO 2 :>=B0:BV 3@51=O V 

@59:8. 

$57C;PB0B8 4>A;V465=P [41] 70A=>20=V =0 40=8E G8A5;P=>3> <>45;N20==O 

@CEC 203>=0 ?> :>;VW 7 28?04:>28<8 1VG=8<8 V 25@B8:0;P=8<8 =5@V2=>ABO<8. 

$V25=P 157?5:8 >FV=N20;0AO A?V22V4=>H5==O< ?>?5@5G=>W V 25@B8:0;P=>W A8;8 2 

B>GFV :>=B0:BC :>;5A0 7 @59:>N. $V25=P :><D>@BC >FV=N202AO 70 @V2=5< 1>:>2>3> 

B0 25@B8:0;P=>3> ?@8A:>@5==O. �A=Cє 7030;P=0 4C<:0, I> =5157?5G=89 :CB 3@51=O 

є 3>;>2=>N V є48=>N ?@8G8=>N AE>4C :>;VA 7 @59>:.  

�2B>@8 ?C1;V:0FVW [42] >FV=NNG8 2?;82 :>5DVFVє=B0 B5@BO 2 :>=B0:BV 

3@51=O 7 @59:>N =0 9<>2V@=VABP 020@VW, 2AB0=>28;8, I> 70E>48 I>4> 7=865==O 

:>5DVFVє=B0 B5@BO C 3@515=52><C :>=B0:BV 5D5:B82=V =02VBP 4;O 28?04:V2, :>;8 

:>5DVFVє=B AE>4C 7 @59>: ?5@528ICє 3@0=8G=89 :@8B5@V9 !040;O. 

� @>1>BV [43] ?@>?>=CєBPAO <5B>4 70?>1V30==O AE>4C 7 @59>:, 70A=>20=89 =0 

:>=B@>;V @>720=B065==O :>;VA. *59 <5B>4 4>72>;Oє >FV=8B8, G8 7=0E>48BPAO 

=020=B065==O 2 <560E 7>=8 157?5:8. �D5:B82=VABP <5B>48:8 4>2545=> 

48=0<VG=8<8 28?@>1C20==O<8 203>=V2 <5B@>?>;VB5=C. �8OA>20=>, I> ?>:07=8:8 

157?5:8 ?@8 28;O==V 203>=V2 ?5@528ICNBP 4>?CAB8<C <56C, B>4V O: 2 AB01V;P=8E 

C<>20E 2>=8 7=0E>4OBPAO 2 <560E 157?5:8.  

� @>1>BV [44] ?>@V2=NNBPAO 48=0<VG=V ?>:07=8:8 B@P>E @V7=8E B8?V2 2V7:V2. 

�>A;V465=> >A=>2=V 48=0<VG=V ?>:07=8:8 203>=0: 25@B8:0;P=V V 3>@87>=B0;P=V 

:>5DVFVє=B8 48=0<V:8, 0 B0:>6 :>5DVFVє=B 157?5:8 2V4 AE>4C 7 @59>:.  

' 4>A;V465==V [45] @>73;O402AO ?@>F5A AE>4C 70;V7=8G=8E B@0=A?>@B=8E 

70A>18 7 @59>: ?@8 =87P:8E H284:>ABOE @CEC 2 :@828E 4V;O=:0E :>;VW. �82G5=> 

<5E0=V7< ?V49><C 3@51=O 4;O :V;P:VA=>W >FV=:8 D0:B>@V2, I> 28:;8:0NBP AEV4 
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70;V7=8G=8E B@0=A?>@B=8E 70A>1V2 7 @59>:. �C;> ?@>0=0;V7>20=> @57C;PB0B8 

28?@>1C20=P =0 ?0A068@AP:8E 203>=V2 7 4V9A=8< AE>4>< 7 @59>:. &0:>6 

?@>2>48;8AO 28?@>1C20==O =0 @>;8:>2><C AB5=4V. �0?@>?>=>20=> <5B>4 >FV=:8 

@V2=O 157?5:8 2V4 AE>4C 7 @59>: 2 :@828E 4V;O=:0E :>;VW. 

' 4>A;V465==V [46] >?8ACєBPAO <5E0=V7< AE>4C 7 @59>: V <5B>4 

157?5@5@2=>3> :>=B@>;N A8;8 <V6 :>;5A>< V @59:>N. #@>?>=CNBPAO =>2V 

:@8B5@VW >FV=:8 =5157?5:8 020@VW.  

' 4>A;V465==V [47] ?>1C4>20=> B@828<V@=C =5;V=V9=C 48=0<VG=C <>45;P 

A8AB5<8 :>;VA=8E ?0@ V @5A>@=>3> ?V42VHC20==O. �>A;V46C202AO 2?;82 

:>5DVFVє=B0 B5@BO V H284:>ABV @CEC =0 AEV4 7 @59>:. �@V< B>3>, 4>A;V46C20;8AO 

@V7=V A?>A>18 7<0I5==O @59>: V WE 2?;82 =0 =5157?5:C AE>465==O 7 @59>:. &0:>6 

@>73;O=CBV >A>1;82>ABV 42>E-B>G:>2>3> :>;VA=>-@59:>2>3> :>=B0:BC B0 =040=> 

@5:><5=40FVW I>4> ?>;V?H5==O 157?5:8 AE>4C 7 @59>:. 

� @>1>BV [48] ?@54AB02;5=> :>@>B:89 >3;O4 >:@5<8E ?@>1;5< 48=0<V:8 

70;V7=8G=8E B@0=A?>@B=8E 70A>1V2, 2 B><C G8A;V 0=0;V7 <5E0=V7<C AE>4C 7 @59>:. 

�2B>@8 AB0BBV AB25@46CNBP, I> 6>45= 7 VA=CNG8E :@8B5@VW2 157?5:8 ?>2=VABN =5 

287=0G0є 9<>2V@=VABP AE>465==O 7 @59>:. #@>?>=CєBPAO >4=>G0A=5 28:>@8AB0==O 

45:V;P:>E :@8B5@VW2 157?5:8.  

' [49] ?@54AB02;5=V @57C;PB0B8 0=0;V7C <5E0=V7<C AE>4C 7 @59>:. #>:070=0 

@>;P :CB0 =01V30==O 2 ?@>F5AV AE>465==O :>;5A0 7 @59>:, 0;5 02B>@8 >1<568;8AO 

>?8A>< <5E0=V7<C AE>4C 157 @>7@0EC=:>28E 70;56=>AB59.  

� @>1>BV [50] ?@54AB02;5=0 ?@>F54C@0 @>7@0EC=:C ?>74>26=P>3> 

@>7B0HC20==O 3@515=52>3> :>=B0:BC, 7>:@5<0 5:AF5=B@8A8B5BC, ?@54AB02;5=0 7 

28:>@8AB0==O< <5B>4C �0=30 V 70AB>AC20==O< B@828<V@=>W AVB:8. $57C;PB0B8 

FP>3> <>45;N20==O ?>@V2=N20;8AO 7 @57C;PB0B0<8, 2 O:8E @>7B0HC20==O 

:>=B0:BC 1C;> @>7@0E>20=> :;0A8G=8< <5B>4><. �C2 7@>1;5=89 28A=>2>:, I> 

1V;PH B>G=5 <VAF5 @>7B0HC20==O :>=B0:BC ?> <5B>4C �0=30 40є <5=H89 :CB 

=0E8;C 3@51=O. �@V< B>3>, 1C2 7@>1;5=89 28A=>2>: ?@> B5, I> 2?;82 

?>74>26=P>3> @>7B0HC20==O B>G:8 :>=B0:BC =0 <>45;N20==O @CEC 

B@0=A?>@B=>3> 70A>1C =57=0G=89 4;O :CB0 =0E8;C 3@51=O 4> 40 3@04. V :CB0 
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=01V30==O 4> 1 3@04. 

� @>1>BV [51] 0=0;V7CNBPAO AB@C:BC@=V >A>1;82>ABV :>;VA=8E ?0@ 

70;V7=8G=8E B@0=A?>@B=8E 70A>1V2, >A>1;82> WE 740B=VABP 4> @04V0;P=>3> 

A0<>2AB0=>2;5==O. 

� @>1>B0E [52, 53] 4>A;V46CNBPAO ?@>F5A AE>4C 203>=0 7 @59>: =0 >A=>2V 

<0B5<0B8G=8E <>45;59 :>;5A0 V @59:8. �8OA>20=>, I> 35><5B@8G=V ?0@0<5B@8 

:>=B0:BC :>;VA V @59>: <0NBP 28@VH0;P=89 2?;82 =0 B>G=VABP >?8AC ?@>F5AV2. 

� AB0BBV [54] ?@54AB02;5=V 28<>38 4> ACG0A=>3> @CE><>3> A:;04C B0 >FV=:8 

ABV9:>ABV 203>=V2 I>4> AE>4C 7 @59>:. #>:070=>, I> :>5DVFVє=B 70?0AC ABV9:>ABV 

I>4> 2:>GC20==O 3@51=O :>;5A0 =0 3>;>2:C @59:8 є V=B53@0;P=8< ?>:07=8:>< 

157?5:8 @CEC.  

 

2.3 'B>G=5==O :@8B5@VN AE>4C :>;VA=8E ?0@ 7 @59>: 

 

!5 72060NG8 =0 G8A;5==V 4>A;V465==O :@8B5@VW2 157?5:8 2V4 AE>4C 7 @59>:, 

2>=8 =5 2@0E>2CNBP @O4 48=0<VG=8E D0:B>@V2. �>:@5<0, =54>AB0B=P> 4>A;V465=> 

AC<VA=89 2?;82 :CB0 =01V30==O :>;5A0 =0 @59:C V 2?;82C A8; 2V42545==O :>;5A0, 

I> 71V30є, =0 ?@>F5A AE>465==O :>;VA=>W ?0@8 7 @59>:. "FV=:0 :>5DVFVє=B0 

157?5:8 ?> 1>:>2><C 7CA8;;N 2 3@515=52><C :>=B0:BV є =57@CG=>N V =5B>G=>N. 

%:;04=VABP ?>;O30є 2 0=0;V7V 3>@87>=B0;P=>3> 3@515=52>3> 7CA8;;O, =0 O:5 2 

7=0G=V9 <V@V 2?;820є A8;0 B5@BO 2 :>=B0:BV 4@C3>3> :>;5A0 :>;VA=>W ?0@8 [97].  

�AV 2V4><V 4>A;V465==O C<>2 AE>4C >1<56C20;8AO @>73;O4>< 

:>=B0:BC20==O >:@5<>3> :>;5A0 (I> =01V30є) 7 @59:>N. !572060NG8 =0 B5, I> 

4>A;V4=8:0<8 2@0E>2C20;>AO 1030B> @V7=8E D0:B>@V2, 2?;82 :>;5A0, I> 71V30є, =0 

?@>F5A AE>4C :>;VA=>W ?0@8 7 @59>: =5 @>73;O402AO. � 48A5@B0FVW 1C;0 ?>AB02;5=0 

7040G0 CB>G=8B8 D>@<C;C !040;O 7 C@0EC20==O< A8; 7G5?;5==O C :>=B0:B0E >1>E 

:>;VA :>;VA=>W ?0@8 7 @59:0<8.  

 

2.3.1 �V=5<0B8:0 A?@O<C20==O :>;VA=>W ?0@8 @59:>2>N :>;VєN 

� 40=><C ?V4@>74V;V <>45;NєBPAO @CE :>;VA=>W ?0@8 2 @59:>2>W :>;VW 7 :CB>< 
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=01V30==O ñ. $>7@0EC=:>20 AE5<0 :>=B0:BC20==O :>;VA=>W ?0@8 7 @59:0<8 

?>:070=0 =0 @8A. 2.12.  %8=V 25:B>@8 – 25:B>@8 AE5<8 H284:>AB59, G5@2>=V 

25:B>@8 – 25:B>@8 @50:FV9 (A8;), I> 4VNBP =0 :>;5A0 2 :>=B0:B0E :>;VA=>W ?0@8 7 

@59:0<8. 

!0 AE5<V :>;5A> 1 – :>;5A>, I> 71V30є, 0 :>;5A> 2 – :>;5A>, I> =01V30є. 

�>;5A>, I> =01V30є <0є 42>E-B>G:>289 :>=B0:B 7 @59:>N: ?> >A=>2=><C :>=B0:BC 

– B>G:0 K21 V ?> 3@515=52><C :>=B0:BC – B>G:0 K22. �>;5A>, I> 71V30є, <0є >4=>-

B>G:>289 :>=B0:B 2 B>GFV K11.  

� O:>ABV C<>28 AE>4C 7 @59>: ?@89<0єBPAO 28?04>:, :>;8 =020=B065==O 2 

>A=>2=><C :>=B0:BV :>;5A0, I> =01V30є – C :>=B0:BV K21 – 4>@V2=Nє =C;N. 

 

  

$8AC=>: 2.12 – %E5<0 :V=5<0B8:8 :>=B0:BC20==O :>;VA=>W ?0@8 7 @59:0<8 

 

$>73;O40NBPAO =0ABC?=V :V=5<0B8G=V V A8;>2V ?0@0<5B@8 :>=B0:BC20==O V WE 

?>7=0G5==O: 

V – H284:VABP @CEC :>;VA=>W ?0@8 274>26 :>;VW, </A; 

Vφ1 , Vφ2 – ;V=V9=V H284:>ABV @CEC 2 >A=>2=8E :>=B0:B0E :>;VA V7 @59:0<8, 

?>2'O70=V 7 >15@B0==O< :>;VA=>W ?0@8 =02:@C38 2;0A=>W >AV, </A; 

Vψ1 , Vψ2  – ;V=V9=V H284:>ABV 2 >A=>2=8E :>=B0:B0E :>;VA V7 @59:0<8, 
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?>2'O70=V 7 >15@B0==O< :>;VA=>W ?0@8 =02:@C38 25@B8:0;P=>W >AV, </A; 

V1, V2 – H284:>ABV 2V4=>A=>3> ?@>:>27C20==O :>;VA 2V4=>A=> @59>: 2 

>A=>2=8E :>=B0:B0E, </A; 

VÄ1, Vy1, VÄ2, Vy2 – ?@>5:FVW 25:B>@V2 H284:>AB59 V1, V2 =0 2V4?>2V4=V >AV Ox1, 

Oy1, Ox2, Oy2, </A; ÿ – :CB =01V30==O :>;5A0 =0 @59:C, @04. 

�5:B>@=V :V=5<0B8G=V @V2=O==O ?@>:>27C20==O 2 :>=B0:B0E K1, K2: 

 �̅1 = �̅ + �̅�1;             �̅2 = �̅ + �̅�2;                             (2.3) 

 

    

 

$8AC=>: 2.13 – #;0=8 H284:>AB59 ?@>:>27C20==O 2 >A=>2=8E :>=B0:B0E :>;VA V7 

@59:0<8 :>=B0:B0E �1 V �2 

 

� ?;0=V2 H284:>ABV =0 @8A. 2.13 B0 =0 >A=>2V B5>@5< :>A8=CAV2 >B@8<0є<> 

7=0G5==O H284:>AB59 ?@>:>27C20==O 2 :>=B0:B0E B0 WE A:;04>28E: 

 �ÿ = √�2 + ��ÿ2 2 2 ∙ � ∙ ��ÿ ∙ āāý(ÿÿ) ,  </A;                                 (2.4) 

�þÿ = � ∙ sin (ÿÿ);           ��ÿ = √�ÿ2 2 �þÿ2  , </A.                             (2.5) 

 

2.3.2 'B>G=5==O :@8B5@VN 157?5:8 I>4> AE>4C :>;VA 7 @59>: !040;O 

!0 @8A. 2.14 ?>:070=> AE5<C @0<=8E V :>=B0:B=8E A8; 4;O 28?04:C 

7=520=B065==O >A=>2=>3> :>=B0:BC :>;5A0, I> =01V30є 2 ?@>5:FVOE =0 ?>?5@5G=C 

25@B8:0;P=C ?;>I8=C Oyz V ?>274>26=N 25@B8:0;P=C ?;>I8=C Oxz. &0:0 AE5<0 

<>45;Nє AEV4 :>;VA=>W ?0@8 7 @59>: G5@57 =0W74 3@51=O :>;5A0 =0 3>;>2:C @59:8.   
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!0 @8A. 2.14 ?@89=OB> =0ABC?=V ?>7=0G5==O:  

fY – @0<=0 A8;0 – >AP>20 @50:FVO, I> 4Vє =0 :>;VA=C ?0@C 2 1C:A>2><C 2C7;V, 

!; 

11yS , 22 yS – A8;8 2V42545==O – ?@>5:FVW 25:B>@V2 A8; B5@BO 11S  V 22S   =0 2VAP 

Oy, !; 

22xzS , 22xS , 22zS  – ?@>5:FVW 25:B>@C A8;8 B5@BO 22S  2 :>=B0:BV K22, =0 

?>74>26=N 25@B8:0;P=C ?;>I8=C Oxz B0 2VAV Ox V  Oz, !; 

ø   – :CB <V6 25:B>@>< 22xzS  V 25@B8:0;P=>N 2VAAN Oz, @04; 

fü  – :CB =0E8;C 3@51=O, @04; 

÷  – :CB>20 H284:VABP >15@B0==O :>;VA=>W ?0@8 =02:>;> 2;0A=>W >AV 

>15@B0==O, A-1; 

22N  – =>@<0;P=5 =020=B065==O 2 :>=B0:BV 3@51=O V @59:8 – 22K , !; 

oK  – C<>2=89 ?>B>G=89 <8BBє289 F5=B@ >15@B0==O :>;5A0, <; 

oR  – C<>2=89 @04VCA >15@B0==O :>;5A0 – 2V4AB0=P 2V4 F5=B@C :>;5A0 4> 

F5=B@C oK , <; 

1R , 2R  – ?>B>G=V @04VCA8 ?>25@E>=P :>G5==O :>;VA 2 >A=>2=><C V 

3@515=52><C :>=B0:B0E, @04; 

2P  – 25@B8:0;P=5 =020=B065==O =0 @59:C 2 3@515=52><C :>=B0:BV 22K , !. 

 

0)                                                        1) 

$8AC=>: 2.14 – %E5<0 @0<=8E V :>=B0:B=8E A8; ?@8 7=520=B065=V >A=>2=>3> 

:>=B0:BC 21K  ?@>5:FVOE: 0) =0 ?>274>26=N 25@B8:0;P=C ?;>I8=C Oxz; 1) =0 

?>?5@5G=C 25@B8:0;P=C ?;>I8=C Oyz 
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�>@87>=B0;P=5 1VG=5 A?@O<>2CNG5 7CA8;;O 2 3@515=52><C :>=B0:BV (2 B>GFV 

K22) – Y – 4>@V2=Nє AC<V @0<=>W A8;8 Yf , I> 4Vє =0 2VAP 7 1>:C 1C:A8, V A8; 

2V42545==O S11y, S22y 

11 22f y yY Y S S= + + , !.                                             (2.7) 

 

(@8:FV9=V A8;8 11yS , 22 yS 2 :>=B0:B0E 11K , 22K  70 A2>W< ?>E>465==O< є 

A8;0<8 B5@BO, B><C A?@O<>20=V ?@>B8;56=> 25:B>@0E H284:>AB59 ?@>:>27C20==O 

2 :>=B0:B0E 11K , 22K  – 11yV , 22 yV . %8;8 11yS , 22 yS  <>6CBP 1CB8 =01;865=> 

287=0G5=V 70 70:>=>< ACE>3> B5@BO �C;>=0.  

 

11 1y
S P ý=  ;                 22 22 fcos( )yS N ý ü=   ,   !                        (2.8) 

 

45 P1 – 25@B8:0;P=5 =020=B065==O 2 :>=B0:B5 K11, !; 

ý  – :>5DVFVє=B B5@BO :>270==O 2 :>;VA=>-@59:>28E :>=B0:B0E. 

&>4V  

 1 22 fcos( ) fY P N Yý ü=  +  + , !.                                      (2.9) 

 

$V2=O==O @V2=>2038 :>=B0:B=8E A8; ?@54AB02;5=V 2 283;O4V AC<8 ?@>5:FV9 

=0 >AV Oy V Oz (@8A. 2.141) 

 

0 :   

0 :     

y

z

F

F

ü =ÿ
ý

=ÿþ

õ
õ

22 f

22 f 22 f 2

sin( ) 0;

sin( ) cos( ) 0.

Y N

N N P

ü
ý ü ü

−  =ü
ý   +  − =þ

                    (2.10) 

 

� 4@C3>3> @V2=O==O (2.10) >B@8<Cє<> 7=0G5==O =>@<0;P=>W @50:FVW 2 

3@515=52><C :>=B0:BV 
22K  

 

2
22

f fsin( ) cos( )

P
N

ý ü ü
=

 +
, !.                                          (2.11) 
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/: 2V4><>, :>5DVFVє=B 70?0AC ABV9:>ABV ( k ) 2V4 AE>4C 7 @59>: 287=0G0єBPAO 

D>@<C;>N [90, 97] 

 

 :
ù ù= ú úû û
Y Y

k k
P P

.                                                 (2.12) 

 

 V=V<0;P=>-4>?CAB8<5 7=0G5==O :>5DVFVє=BV2 70?0AC ABV9:>ABV I>4> AE>4C 

@CE><>3> A:;04C 7 @59>: [k ] 70B25@465=> 30;C752>N V=AB@C:FVєN *#-0235 [92], 

2V4?>2V4=> 4> O:>W –   1,4k =  – 4;O ;>:><>B82V2;   1,3k =  – 4;O 20=B06=8E 203>=V2; 

  1,6k =  – 4;O ?0A068@AP:8E 203>=V2.  

' 28?04:C, O:I> D0:B8G=5 7=0G5==O :>5DVFVє=BC 70?0AC k  <5=H5 

2AB0=>2;5=8E <V=V<0;P=>-4>?CAB8<8E 7=0G5=P – F5 є ?@82>4>< 4;O 22545==O 

>1<565==O H284:>ABV @CEC =0 ?52=8E 4V;O=:0E :@828E :>;VW B0 ?5@53;O4C 

2AB0=>2;5=8E =>@< 5:A?;C0B0FVW. 

' 28?04:C, I> @>73;O40єBPAO, ?5@H5 :>;5A> є 71V30NG8< V =5 <0є 

3@515=52>3> :>=B0:BC, 0 >A=>2=89 :>=B0:B 4@C3>3> (=01V30NG>3>) :>;5A0 �21 – 

?>2=VABN 7=520=B065=89, B><C <>6=0 ?@89=OB8 I> 
1 2P P P= = .  

&>4V 7 @V2=O==O (2.11) >B@8<Cє<> 

 

f f

f f f f

cos( ) sin( )
1 0

sin( ) cos( ) sin( ) cos )
fP Y P

ü üý
ý ü ü ý ü ü

ö ö
  + + − =÷ ÷ +  +ø ø

,         (2.13) 

 

72V4:8, @0<=0 A8;0 1C45 287=0G0B8AO 70 D>@<C;>N 

 

f f

f f

sin( )  cos( )
 =   

sin( ) + cos( )
Y P

ü ý ü ý
ý ü ü

ö ö− 
 −÷ ÷ø ø

, !.                                        (2.14) 

 

&>4V :@8B8G=5 70 :@8B5@Vє< AE>4C 7 @59>: A?V22V4=>H5==O @0<=>W A8;8 V 

25@B8:0;P=>3> =020=B065==O =0 :>;5A> 287=0G0єBPAO D>@<C;>N 
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f f

f f

sin( )  cos( )
  

sin( ) + cos( )

Y

P

ü ý ü ý
ý ü ü

ö ö− ù ù = −÷ ÷ú ú û û ø ø
,                                    (2.15) 

 

01> ?VA;O A?@>I5==O 

 

2
f

f

(1  ) ( )

1 + sin( )

Y tg

P

ý ü
ý ü

− ù ù =ú ú û û
.                                           (2.16) 

 

"B@8<0=0 D>@<C;0 (2.15) є CB>G=5==O< 2V4><>W D>@<C;8 157?5:8 !040;O 

(2.2). !0 2V4<V=C 2V4 D>@<C;8 !040;O, O:0 2@0E>2Cє BV;P:8 A8;8 C :>=B0:BV :>;5A0, 

I> =01V30є, CB>G=5=0 D>@<C;0 4>40B:>2> 2@0E>2Cє B0:>6 D@8:FV9=V A8;8 

2V42545==O, I> 4VNBP C :>=B0:BV :>;5A0, I> 71V30є. &0:8< G8=><, 2@0E>2CєBPAO 

?>2=0 :0@B8=0 :>=B0:B=8E A8; =5 >:@5<>3> :>;5A0, 0 27030;V :>;VA=>W ?0@8, 

2:;NG0NG8 >18420 :>;5A0. 

!0 @8A. 2.15 ?>:070=> ?>@V2=O;P=V @>7@0EC=:>2V 70;56=>ABV <0:A8<0;P=> 

4>?CAB8<>3> A?V22V4=>H5==O ù ù
ú úû û

Y

P
 2V4 :CB0 =0E8;C 3@51=O (

fü ) B0 :>5DVFVє=BC 

B5@BO C :>=B0:B0E :>;VA V7 @59:0<8 (μ), >B@8<0=V 70 :;0A8G=>N D>@<C;>N !040;O 

V D>@<C;>N >B@8<0=>N C FV9 @>1>BV. � 3@0DV:V2 284=>, I> 70;56=>ABV 1;87P:V 01> 

A?V2?040NBP 4;O =091V;PH @>7?>2AN465=8E 7=0G5=P :CB0 =0E8;C 3@51=O (ÿ� = 70–

75 3@04) V B8?>28E C<>2 7G5?;5==O :>;VA V7 @59:0<8 ( 0,33ý = ). 

!0 2V4<V=C 2V4 FP>3>, ?@8 ?>30=8E C<>20E 7G5?;5==O (ý < 0,2) @V7=8FO C 

@57C;PB0B0E C65 7=0G=0 V <>65 A:;040B8 4> 10%. #@8 FP><C 7=0G5==O 

@>7@0EC=:>2>3> A?V22V4=>H5==O ù ù
ú úû û

Y

P
 70 D>@<C;>N !040;O є 1V;PH8<8 =V6 70 

C4>A:>=0;5=>N D>@<C;>N.  
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f
ü  

 

$8AC=>: 2.15 – �0;56=>ABV A?V22V4=>H5==O ( ) =f

Y
kij

P
ü  2V4 3@515=52>3> :CB0 (ü f) 

B0 :>5DVFVє=BC B5@BO (ý ) 70 :;0A8G=>N D>@<C;>N !040;O ( 11( )fk ü , 12( )fk ü ) 

B0 <>48DV:>20=>N D>@<C;>N 02B>@0 ( 21( )fk ü , 22( )fk ü ):  

11( )fk ü , 21( )fk ü  – 4;O  0,1ý = ; 12( )fk ü , 22( )fk ü  –   4;O 0,5ý =  

 

 

#@8 :>5DVFVє=B0E 7G5?;5==O þ > 0,45 @>7@0EC=:>2V 7=0G5==O 

A?V22V4=>H5==O [��] 70 C4>A:>=0;5=>N D>@<C;>N =0 15–30% <5=HV, =V6 70 
:;0A8G=>N D>@<C;>N !040;O – 4;O <0;8E :CBV2 =0E8;C 3@51=O (ÿ� = 50–55 3@04) 

V =0 5–10 % 28IV 4;O 25;8:8E :CBV2 =0E8;C 3@51=O (ÿ� = 70–80 3@04). 

&0:8< G8=><, 70?@>?>=>20=5 CB>G=5==O :@8B5@VN 157?5:0 I>4> AE>4C 

:>;VA=>W ?0@8 7 @59>: – :;0A8G=>W D>@<C;8 !040;O – ?@>?>=Cє 1V;PH 6>@AB:V 

28<>38 4> <0:A8<0;P=>-4>72>;5=>3> A?V22V4=>H5==O A?@O<>2CNG>3> 7CA8;;O 4> 

25@B8:0;P=>3> =020=B065==O :>;5A0 ?@8 1V;PH8E 7=0G5==OE :>5DVFVє=BC B5@BO C 

3@515=528E :>=B0:B0E B0 :CB0E =0E8;C 3@51=O 1V;PH8E 70 60 3@04.  

 

2.4 �8A=>2:8 70 @>74V;>< 2 
 

' @>74V;V 2 =02545=> 0=0;V7 <>48DV:0FV9 20=B06=8E 2V7:V2 18-100. �@>1;5=> 

28A=>2>:, I> 6>4=0 7 =8E =5 28@VHCє ?@>1;5<8 7 ?5@5:>A>< :>;VA=8E ?0@ C @0<V 

2V7:0. �9OA>20=>, I> 4> 25% >A=>2=8E ?@8G8= :0B0AB@>D, 020@V9 B0 A5@9>7=8E 
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V=F845=BV2 =0 70;V7=8FV ?@8E>48BPAO =0 AE>48 :>;VA=8E ?0@ 7 @59>:. �0 >AB0==V 

45AOB8;VBBO G0AB>B0 AE>4V2 203>=V2 7 @59>: ?><VB=> 7<5=H8;>AO, 0;5, =0 60;P, 

2V41C20єBPAO 7 4>A8BP AB01V;P=>N @53C;O@=VABN.  5E0=V7< AE>4C 7 @59>: 

70;V7=8G=8E B@0=A?>@B=8E 70A>1V2 є A:;04=8< <5E0=VG=8< ?@>F5A><. 

$>73;O=CB> 7030;P=V ?@8=F8?8 A?@O<C20==O :>;VA=8E ?0@ @59:>2>N :>;VєN 

=0 ?@8:;04V AB0;>3> @CEC 20=B06=>3> 2V7:0 <>45;V 18-100 2 :@82V9 4V;O=FV :>;VW. 

�0?@>?>=>20=> C4>A:>=0;5=C D>@<C;C :>5DVFVє=B0 ABV9:>ABV 203>=0 ?@>B8 AE>4C 

7 @59>: – :;0A8G=>3> :@8B5@VO !040;O. 

$57C;PB0B8 4>A;V465==O 4@C3>3> @>74V;C >?C1;V:>20=V C ?@0FOE [10, 31, 75, 

96, 97, 109, 124, 126, 131, 146, 151, 155, 159, 160]. 
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$"���� 3  �&� �&�+!�  "���.��!!/ ��!� �+!"�" 

�#�%'��!!/ ����� ��!&��!"�" ���"!' ' �$��' ���/!�' �"��� 

 

�>A;V465==O 48=0<VG=>3> 2?8AC20==O 2V7:0 20=B06=>3> 203>=C 2 :@828E 

?@>2>48BPAO 4;O 287=0G5==O 2?;82C >A>1;82>AB59 :>=AB@C:FVW 2V7:V2 B8?C 18-

100, 35><5B@8G=8E ?0@0<5B@V2 CAB0=>2:8 :>;VA=8E ?0@ C 2V7:0E, =0 ?>:07=8:8 

3>@87>=B0;P=>W 48=0<V:8 203>=0, 0 B0:>6 7=>A ?>25@E>=P :>G5==O :>;VA, 0 A0<5 – 

?V4@V7 3@51=V2.  0B5<0B8G=C <>45;P ?>1C4>20=> 4;O 2?8AC20==O 2 :@82C 2V7:0 

18-7055 =0?V2203>=C <>45;V 12-7023 �@N:V2AP:>3> 203>=>1C4V2=>3> 702>4C 

(@8A.3.1) [83].  

 

 

 

$8AC=>: 3.1 – !0?V2203>= <>45;V 12-7023 ($8AC=>: 70?>78G5=> V7 465@5;0 [83])  

 

!0?V2203>= 12-7023 – C=V25@A0;P=89 G>B8@82VA=89, ACFV;P=><5B0;5289 

=0?V2203>= 7V 720@=8< :C7>2>< 7V AB0;V ?V428I5=>W <VF=>ABV. !0?V2203>= 

?@87=0G5=89 4;O ?5@52575==O A8?:8E 4@V1=>-H<0B:>28E 20=B06V2, I> <>6CBP 
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?5@52>78B8AO 157 40EC =0 :>;VOE 1520 <<. �C7>2 725@EC – 2V4:@8B89. �;O 

@>720=B065==O ?5@5410G5=> @>720=B06C20;P=V ;N:8 2 ?V4;>7V 203>=0. &0:>6 

4>72>;OєBPAO @>720=B065==O =0 203>=>?5@5:840G0E [116, 119, 

127]. $>720=B065==O 203>=0 <>65 74V9A=N20B8AO B0:>6 203>=>?5@5:840G5<. 

)>4>20 G0AB8=0 – 420 42>2VA=V 2V7:8 <>4. 18-7055 (@8A. 3.2). 

   

$8AC=>: 3.2 – �0=B06=89 2V7>: <>45;V 18-7055 ($8AC=>: 70?>78G5=> 7 [83]) 

 

�030;P=V B5E=VG=V E0@0:B5@8AB8:8 =0?V2203>=0 18-7055: 

- 2V4AB0=P <V6 H2>@=O<8 2V7:V2 – 1070, << – 8650; 

- 7030;P=0 4>268=0 203>=0, << – 13920; 

- <0:A8<0;P=0 2030 20=B06C – =5BB>, B – 70,3; 

- <0A0 B0@8 – 1@CBB>, B – 23,7; 

- =020=B065==O :>;VA=>W ?0@8 =0 @59:8 (AB0B8G=5), :! (BA) – 230,5 (23,5); 

 

3.1  0B5<0B8G=5 <>45;N20==O 2?8AC20==O 2V7:0 <>45;V 18-7055 2 :@82C 

4V;O=:C :>;VW  

 

3.1.1 $>7@0EC=:>20 AE5<0 4;O 4>A;V465==O 2?8AC20==O 2V7:0 2 :@82C  

�;O @>7@0EC=:>2>W AE5<8 2V7:0 28:>@8AB0=> :;0A8G=89 <5B>4 2?8AC20==O 2 

:@82C 4V;O=:C, O:89 ?>;O30є C =0ABC?=><C. �V7>: ?@54AB02;OєBPAO, O: 2V4@V7>: 7 

4>268=>N, I> 2 <0AHB01V 4>@V2=Nє 107V 2V7:0. �V4@V7>: 2AB0=>2;NєBPAO <V6 

42><0 :>=F5=B@8G=8<8 :>;0<8 V7 707>@><, I> 4>@V2=Nє AC<0@=><C 707>@C 

:>;VA=>W ?0@8 2 :>;VW Ă.  

!0 @8A.3.3 ?>:070=> 20@V0=B8 <>6;828E AE5< CAB0=>2>: 2V7:0 2 :@82V9. �070 
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2V7:0 4>@V2=Nє AC<V ÿ1 + ÿ2. 

 

    
0)                                                           1) 

    
2)                                                          3) 

    
4)                                                           5) 

$8AC=>: 3.3 – �0@V0=B8 <>6;828E AE5< CAB0=>2>: 2V7:0 2 :@82V9: 0) E>@4>20 

7>2=VH=O; 1) E>@4>20 2=CB@VH=O; 2), 3) ?5@5:VA=V CAB0=>2:8 70:;8=5=V; 4), 5) 

?5@5:VA=V CAB0=>2:8 2V;P=V (@8AC=>: 70?>78G5=> V7 465@5;0 [16]) 

 

&8? CAB0=>2:8 2V7:0 2 :@82V9 287=0G0NBP A8AB5<>N 7>2=VH=VE A8;, I> 

4VNBP =0 2V7>:. $CE 2V7:0 <>45;NєBPAO, O: ?A524>-AB0B8G=89 ?@>F5A V7 CAB0;5=8<8 

7=0G5==O<8 :V=5<0B8G=8E ?0@0<5B@V2 B0 7>2=VH=VE A8;, I> 4VNBP =0 2V7>:. 

$>73;O40єBPAO CAB0;5=89 @CE 2 :@C3>2V9 :@82V9 ?@8 4VW 7>2=VH=VE A8;: 

- 2V4F5=B@>20 A8;0 V=5@FVW, ?@8:;045=0 2 F5=B@V <0A 203>=0, <0є @04V0;P=89 

=0?@O<>: C 7>2=VH=N AB>@>=C 2V4 F5=B@C :@82>W. �V4F5=B@>20 A8;0 70;568BP 2V4 

?>2=>W <0A8 203>=0, H284:>ABV @CEC V @04VCAC :@82>W; 

- 4>F5=B@>20 A8;0, ?@8:;045=0 2 F5=B@V <0A 203>=0 V <0є @04V0;P=89 

=0?@O<>: C 2=CB@VH=N AB>@>=C 2V4 F5=B@C :@82>W. �>F5=B@>20 A8;0 O2;Oє A>1>N 

3@02VB0FV9=C A:;04>2>N 2038, ?>29O70=C V7 =0E8;>< 203>=0 G5@57 ?V4=5A5==O 

7>2=VH=P>W @59:8; 
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- ?>274>26=V V ?>?5@5G=V A:;04>2V A8; 7G5?;5==O C D@8:FV9=8E :>=B0:B0E 

:>;VA V7 @59:0<8; 

- A:;04>2V A:>GC20==O =>@<0;P=8E =020=B065=P C :>=B0:B0E :>;VA V7 

@59:0<8, G5@57 :>=CA=VABP ?>25@E>=P :>G5==O :>;VA. 

!0 @8A. 3.4 ?@54AB02;5=> :V=5<0B8G=C AE5<C @CEC 2V7:0 2 :@C3>2V9 :@82V9.  

 

 

$8AC=>: 3.4 – $CE 2V7:0 2 :@C3>2V9 :@82V9: 25:B>@8 H284:>AB59 2V4=>A=>3> 

?5@5<VI5==O :>=B0:BCNG8E ?>25@E>=P :>;VA V @59>: 2 B>G:0E :>=B0:BV2  

 

!0 @>7@0EC=:>2V9 AE5<V ;VB5@8 ij 2 V=45:A0E :V=5<0B8G=8E ?0@0<5B@V2 

>7=0G0NBP 2V4?>2V4=> – =><5@ :>;5A0 V =><5@ :>;VA=>W ?0@8.  �ÿĀ(ÿ=1,2; Ā=1,2) – >:@C6=V H284:>ABV 2V4?>2V4=8E :>;VA, ?>28O70=V V7 
>15@B0==O< :>;VA=8E ?0@ 2 3>@87>=B0;P=V9 ?;>I8=V =02:@C38 F5=B@C :@82>W: 

 

 i
ijV V

ò
ò

=  ,  </A,                                                 (3.1) 
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45 � – H284:VABP @CEC 203>=0, </A; ÿ, ÿÿ  – @04VCA8, 2V4?>2V4=>, :@82>W 4V;O=:8 :>;VW B0 7>2=VH=P>W (ÿ = 1) V 
2=CB@VH=P>W (ÿ = 2) @59>:, <, 

 

                                        ÿ1 = ÿ + ý ;      ÿ2 = ÿ 2 ý,   <                                        (3.2) 

 89 2ý – 2V4AB0=V <V6 B>G:0<8 :>=B0:BV2 :>;VA :>;VA=>W ?0@8 V :>;VW. �;O :>;VW 1520 

<< F5 ?@81;87=> 4>@V2=Nє 1560 <<.  

�CB8 0B0:8, 01> :CB8 =01V30==O, :>;VA=8E ?0@ =0 @59:8 ÿĀ(Ā=1,2) 
 ÿ1 = 2ā 2 � + ÿ1, @04                                                               

                                  (3.3) ÿ2 = ā 2 � + ÿ2, @04, 
 

45 ā – :CB @04V0;P=>W CAB0=>2:8 :>;VA=8E ?0@ 2 :@82V9 4V;O=FV :>;VW 

 

 =
C
ò

, @04,                                                  (3.4) 

 

45 ÿ – 1070 2V7:0 – 2V4AB0=P <V6 >AO<8, <; ÿ1, ÿ2 – :CB8 2V4E8;5==O CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C 2V4 =><V=0;P=>W 

(?5@?5=48:C;O@=>W ?>274>26=V9 >AV 2V7:0), @04; � – :CB ?5@5:>AC 2V7:0 2 :>;VW G5@57 ?>?5@5G=5 7<VI5==O :>;VA=8E ?0@ 2 <560E 

707>@V2 <V6 3@51=O<8 :>;VA V @59:0<8 

 

 2 1> >y y

C
 −
= , @04,                                         (3.5) 

 

45 1>y , 2>y  – 1>:>2V 7<VI5==O :>;VA=8E ?0@, I> 287=0G0NBP WE ?>;>65==O 2 

:@82V9, <. 
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!0 @8A. 3.4 ij j ijV R ÷=   – >:@C6=V H284:>ABV B>G>: :>=B0:BV2 :>;VA V @59>: 

2 ?;>I8=V >15@B0==O :>;VA;  j÷  – :CB>2V H284:>ABV >15@B0==O :>;VA=8E ?0@; ijR  

– ?>B>G=V @04VCA8 :>;VA C :>=B0:B0E 7 @59:0<8 – :>=B0:B=V @04VCA8.  

 

3.1.2 �>=B0:B=V 35><5B@8G=V ?0@0<5B@8 ?>25@E>=P :>G5==O :>;VA V @59>: 

3.1.2.1 #@>DV;V ?>25@E>=P :>G5==O :>;VA V @59>: 

� @>1>BV @>73;O40єBPAO ?@8:;04 :>;VA=8E ?0@ 20=B06=>3> 203>=0 A 

:>;5A0<8, I> <0NBP AB0=40@B=89 =57=>H5=89 ?@>DV;P ?>25@E>=P :>G5==O �%&' 

�"%& 9036-88. #@8 270є<>4VW 2V7:0 7 @59:0<8 @>73;O40єBPAO ?@>DV;V =>28E @59>: 

$65 (�%&' 4344:2004) (@8A. 3.5). � B01;. 3.1, 3.2 =02545=> DC=:FVW, I> >?8ACNBP 

?@>DV;V @59:8 V :>;5A0 [14, 15, 57]. 

 

                      

0)                                                                1) 

$8AC=>: 3.5 – #@>DV;P 3>;>2:8 @59:8 (;V20 @59:0) B8?C $65 (�%&' 4344:2004) 

(?V4CE8; 1:20) (0) V ?@>DV;P :>;5A0 (;V25 :>;5A>) 203>=0 (�%&' �"%& 9036-88) 

(1)  

 

�;O <0B5<0B8G=>3> >?8AC DC=:FV9 ∆ýÿĀ(�ÿĀ) ?@>DV;V ?>25@E>=P :>G5==O 
1C;> 45:V;P:0 A?@>I5=> V ?>4V;5=> =0 HVABP 4V;O=>: 7 B>G:0<8 ?5@538=V2 1, 2,&, 

7 (@8A. 3.6), O:V <0NBP =0ABC?=V :>>@48=0B8: 1(259;  9,05);        2(235;  2,2);          3(215;  0,2);       4(0;  0);    5(23,36; 24,01);     6(231,33; 210,65);     7(37,74;  221,75).      
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!0 @8A. 3.6 ?>:070=> A?@>I5=89 ?@>DV;P ?>25@E=V :>G5==O :>;5A0 V7 

B>G:0<8 ?5@538=V2. �8@078 4;O :CA>G=8E DC=:FV9 ∆ýÿĀ(�ÿĀ)  ?> 4V;O=:0E: 
∆ýÿĀ(�ÿĀ) =

{  
  
  ÿĄ( �ÿĀ < 235) :                                       2 0,285�ÿĀ 2 7,765ÿĄ(235 f �ÿĀ < 215):                                     2 0,1�ÿĀ 2 1,3ÿĄ(215 f �ÿĀ < 0):                                                 2 0,013�ÿĀÿĄ(0 f �ÿĀ < 23,36):                                   √702 2 �ÿĀ2 2 70 ÿĄ(23,36 f �ÿĀ < 31,33):  √152 2 (�ÿĀ 2 18,34)2 2 18,15ÿĄ(�ÿĀ g 31,33) :                                          2 1,73�ÿĀ + 43,55

  (3.6)  

 

 

$8AC=>: 3.6 – %?@>I5=89 ?@>DV;P ?>25@E=V :>G5==O :>;5A0 V7 B>G:0<8 ?5@538=V2.  

 

 

$8AC=>: 3.7 – $>7@0EC=:>289 ?@>DV;P 4;O 1-3> :>;5A0 j-W :>;VA=>W ?0@8, 

?>1C4>20=89 C ?@>3@0<V Mathcad 
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3.1.2.2 �0;56=>ABV :>>@48=0B B>G>: :>=B0:BC :>;VA 7 @59:0<8 2V4 

?>?5@5G=>3> ?>;>65==O :>;VA=8E 2 :>;VW 

#@8=F8? A?@O<C20==O 5:V?06V2 @59:>2>W :>;VєN 70A=>20=89 =0 6>@AB:V9 

:>=AB@C:FVW :>;VA=8E ?0@ V ?@>DV;OE ?>25@E>=P :>G5==O :>;VA V7 7<V==8<8 

@04VCA0<8, I> 70;560BP 2V4 ?>?5@5G=>3> ?>;>65==O :>;VA=>W ?0@8 2V4=>A=> :>;VW. 

&0:8< G8=>< @V7=V 4V;O=:8 ?>25@E=V :>G5==O :>;5A0 <0NBP @V7=V @04VCA8 – 1V;PHV 

=0 4V;O=:0E, I> 1;86GV 4> 3@51=O V <5=HV – =0 4V;O=:0E V7 7>2=VH=P>W AB>@>=8 2V4 

3@51=O. #@8 @CAV :>;VA=8E ?0@ ?> @59:0E, 70;56=> 2V4 ?>?5@5G=>3> ?>;>65==O 

:>;VA=8E ?0@ C :>;VW, <0BP <VAF5 B@8 2848 :>=B0:BC :>;VA V7 @59:0<8: >4=>-

B>G:>289 :>=B0:B ?> ?>25@E=V :>G5==O; 42>E-B>G:>289 :>=B0:B 7 >4=>G0A=8< 

>?5@BO< :>;5A0 =0 @59:C G5@57 ?>25@E=N :>G5==O V G5@57 3@51V=P; >4=>-B>G:>289 

3@515=5289 :>=B0:B, :>;8 =020=B065==O =0 >A=>2=><C :>=B0:BV 2V4ACB=є. 

"4=>-B>G:>25 :>=B0:BC20==O ?> ?>25@E=V >A=>2=>3> :>=B0:BC, O: ?@028;>,  

VA=Cє ?@8 @CAV 203>=0 7 =525;8:8<8 H284:>ABO<8 2 ?@O<8E V :@828E 25;8:>3> 

@04VCAC – 1V;PH5 1200 <. �2>E-B>G:>289 :>=B0:B <0є <VAF5, O: ?@028;>, 2 :@828E 

<0;>3> @04VCA0 (< 1200 <) ?@>BO3>< B@820;>3> G0AC. &@820;89 42>E-B>G:>289 

:>=B0:B <>65 1CB8 B0:>6 2 ?@O<8E 4V;O=:0E :>;VW ?@8 7=0G=8E 2V4E8;5==OE 

CAB0=>2:8 :>;VA=8E ?0@ 2 @0<0E 2V7:V2 V ?@8 25;8:V9 @V7=8FV <V6 4V0<5B@0<8 :>;VA 

>4=VєW :>;VA=>W ?0@8.  

"4=>-B>G:>289 3@515=5289 :>=B0:B <0є <VAF5 2 020@V9=><C 28?04:C 

2V4@82C >A=>2=>W ?>25@E=V :>G5==O :>;5A0 2V4 @59:8, B>1B> 157?>A5@54=P> ?5@54 

AE>4>< :>;5A0 7 @59:8, V є 2:@09 =51060=8< @568<>< :>G5==O :>;VA=>W ?0@8. 

�>=B0:B=V @04VCA8 :>;VA :>;VA=>W ?0@8 (ýÿĀ) 70;560BP 2V4 ?>?5@5G=>3> 
?>;>65==O :>;VA=8E ?0@ 2 :>;VW G. �;O @>7@0EC=:C ?0@0<5B@V2 2?8AC20==O 

:>;VA=>W ?0@8 2 :>;VN ?>B@V1=V E0@0:B5@8AB8:8 :>=B0:BC20==O C 283;O4V 

70;56=>AB59 :>>@48=0B B>G>: :>=B0:BC :>;VA 7 @59:0<8 ( ijy ) 2V4 270є<=>3> 

?>?5@5G=>3> ?>;>65==O :>;VA=8E ?0@ 2V4=>A=> >AV :>;VW ( >ijy )  –  ( )ij >jy y .  !0 

@8A. 3.8 7>1@065=0 AE5<0 :>=B0:BC20==O C @V7=8E 2V4=>A=8E ?>;>65==OE :>;VA=>W 

?0@8 V @59>:.  
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$8AC=>: 3.8 – %E5<0 :>=B0:BC20==O C @V7=8E 2V4=>A=8E ?>;>65==OE :>;VA=>W 

?0@8 V @59>: 

 

$>7<V@ D =0 AE5<V 287=0G0єBPAO, O: @V7=8FO <V6 H8@8=>N :>;VW (S) V 

<V610=406=>N 2V4AB0==N (B) 

 Ā = þ 2 þ, <.                                                      (3.7) 

 

�;O =><V=0;P=8E 7=0G5=P H8@8=8 :>;VW (1520 <<) V <V610=406=>W 2V4AB0=V 

(1440 <<) 2V4AB0=P D 4>@V2=Nє 80 <<. 

�V4=>A=5 ?>?5@5G=5 ?>;>65==O j-W :>;VA=>W ?0@8 V @59>: 287=0G0єBPAO 

:>>@48=0B>N ijy  .  

�>>@48=0B8 B>G>: :>=B0:BV2 :>;5A0 7 @59:>N ( ijy ), O:V є DC=:FVєN 
2V4=>A=>3> ?>?5@5G=>3> ?>;>65==O :>;VA=>W ?0@8 V :>;VW – ( )ij >jy y  287=0G0;8AO 

3@0DVG=8< A?>A>1>< =0 :@5A;5==OE 28:>=0=8E 7 28:>@8AB0==O< 4V9A=8E @>7<V@V2 

5;5<5=BV2 A8AB5<8 «:>;VA=0 ?0@0 – @59:8». �@5A;5==O 28:>=0=> 7 28:>@8AB0==O< 

?@>3@0<=>3> ?0:5BC Solid Works. #@8:;04 A8AB5<8 :@5A;5=8:V2 4;O >B@8<0==O 

DC=:FV9 ( )ij >jy y  =02545=> C �>40B:C � – @8A. �.1.  

!0 @8A. 3.9 ?>:070=> DC=:FVW 1 ( )j >jy y , >B@8<0=V >?8A0=8< 28I5 A?>A>1><.  

�CA>G=>-;V=V9=V DC=:FVW  ( )ij >jy y  ?> 2V4@V7:0E 
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�1Ā(�>Ā) =
{   
   ÿĄ(�>Ā < 215):         0,946�>Ā 2 0,84ÿĄ(215 f �>Ā f 7):     0,0459�>Ā 2 14,34ÿĄ(7 < �>Ā f 8):      37,95�>Ā 2 279.67ÿĄ(8 < �>Ā f 9):      8,11�>Ā 2 40,87ÿĄ(�>Ā > 9):           0,833 + 24,54

                    (3.8) 

 

�2Ā(�>Ā) =
{   
   ÿĄ(�>Ā < 215) :       2  0,946�>Ā 2 0,84ÿĄ(215 f �>Ā f 7):   2  0,0459�>Ā 2 14,34ÿĄ(7 < �>Ā f 8):     2 37,95�>Ā 2 279.67ÿĄ(8 < �>Ā f 9):     2 8,11�>Ā 2 40,87ÿĄ(�>Ā > 9):         2  0,833 + 24,54

                (3.9) 

 

 

$8AC=>: 3.9 – �0;56=>ABV :>>@48=0B B>G>: :>=B0:BV2 :>;VA j-B>W :>;VA=>W ?0@8 7 

@59:>N 2 70;56=>ABV 2V4 WE 270є<=>3> ?>;>65==O – DC=:FVW ( )ij >jy y : 11, 12, &, 

25 – B>G:8 ?5@538=V2 =0 3@0DV:0E :CA>G=>-;V=V9=8E DC=:FV9 DC=:FVW ( )ij >jy y   

 

 

 

20− 0 20

20−

0

20

y1j yk( )

y2j yk( )

yk
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&01;8FO 3.3 – �>>@48=0B8 B>G>: ?5@538=C DC=:FV9 DC=:FVW 1 ( )j >jy y   

&>G:8 ?5@538=V2 DC=:FVW  
1 ( )j >jy y , << 

&>G:8 ?5@538=V2 DC=:FVW 
2 ( )j >jy y , << 11(230;229,22) 21(30;229,22) 12(215;215,03) 22(15;215,03) 13(7; 214,02) 23(27; 214,02) 14(8;  23,93) 24(28;  23,93) 

15(9; 32,04) 25(-9; 32,04) 

16(12; 34,54) 26(-12; 34,54) 

 

3.1.2.3 �>=B0:B=V @04VCA8 ?>25@E>=P :>G5==O :>;VA 

#>B>G=V @04VCA8 :>;VA C B>G:0E :>=B0:BV2 7 @59:0<8 – :>=B0:B=V @04VCA8 – 

<>6CBP 1CB8 ?@54AB02;5=V =0ABC?=8<8 70;56=>ABO<8 

 

( ) ( )ij >j o oij ij ijR y R R R y= + ô + ô , <,                                      (3.10) 

 

45 oijRô  – 2V4E8;5==O @04VCAC 2V4?>2V4=>3> :>;5A0 2V4 =><V=0;P=>3> oR , <. 

�V4E8;5==O oijRô  22545=> 4;O <>6;82>ABV 4>A;V465==O 2?;82C @V7=8FV @04VCAV2 

:>;VA :>;VA=>W ?0@8 =0 ?>:07=8:8 7=>AC 3@51=V2 :>;VA;  

( )ij ijR yô  – ?>B>G=0 4>102:8 @04VCAC :>;5A0, 2 B>G:0E :>=B0:BV2 7 @59:0<8, 

?>29O70=0 V7 D>@<>N ?@>DV;O ?>25@E=V :>G5==O B0 1>:>28<8 ?5@5<VI5==O<8 

:>;VA=8E ?0@ 2 :>;VW >jy , <.  

(C=:FV>=0;P=V 70;56=>ABV ?>B>G=8E 4>102>: @04VCAV2 :>;VA ijRô  2V4 

?>?5@5G=>3> ?5@5<VI5==O :>;VA=8E ?0@ 2 :>;VW – DC=:FVW ( )ij ijR yô 1C;> >B@8<0=> 

=0 >A=>2V DC=:FV9 ( )ij ijR yô  (3.7) V ( )ij >jy y  (3.8, 3.9).  

!0 @8A. 3.10 ?>:070=> ?@8:;04 70;56=>ABV ( )ij >jR yô  C 283;O4V 3@0DV:V2 

1 ( )j >jR yô  V 2 ( )j >jR yô . 

�CA>G=>-;V=V9=V DC=:FVW ( )ij >jR yô  ?> 2V4@V7:0E 283;O40NBP B0: 
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1

( 15) 0,089 1,124

( 15 7) 0,0005 0,1985

( ) (7 8) 33,585 235,283

(8 9) 11,688 60,115

( 9) 1,23 34,007

>j >j

>j >j

j >j >j >j

>j >j

>j >j

if y  y

if y   y

R y if y  y  

if y  y

if y  y

ô

ü ü  − −
ÿ

−  ü  − +ÿ
ÿ=  ü  − +ý
ÿ  ü  − +ÿ
ÿ   − −þ

                           (3.11) 

2

( 9) 1,23 34,007

( 9 8) 11,688 60,115

( ) ( 8 7) 33,585 235,283

( 7 15) 0,0005 0,1985

( 15) 0,089 1,124

ü  −  −
ÿ

−  ü −  +ÿ
ÿ= −  ü −  +ý
ÿ −  ü  +ÿ
ÿ   −þ

>j >j

>j >j

j >j >j >j

>j >j

>j >j

if y  y

if y   y

R y if y  y  

if y  y

if y  y

ô                           (3.12) 

 

 

$8AC=>: 3.10 – (C=:FVW ( )ij >jR yô , ?>1C4>20=V C ?@>3@0<=><C ?0:5BV Mathcad 

 

3.1.2.4 �CB8 =0E8;C (C:;>=8) ?>25@E>=P :>G5==O :>;VA – DC=:FVW ( )ij >jyü  

�87=0G5==O :CBV2 =0E8;C ?@>DV;V2 ?>25@E>=P :>G5==O :>;VA C B>G:0E WE 

:>=B0:BV2 7 @59:0<8 B0 DC=:FV>=0;P=V 70;56=>ABV F8E :CBV2 2V4 ?>?5@5G=>3> 

?5@5<VI5==O :>;VA=8E ?0@ 2 :>;VW =5>1EV4=5 4;O :>@5:B=>3> <>45;N20==O 

:>=B0:B=8E A8; ?@8 2?8AC20==V 2V7:V2 C :@82V. �>:@5<0, F5 AB>ACєBPAO >?8AC 

:>=B0:B=8E 3@02VB0FV9=8E @50:FV9 2 :>=B0:B0E, O:V >1C<>2;5=V =0O2=VABN =0E8;C 

30− 20− 10− 0 10 20 30
55−

45−

35−

25−

15−

5−

5

15

ôR1j yk( )

ôR2j yk( )

yk
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?@>DV;V2 :>;VA.    
 

 

$8AC=>: 3.11 – #@8=F8? 28=8:=5==O 3@02VB0FV9=8E @50:FV9 2 :>=B0:B0E, O: 

A:;04>28E =>@<0;P=8E :>=B0:B=8E @50:FV9 

 

�CB8 =0E8;C ?>25@E>=P :>G5==O :>;VA 2 B>G:0E :>=B0:BV2 ( ÿÿĀ) 70;560BP 2V4 
?>;>65==O B>G>: :>=B0:BV2 V є DC=:FVO<8 1>:>28E ?5@5<VI5=P :>;VA=8E ?0@ 2 

:>;VW (�>Ā) 2V4=>A=> F5=B@0;P=>3> ?>;>65==O.  
(C=:FVW ÿÿĀ(�>Ā) >B@8<0=>, O: ?>EV4=V 2V4 DC=:FV9 ∆ýÿĀ(�>Ā): 
 

ÿ1Ā(�>Ā)  =
{   
   ÿĄ( �>Ā < 215) :                         2 0,089ÿĄ(215 f �>Ā < 7):                  2 0,005ÿĄ(7 f �>Ā < 8):                      2 33,584ÿĄ(8 f �>Ā < 9):                      2 11,688ÿĄ(�>Ā g 9):                              2 1,23

                        (3.13) 

 

ÿ2Ā(�>Ā)  =
{   
   ÿĄ(�>Ā f 29):                            1,23ÿĄ(29 f �>Ā < 28):                 11,688ÿĄ(28 f �>Ā < 27):                 33,584ÿĄ(27 f �>Ā <= 15):                   0,0005ÿĄ(�>Ā g 15):                                0,089

                        (3.14) 
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�@0=8G=V B>G:8 3V;>: DC=:FV9 ÿÿĀ(�>Ā) 1C;> 287=0G5=> 2 ?@>3@0<=><C 
?0:5BV MathCAD 7 28:>@8AB0==O< :><0=4 Given V Find.  

!0 @8A. 3.12 ?>:070=> DC=:FVW  ÿÿĀ(�>Ā), ?>1C4>20=V C ?@>3@0<=><C ?0:5BV 
Mathcad. 

 

$8AC=>: 3.12 –  (C=:FVW  ÿÿĀ(�>Ā), ?>1C4>20=V C ?@>3@0<=><C ?0:5BV Mathcad 

 

3.1.3 �V=5<0B8G=V ?0@0<5B@8 :>=B0:BC20==O: H284:>ABV ?@>:>27C20==O C 

:>=B0:B0E :>;VA V7 @59:0<8 

�87=0G5==O H284:>AB59 ?@>:>27C20=P C :>=B0:B0E (�þÿĀ) =5>1EV4=V 4;O 
@>7@0EC=:C :>=B0:B=8E A8; 7G5?;5==O C ?>274>26=P><C V ?>?5@5G=><C 

=0?@O<:0E.  

 �þÿĀ = √�ÿĀ2 + ��ÿĀ2 2 2 ∙ �ÿĀ ∙ ��ÿĀ ∙ āāý(ÿÿĀ) ;                                   (3.15) 

20− 10− 0 10 20

20−

0

20

ü1j yk( )

ü2j yk( )

yk
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#>274>26=O V ?>?5@5G=0 A8;8 7G5?;5==O <0NBP @V7=V DC=:FV>=0;P=V 

70;56=>ABV 2V4 2V4?>2V4=8E ?@>:>27C20=P, B><C 4;O :>6=>3> :>=B0:BC :>;5A0 7 

@59:>N H284:>ABV ?@>:>27C20==O 287=0G0NBPAO >:@5<> 4;O 42>E 

3>@87>=B0;P=8E =0?@O<:V2: ?>274>26=P>3> – C ?;>I8=V >15@B0==O :>;VA 

(E>?а8B6а ��ÿĀ) B0 ?>?5@5G=>3> – ?5@?5=48:C;O@=> ?;>I8=V >15@B0==O :>;VA, 
B>1B> 274>26 >AV :>;VA=>W ?0@8 (A:;04>20 ��ÿĀ).  

 �þÿĀ = �ÿĀ ∙ sin (ÿÿĀ);           ��ÿĀ = √�þÿĀ2 2 �þÿĀ2  , </A.                             (3.16) 

 

�V4=>A=V ?>274>26=V V ?>?5@5G=V ?@>:>27C20==O 2 :>=B0:B0E: 

 ă�ÿĀ = ��ÿĀ�ÿĀ  ;                 ă�ÿĀ = ��ÿĀ�ÿĀ .                                              (3.17)   
 

3.1.4 %8;8 2 :>=B0:B0E :>;VA V7 @59:0<8 

!0 @8A. 3.13 ?>:070=> 25:B>@8 A8;, I> 4VNBP =0 2V7>: ?@8 CAB0;5=><C @CAV 2 

:@C3>2V9 :@82V9. !0 @8A. 3.13 28:>@8AB0=> =0ABC?=V ?>7=0G5==O A8;: �ÿĀ  – 3@02VB0FV9=V A:;04>2V =>@<0;P=8E :>=B0:B=8E @50:FV9 2V4 @59>: =0 
:>;5A0, !; ��ÿĀ – ?>274>26=V A8;8 7G5?;5==O, I> 4VNBP C ?;>I8=0E :>;VA, !; ��ÿĀ  – ?>?5@5G=V A8;8 7G5?;5==O, I> 4VNBP 2 :>=B0:B0E V A?@O<>20=V 
?0@0;5;P=> >AO< >15@B0==O :>;VA=8E ?0@, !; �ÿĀ – 2V4F5=B@>20 A8;8 V=5@FVW 2V7:0, I> 4Vє 2 F5=B@V <0A 2V7:0 ?> @04VCAC 

:@8287=8 :@82>W :>;VW 2V4 WW F5=B@C, !.  

�V4F5=B@>20 A8;0 287=0G0єBPAO 70 2V4><>N D>@<C;>N: 

 �ÿĀ = ÿ ∙ �2ÿ ,Н,                                                     (3.18)   
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45 ÿ – ?>2=0 <0A0 2V7:0 @07>< V7 ?>;>28=>N <0A8 :C7>20 203>=0, :3; � – H284:VABP @CEC 203>=0, </A; ÿ – @04VCA :@82>W 4V;O=:8 :>;VW, <. 

 

 

$8AC=>: 3.13 – %E5<0 7>2=VH=VE A8;, I> 4VNBP =0 2V7>: ?@8 CAB0;5=><C @CAV C 

:@C3>2V9 :@82V9 (?@>5:FVW A8; =0 3>@87>=B0;P=C ?;>I8=C) 

 

 

$8AC=>: 3.14 – #@>5:FVO 7>2=VH=VE A8;, I> 4VNBP =0 2V7>:, =0 25@B8:0;P=C 

?>?5@5G=C ?;>I8=C "Gz  
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!0 @8A. 3.14 gF – 4>F5=B@>20 A8;0, ?@8:;045=0 2 F5=B@V <0A 2V7:0 @04V0;P=> 

4> F5=B@C :@8287=8 :>;VW. %8;0 gF  є A:;04>2>N 2038 203>=0 Q , I> ?>28O70=0 7 

=0E8;><  203>=0 G5@57 ?V428I5==O 7>2=VH=P>W @59:8 

 

 
2

= g

h
F Q

A
,                                                   (3.19) 

45 Q  – 2030 203>=0; 

h  – ?V428I5==O 7>2=VH=P>W @59:8. 

 

3.1.5 %8;8 7G5?;5==O 2 :>=B0:B0E :>;VA V7 @59:0<8 

�>=B0:B=V A8;8 7G5?;5==O є DC=:FVO<8 ?@>:>27C20=P (?A524>-?@>:>27C20=P) 

:>;VA V @59>:. �;O 287=0G5==O A8; 7G5?;5==O 28:>@8AB0=> <5B>48:C, 28:;045=C C 

@>1>BV [33].  

 ��ÿĀ = �0 ∙ þÿĀ ∙ āýÿĀ(ă�ÿĀ), !,                                                (3.20) 

 ��ÿĀ = �0 ∙ þÿĀ ∙ ā�ÿĀ(ă�ÿĀ), !,                                               (3.21) 

 

45 où  – DV78G=89 :>5DVFVє=B 7G5?;5==O 2 :>=B0:B0E :>;VA 7 @59:0<8; 

ijN  – =>@<0;P=5 =020=B065==O =0 2V4?>2V4=><C :>=B0:BV  

 

cos ( )
ij

ij

P
N

arctg ü
=

ù ùûû
,  !,                                              (3.22) 

 

45 P  – 25@B8:0;P=5 =020=B065==O :>;5A0 =0 @59:C, !; 

ijü  – :CB8 <V6 =>@<0;O<8 2 B>G:0E :>=B0:BV2 V 25@B8:0;;N, 01> :CB8 =0E8;C 

?@>DV;V2 2 B>G:0E :>=B0:BV2, @04; 
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( )ij ijkô ô , ( )ij ijky y  – :>5DVFVє=B8 28:>@8AB0==O 7G5?;5==O C ?>274>26=P><C V 

?>?5@5G=><C =0?@O<:0E. �>5DVFVє=B8 ( )ij ijkô ô , ( )ij ijky y  є DC=:FVO<8 

?>274>26=VE ijô  V ?>?5@5G=8E ijy ?@>:>27C20=P 287=0G5=8E C (3.13).  

' 4>A;V465==V [33] ?@>?>=CєBPAO >?8AC20B8 DC=:FVW ( )ij ijkô ô , ( )ij ijky y   

70;56=>ABO<8 

 ā�ÿĀ(ă�ÿĀ) = ă�ÿĀÿ� ∙ ă�ÿĀ2 + Ā� ∙ |ă�ÿĀ| + ā� ( Ăýă� ∙ ă�ÿĀ2 + Ą� + ą�) ;                  (3.23) 
 ā�ÿĀ(ă�ÿĀ) = ă�ÿĀÿ� ∙ ă�ÿĀ2 + Ā� ∙ |ă�ÿĀ| + ā� ( Ă�ă� ∙ ă�ÿĀ2 + ą�),                          (3.24) 

 

45  ÿ�, Ā�, ā�, Ă�, ă�, Ą�, ą�, ÿ�, Ā�, ā�, Ă�, ă�, ą� – 5<?V@8G=V :>5DVFVє=B8 

E0@0:B5@8AB8: 7G5?;5==O, >B@8<0=V 2 [33]. 

 

3.1.6 $V2=O==O @V2=>2038 2V7:0 ?@8 @CAV 2 :@C3>2V9 :@82V9 

 0B5<0B8G=C <>45;P 2?8AC20==O 2V7:0 2 :@C3>2C :@82C ?>1C4>20=> O: 

A8AB5<C @V2=O=P @V2=>2038 ?V4 4VєN 7>2=VH=VE A8; V <><5=BV2 – @V2=O==O (3.25) – 

(3.34).  

 5E0=VG=C A8AB5<C 2V7:0 ?@54AB02;5=> O: B@8 ?V4A8AB5<8: A8AB5<0 @0<8 

2V7:0, A8AB5<0 ?5@H>W :>;VA=>W ?0@8 V A8AB5<0 4@C3>W :>;VA=>W ?0@8.  

!0 @8A. 3.15 ?>:070=> AE5<C 3>@87>=B0;P=8E A8;, I> 4VNBP =0 ?5@HC 

?V4A8AB5<C – @0<C 2V7:0. �;O ?V4A8AB5<8 @0<8 2V7:0 <>6=0 A:;0AB8 B@8 @V2=O==O 

@V2=>2038.  

$V2=O==O 1: AC<0 ?@>5:FV9 A8;, I> 4VNBP =0 @0<C 2V7:0, =0 3>@87>=B0;P=C 

?>274>26=N 2VAP :>>@48=0B Ox, !  

 

11 12 1 21 22 2

1 1 2 2

( ) cos( ) ( ) cos( )

sin( ) sin( ) 0.

Fx Fbx Fbx Fbx Fbx

Fby Fby

ó ó

ó ó

= − +  + +  −

−  −  =
õ

         (3.25) 
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$8AC=>: 3.15 – %E5<0 3>@87>=B0;P=8E A8;, I> 4VNBP =0 @0<C 2V7:0 

 

$V2=O==O 2: AC<0 ?@>5:FV9 A8;, I> 4VNBP =0 @0<C 2V7:0, =0 3>@87>=B0;P=C 

?>?5@5G=C 2VAP :>>@48=0B Oy, ! 

 

1 1 2 2

12 11 1 21 22 2

cos( ) cos( )

( ) sin( ) ( ) sin( ) 0.

Fy Fin Fg Fby Fby

Fbx Fbx Fbx Fbx

ó ó

ó ó

= − −  +  +

+ −  + −  =
õ

               (3.26) 

 

' @V2=O==OE (3.25), (3.26): 2ó , 2ó  – :CB8, I> 287=0G0NBP ?>;>65==O 

:>;VA=8E ?0@ 2V4=>A=> >AV :>>@48=0B Oy.  �CB8 2ó , 2ó  2@0E>2CNBP B5E=>;>3VG=5 

2V4E8;5==O CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C 2V4 =><V=0;P=>3> (:CB8 ÿ1, ÿ2) (@8A. 

3.13) V ?5@5:VA 2V7:0 2 FV;><C, ?>2'O70=89 V7 ?>?5@5G=8< ?5@5<VI5==O< :>;VA=8E 

?0@ 2 :>;VW (:CB  �) 

j jó ó = − , @04.                                                (3.27) 

 

$V2=O==O 3: AC<0 <><5=BV2 A8;, I> 4VNBP =0 @0<C 2V7:0, 2V4=>A=> F5=B@C 

A8AB5<8 :>>@48=0B O C 3>@87>=B0;P=V9 ?;>I8=V, !< 

 



93 

1 1 2 2

11 21 1 12 22 2

( cos( ) cos( )) / 2

( ) cos( ) ( ) cos( ) .

OM Fby Fby C

Fbx Fbx B Fbx Fbx B

ó ó

ó ó

=  +   −

− +   − +  
õ

          (3.28) 

 

%E5<0 A8;, I> 4VNBP =0 :>;VA=V ?0@8, ?@54AB02;5=> =0 @8A. 3.16. 

 

 
0) 

 
1) 
 

$8AC=>: 3.16 – %E5<8 @50:FV9, I> 4VNBP =0 :>;VA=V ?0@8 2V4 :>;VW V @0<8 2V7:0:  

0) – 1-0 :>;VA=0 ?0@0; 1) – 2-0 :>;VA=0 ?0@0 

 

$V2=O==O 4, 5: AC<8 ?@>5:FV9 A8;, I> 4VNBP =0 :>;VA=V ?0@8, =0 

3>@87>=B0;P=V ?>274>26=V >AV :>>@48=0B j jO x , !: 

 

1 21 11 11 21 1

21 11 11 21 1 1

( ) cos( )

( ) sin( ) 0;

Fx F F Fbx Fbx

Y Y Fy Fy Fby

ô ô ó

ó

= − + −  +

+ − − − +  =
õ

                               (3.29) 
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2 12 22 22 12 2

22 12 12 22 2 2

( ) cos( )

( ) sin( ) 0.

Fx F F Fbx Fbx

Y Y Fy Fy Fby

ô ô ó

ó

= − + −  +

+ − − − −  =
õ

                             (3.30) 

 

$V2=O==O 6, 7: AC<8 :@CB=8E <><5=BV2, I> 4VNBP =0 :>;VA=V ?0@8 2 

3>@87>=B0;P=V9 ?;>I8=V 2V4=>A=> 2;0A=8E F5=B@V2 A8AB5< :>>@48=0B "j, !<: 

 


1 11 21 11 21 1( ) ( ) cos( ) 0OM Fbx Fbx B F F Aô ô óù= +  − +   =ûõ ;               (3.31) 


2 12 22 12 22 2( ) ( ) cos( ) 0OM Fbx Fbx B F F Aô ô óù= +  − +   =ûõ .             (3.32) 

 

$V2=O==O 8, 9: AC<8 :@CB=8E <><5=BV2, I> 4VNBP =0 :>;VA=V ?0@8 2V4=>A=> 

2;0A=8E >A59 >15@B0==O, !<: 

1 11 11 21 21M F R F Rô ô=  − õ ;                                      (3.33) 

2 12 12 22 22M F R F Rô ô=  − õ ;                                      (3.34) 

 

3.2 $>729O70==O A8AB5<8 @V2=O=P. "B@8<0==O @>7@0EC=:>28E 70;56=>AB59. 

 

�;O @>729O70==O A8AB5<8 0;351@0WG=8E @V2=O=P (3.25) – (3.34) (@V2=O==O 1–

9) 28:>@8AB0=> ?@8:;04=89 ?0:5B MathCAD 70 4>?><>3>N >1G8A;N20;P=>3> 

1;>:C @>729O70==O =5;V=V9=8E 0;351@0WG=8E @V2=O=P Given–Find. #@>3@0<0, 

AB2>@5=0 ?@8 28:>=0==V 48A5@B0FVW, <VAB8BP 1;>:8 ?>?5@54=VE >1G8A;5=P. �;>:-

AE5<C ?@>3@0<8, I> @50;V7Cє <5B>4 Given–Find, =02545=> =0 @8A. 3.17.  

$>7@0EC=:>289 1;>: @50;V7Cє <5B>4 Given–Find V <VAB8BP =0ABC?=V >?5@0FVW: 

- 287=0G5==O ?>G0B:>28E =01;865=P 7<V==8E; 

- @50;V70FVO :><0=48 Given; 

- A8AB5<0 @V2=O=P, I> A?8@0єBPAO =0 1;>:8 ?>?5@54=VE >1G8A;5=P, 7 

28:>@8AB0==O< 1C;52>3> 7=0:C «@V2=O==O»; 

- @50;V70FVO DC=:FVW Find-Minerr 7 7<V==8<8 2 O:>ABV ?0@0<5B@V2 DC=:FVW.  
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$57C;PB0B8 @>7@0EC=:V2 >B@8<CNBPAO 2 283;O4V 25:B>@C @VH5==O A8AB5<8. 

#@8:;048 ;VAB8=3C ?@>3@0<8 @>729O70==O A8AB5<8 @V2=O=P (3.25)–(3.34)  

=02545=> C �"��&�' �.  

 

$8AC=>: 3.17 – �;>:-AE5<0 ?@>3@0<8 @>729O70==O A8AB5<8 @V2=O=P @V2=>2038 

2V7:0 2 :@82V9 



96 

3.2 $57C;PB0B8 @>7@0EC=:C ?0@0<5B@V2 48=0<VG=>3> 2?8AC20==O 2V7:0 18-

7055 2 :@C3>2C :@82C 
 

#>;5 G8A5;P=>3> 5:A?5@8<5=BC >1<56CєBPAO :><1V=0FVєN =0ABC?=8E 

2EV4=8E ?0@0<5B@V2: @04VCA8 :@82>W – ÿ (<); H284:VABP @CEC – � (</A); ?V428I5==O 
7>2=VH=P>W @59:8 2 :@82V9 – / (<); =5?>30H5=5 1VG=5 ?@8A:>@5==O – ÿþ (</A2). 

!5?>30H5=5 1VG=5 ?@8A:>@5==O 203>=0 ?@8 @CAV 2 :@82V9 4V;O=FV :>;VW 

287=0G0єBPAO 70 2V4><8< 28@07>< 

 

 
2

2
y

V g h
a

Aò


= − , </A2.                                                (3.35) 

 

�0 C<>20<8 157?5:8 ?5@52>7:8 20=B06V2 V :><D>@BC ?0A068@V2 2AB0=>2;5=> 

3@0=8G=>-4>72>;5=V 7=0G5==O =5?>30H5=>3> 1VG=>3> ?@8A:>@5==O. !0 

C:@0W=AP:8E 70;V7=8FOE 2>=> 287=0G5=> #0<9OB:>N "@30=V70FVW A?V2@>1VB=8FB20 

70;V7=8FP (Organization for Co-Operation between Railways – OSJD) [32] – "+$ 

782/4 «"?B8<V70FVO 2;0HBC20==O ?V428I5==O 7>2=VH=P>W @59:8 2 :@828E 2 

C<>20E H284:VA=>3> @CEC ?>є4=0=>3> 7 20=B06=8<». ' FP><C 4>:C<5=BV 4;O 

<0:A8<0;P=>-4>?CAB8<>3> =5?>30H5=>3> 1VG=>3> ?@8A:>@5==O [ÿþ] ?@89=OB> 
=0ABC?=V 7=0G5==O: 

- C 7>2=VH=P><C =0?@O<:C :@82>W [ÿþ] = 1,0 </A2; C =0?@O<:C 4> F5=B@C 

:@82>W – [ÿþ] = – 0,4 </A2. &0:8< G8=>< 157?5G=V 7=0G5==O =5?>30H5=>3> 1VG=>3> 

?@8A:>@5==O ;560BP C ?>;V 1,0 g ÿþ g 20,4 </A2; 

- <0:A8<0;P=>-4>72>;5=89 B5<? (H284:VABP) =0@>AB0==O =5?>30H5=>3> 

1VG=>3> ?@8A:>@5==O – ?>EV4=0 2V4 DC=:FVW 7@>AB0==O =5?>30H5=>3> ?@8A:>@5==O 

– [�] = 0,45 </A2;  

- <0:A8<0;P=>-4>72>;5=0 H284:VABP ?V49><C :>;5A0 =0 4V;O=FV ?5@5EV4=>W 

:@82>W [Ą] = 45 <</A;  

- :@CB87=0 2V42>4C 7>2=VH=P>W @59:8 =0 4V;O=FV ?5@5EV4=>W :@82>  [ÿ] = 0,5 

<</< (‰). 
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3.2.1 �0;56=VABP :CBV2 =01V30==O :>;VA=8E ?0@ 2V4 ?>?5@5G=>3> ?>;>65==O 

:>;VA=8E ?0@ 2 :>;VW V @04VCAC :@82>W 

/: 1C;> 78OA>20=> C @>74V;V 1.4, 707>@ :>;VA=>W ?0@8 2 @59:>2V9 :>;VW 2 

5:A?;C0B0FVW <>65 ?@89<0B8 7=0G5==O C 4V0?07>=V 2V4 9 4> 76 <<. �07>@ 2 @59:>2V9 

:>;VW ACBBє2> 2?;820є =0 :CB8 =01V30==O :>;VA=8E ?0@ ?@8 ?5@5:VA=V9 CAB0=>2FV 

2V7:V2. !0 @8A. 3.18 ?>:070=> @>7@0EC=:>2V 70;56=>ABV :CBV2 =01V30==O :>;VA=8E 

?0@ CAB0=>2;5=8E C 2V7:C 157 ?5@5:>AC (=><V=0;P=0 CAB0=>2:0) ÿ1, ÿ2 (3@04) 2V4 
7=0G5==O 707>@C :>;VA=>W ?0@8 2 @59:>2V9 :>;VW Ă (<<) V @04VCAC :@82>W ÿ (<). �;O 

:CBV2 =01V30==O ?@89=OB> =0ABC?=V 7=0:8: «+» – 4;O 28?04:C, :>;8 :>;VA=0 ?0@0 

71V30є; «–» – 4;O 28?04:C, :>;8 :>;VA=0 ?0@0 =01V30є.  

�0 @57C;PB0B0<8 @>7@0EC=:V2 ?V4B25@465=>, I> :CB8 =01V30==O :>;VA=8E 

?0@ =0 @59:8 ACBBє2> 71V;PHCNBPAO ?@8 7@>AB0==V AC<0@=8E 707>@V2 2 @59:>2V9 

:>;VW.  

!0?@8:;04, ?@8 ?5@5:VA=V9 CAB0=>2FV 2V7:0 2 :>;VW 2 :@82V9 @04VCA>< 250 < 

?@8 707>@V 14 << :CB =01V30==O ?5@H>W :>;VA=>W ?0@8 (B0:>W, I> =01V30є), A:;040є 20,84 B (20,015 @04), 0 ?@8 707>@V 50 << 21,95 B(0,034 @04). � :@82V9 1000 < – 

2V4?>2V4=> 20,54 B (20,009 @04) V 21,65 B (20,029).  

� 4V0?07>=V <>6;828E 5:A?;C0B0FV9=8E 707>@V2 :>;VA=8E ?0@ 2 @59:>2V9 

:>;VW (14–65 <<) :CB8 =01V30==O :>;VA=8E ?0@, I> =01V30NBP (?5@H0 :>;VA=0 ?0@0) 

<>6CBP 71V;PHC20B8AO 2V4 <V=V<0;P=8E 4> <0:A8<0;P=8E 2 2,3–3,5 @078 4;O 

@V7=8E @04VCAV2 :@828E.  
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0) 

 

1) 

$8AC=>: 3.18 – �0;56=>ABV :CBV2 =01V30==O :>;VA=8E ?0@ ÿ (3@04) 2V4 707>@V2 

:>;VA=>W ?0@8 2 :>;VW Ă (<<) V @04VCAC :@82>W ÿ (<): 0) 1-0 :>;VA=0 ?0@0; 1) 2-0 

:>;VA=0 ?0@0 

 

�<V=0 707>@V2 :>;VA=8E ?0@ 2 :>;VW Ă 7 15 << 4> 45 << =040є 5D5:B 
71V;PH5==O :CBV2 =01V30==O ÿ 2 1,6 @078 2 :@828E @04VCA><  ÿ =  300 @ B0 C 2,7 

@078 2 :@828E @04VCA>< ÿ =  1250 @. � 4V0?07>=V <>6;828E 5:A?;C0B0FV9=8E 

707>@V2 :>;VA=8E ?0@ 2 @59:>2V9 :>;VW (14–65 <<) :CB8 =01V30==O :>;VA=8E ?0@, I> 
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=01V30NBP (?5@H0 :>;VA=0 ?0@0) <>6CBP 71V;PHC20B8AO 2V4 <V=V<0;P=8E 4> 

<0:A8<0;P=8E 2 2,3–3,5 @078 4;O @V7=8E @04VCAV2 :@828E.  

�<V=0 707>@V2 :>;VA=8E ?0@ 2 :>;VW Ă 7 15 << 4> 45 << =040є 5D5:B 
71V;PH5==O :CBV2 =01V30==O ÿ 2 1,6 @078 2 :@828E @04VCA><  ÿ =  300 @ B0 C 2,7 

@078 2 :@828E @04VCA>< ÿ =  1250 @.  

)0@0:B5@ 7<V=8 :CBV2 =01V30==O :>;VA=8E ?0@ =0 @59:8 2V4 707>@V2 2 :>;VW Ă 

=5 70;568BP 2V4 :CBV2 ?5@5:>AC :>;VA=8E ?0@ Ã. $V7=8FO :CBV2 0B0:8 ?5@H>W V 

4@C3>W :>;VA=8E ?0@ ( ñô ) 2V7:0 70;568BP 2V4 @04VCAC :@82>W B0 =5 70;568BP 2V4 

CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C B0 707>@V2 :>;VA=8E ?0@ 2 :>;VW. #@8G><C, ñô

7<5=HCєBPAO 2V4 0,5B (0,01 @04) 4;O 300@ò =  – 4> 0,15 (0,003 )o
 D48 4;O 

1250@ò =  

&0:8< G8=>< ?V4B25@465=>, I> ?5@5:VA=0 CAB0=>2:0 2V7:0 2 :>;VW є 1V;PH 

=5157?5G=>N 7 B>G:8 7>@C ABV9:>ABV :>;VA=8E ?0@ I>4> AE>4C 7 @59>: B0 

V=B5=A82=>ABV 7=>AC 3@51=V2 :>;VA G5@57 7=0G=V 7=0G5==O :CBV2 =01V30==O :>;VA =0 

@59:8 [109, 151, 155]. *59 28A=>2>: =5?@O<> AC?5@5G8BP 28A=>2:0< 45O:8E 

4>A;V4=8:V2, I> 22060NBP >A=>2=>N ?@8G8=>N ?V428I5=>W V=B5=A82=>ABV 7=>AC 

3@51=V2 ?5@5EV4 C:@0W=AP:>W 70;V7=8FV 7 :>;VW 1524 << =0 :>;VN 1520 <<. 

�V4?>2V4=> 4> @57C;PB0BV2 @>7@0EC=:V2 =0ABV;P:8 =57=0G=5 72C65==O :>;VW, 

=0?@>B8 7<5=HCє 7=0G5==O 2V@>3V4=8E :CBV2 =01V30==O :>;VA =0 @59:8 V, O: 

=0A;V4>:, ?>28==5 =02?0:8 7<5=HC20B8 V=B5=A82=VABP 7=>AC 3@51=V2 :>;VA. !0 

@8A. 3.19 ?>:070=> 70;56=>ABV :CBV2 =01V30==O :>;VA=8E ?0@ ÿ (3@04), 2V4 

?>?5@5G=>3> ?>;>65==O :>;VA=8E ?0@ �1, �2 (<<) 2V4=>A=> >AV :>;VW 4;O @V7=8E 

@04VCAV2 :@82>W. #>?5@5G=V 7<VI5==O :>;VA=8E ?0@ 2V7:0 – �1, �2 287=0G0NBP 

AE5<C CAB0=>2:C 2V7:0 2 :>;VW (@8A.3.3).  

#@8 FP><C <>6;82V =0ABC?=V CAB0=>2:8:  

- ?@8 �1 = 2�ÿÿý , �2 = 2�ÿÿý – 2=CB@VH=O E>@4>20 CAB0=>2:0;  

- ?@8 �1 = �ÿÿý ,  �2 = �ÿÿý – E>@4>2C CAB0=>2:C ?> 7>2=VH=V9 @59FV;  

- ?@8 2 �1 = 2�ÿÿý  , �2 = �ÿÿý  – ?>78B82=0 ?5@5:VA=0 CAB0=>2:0;  

- ?@8 �1 = �ÿÿý , �2 = 2�ÿÿý – =530B82=0 ?5@5:VA=0 CAB0=>2:0;  
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- ?@8 2�ÿÿý  < �1 < �ÿÿý  B0  2�ÿÿý  < �2 < �ÿÿý – 2V;P=V CAB0=>2:8.  

 

 

0) 

 

1) 

$8AC=>: 3.19 – �0;56=>ABV :CBV2 =01V30==O :>;VA=8E ?0@ ÿ11,& , ÿ22 2V4 

?>?5@5G=8E ?5@5<VI5=P :>;VA=8E ?0@ �1,  �2 (<<) V @04VCAC :@82>W ÿ (<): 

0); ÿ = 300 @; 1) 1500 @ 

 

$57C;PB0B8 @>7@0EC=:V2, ?@54AB02;5=V =0 @8A. 3.18, 3.19, 40NBP 7<>3C 

7@>18B8 =0ABC?=V 28A=>2:8.  
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�;O 2=CB@VH=P>W V 7>2=VH=P>W E>@4>28E CAB0=>2>: :CB8 =01V30==O :>;VA=8E 

?0@ A:;040NBP: 4;O 2=CB@VH=P>W V 7>2=VH=P>W E>@4>28E CAB0=>2>: :CB8 =01V30==O 

:>;VA=8E ?0@ A:;040NBP: 4;O :@82>W 300 < – ?5@H0 :>;VA=0 ?0@0 – ÿ11 = 20,28B (20,005 @04), 4@C30 :>;VA=0 ?0@0 – ÿ12 = 0,28B(0,005 @04); 4;O :@82>W 1200 < – ÿ21 = 20,114B (20,002 @04), ÿ22 = 0,114B (0,002 @04).  
�@0E>2CNG8, I> 5:A?;C0B0FV9=V ?>?5@5G=V ?5@5<VI5==O :>;VA=8E ?0@ 

70;560BP 2V4 AC<0@=>3> 707>@C :>;VA=8E ?0@ 2 :>;VW, @>7@0EC=:8 I5 @07 

?V4B25@46CNBP ACBBє2C 70;56=VABP :CBV2 =01V30==O :>;VA=8E ?0@ 2V4 WW 2V;P=>3> 

707>@C 2 :>;VW.  

 

3.2.2 �?;82 2V4E8;5=P CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C =0 :CB8 =01V30==O 

:>;VA=8E ?0@ =0 @59:8 

!02545=V 28I5 @57C;PB0B8 >B@8<0=> 4;O 28?04:C =>@<0;P=>W CAB0=>2:8 

:>;VA=8E ?0@ C 2V7:C. �;O 20=B06=8E 2V7:V2 <>45;V 18-100 є E0@0:B5@=8< ?5@5:VA 

:>;VA=8E ?0@, ?>28O70=89 V7 701V30==O< 1>:>28E @0< 2V7:0 [96]. �0 7030;P=>N 

4C<:>N, FO >A>1;82VABP <>45;V 18-100 ?>29O70=0 V7 B8<, I> WW 1>:>2V @0<8 

6>@AB:> =5 72'O70=V <V6 A>1>N A8;>28<8 5;5<5=B0<8. +5@57 F5 2 @CAV 203>=0 

<>6;82V ?>4>26=V 701V30==O 1>:>28E @0< 2V4=>A=> >48= >4=>3> 4> 15–20 << [91]. 

�V4><0 =87:0 ?@8G8= B0:>3> O28I0. !0A0<?5@54, F5 – 707>@8 2 1C:A>28E 2C7;0E, 

3>@87>=B0;P=V 45D>@<0FVW ?@C68=, B5E=>;>3VG=V 2V4E8;5==O 35><5B@8G=8E 

?0@0<5B@V2 1>:>28E @0< 2 ?@>F5AV 28@>1=8FB20, 0 B0:>6 7=>A :;8=V2 D@8:FV9=8E 

30A=8:V2 B0 :>=B0:B=8E ?>25@E>=P =04@5A>@=>W 10;:8. $07>< =0720=V D0:B>@8 

<>6CBP AB2>@N20B8 ?5@5:VA :>;VA=8E ?0@ C 2V7:C ÿ 2V4=>A=> =><V=0;P=>3> 

?>;>65==O 4> 1,0B (0,018 @04) [95].  

!0 @8A. 3.20 =02545=> @>7@0EC=:>2V 70;56=>ABV, I> 2V4>1@060NBP 2?;82 

:CBV2 2V4E8;5==O :>;VA=8E ?0@ C 2V7:C 2V4 =>@<0;P=>3> ?>;>65==O  (ÿ) – =0 :CB8 

=01V30==O :>;VA=8E ?0@ =0 @59:8 (ÿ). 
�V0?07>= 4>A;V46C20=8E :CBV2 2V4E8;5==O :>;VA=8E ?0@ 2V4 =>@<0;P=>W 

CAB0=>2:8 2 2V7:C (:CB8 Ã) – 2V4 – 0,01 4> + 0,01 @04 (20,5ā 4> +0,5ā). !530B82=V 
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:CB8 σ E0@0:B5@=V 4;O 28?04:C 701V30==O 2=CB@VH=P>W 1>:>28=8 @0<8. 

$>7@0EC=:>2V @57C;PB0B8 4>72>;ONBP 7@>18B8 =0ABC?=V 28A=>2:8.  

�01V30==O 2=CB@VH=P>W ?> 2V4=>H5==N 4> :@82>W 1>:>28=8 @0<8 2V7:0 – є 

B8?>28< 28?04:>< 2?8AC20==O 203>=V2 2 :@82V 4V;O=:8 :>;VW. #@0:B8G=> 702648 

?@8 2?8AC20==V 2 :@82C 701V30є A0<5 1C45 A0<5 2=CB@VH=O 1>:>28=0 2V7:>2>W @0<8. 

#@8 71V;PH5==V ?5@5:>AC :>;VA=8E ?0@ C 2V7:C 2V4 0ā 4> +0,5ā :CB8 =01V30==O 

:>;VA=>W ?0@8, I> =01V30є 71V;PHCNBPAO 2 2–3 @078.  

 

 

0)                                                                  

 

1) 

$8AC=>: 3.20 – $>7@0EC=:>2V 70;56=>ABV :CBV2 =01V30==O :>;VA =0 @59:8 (ÿ1 2C9Dша >B?іEAа CаDа;  ÿ2 2 8Dу7а >B?іEAа CаDа) 2V4 2V4E8;5==O :>;VA=8E ?0@ 
2V4 =>@<0;P=>W CAB0=>2:8 2 2V7:C (:CB8 Ã) 
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3.2.3 �0;56=VABP A?@O<>2CNG8E 7CA8;P 2 3@515=528E :>=B0:B0E :>;VA V7 

@59:0<8 2V4 CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C 

�;3>@8B< 287=0G5==O 3>@87>=B0;P=8E 3@515=528E A?@O<>2CNG8E 7CA8;P 

28:;045=> C @>74V;V 2 (D>@<C;8 (2.7)–(2.9)). $>7@0EC=:>2V 70;56=>ABV 

A?@O<>2CNG>3> 3@515=52>3> 7CA8;;O � 2V4 :CBV2 ?5@5:>AC :>;VA=8E ?0@ C 2V7:C Ã, 

I> E0@0:B5@87CNBP 2V4E8;5==O CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C 2V4 =><V=0;P=>W 

?@54AB02;5=> =0 @8A. 3.21. 

 

 

4                                                      5 

$8AC=>: 3.21 – �0;56=>ABV A?@O<>2CNG8E 7CA8;P Y (:!) 2V4 :CBV2 ?5@5:>AC 

:>;VA=8E ?0@ C 2V7:C Ã (@04), H284:>ABV @CEC V(</A)  V @04VCAC :@82>W ρ: 4 – ρ = 

1500 <; 5 – ρ = 360 < 

 

#@>2545=5 4>A;V465==O [97] 107CєBPAO =0 B><C D0:BV, I> 70 AB0B8AB8:>N, 

?5@5206=0 :V;P:VABP 2V7:V2 18-100 2 5:A?;C0B0FVW <0NBP ?5@5:>A8 :>;VA=8E ?0@ C 

2V7:0E. #@8G><C FV ?5@5:>A8 <0NBP =0:>?8GC20;P=89 ?@>3@5ACNG89 E0@0:B5@ V 

<>6CBP A:;040B8 2 5:A?;C0B0FVW 4> 0,02 @04. #V4B25@465==O< B><C є 7=0G=0 

5:A?;C0B0FV9=0 @V7=8FO B>2I8= 3@51=V2 ?@02>3> V ;V2>3> :>;VA :>;VA=8E ?0@, O: 

@57C;PB0B B@820;>3> ?@8B8A=5==O >4=VєW AB>@>=8 :>;VA=>W ?0@8 4> >4=VєW 7 @59>: 

[109, 110].  

"B@8<0=V @57C;PB0B8 4>A;V465=P <>6=0 ?>OA=8B8 B8<, I> :>=AB@C:B82=V 

?5@5:>A8 :>;VA=8E ?0@ C 2V7:0E 71V;PHCNBP :CB8 =01V30==O :>;VA=8E ?0@ =0 @59:8 
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V, O: =0A;V4>:, ?V428ICNBP A8;8 ?@8B8A:0==O 3@51=V2 4> 1>:>28E ?>25@E>=P 

@59>:. *5, 2 A2>N G5@3C, є ?@8G8=>N ?V428I5=>3> 7=>AC 3@51=V2 :>;VA V 1>:>28E 

?>25@E>=P @59>:, 0 B0:>6 ?>3V@H5==O =87:8 5:A?;C0B0FV9=8E ?>:07=8:V2 203>=V2: 

71V;PH5==O >?>@C @CEC, 7<5=H5==O :>5DVFVє=BC 70?0AC ABV9:>ABV 2V4 AE>4C 7 

@59>: B>I>. �1V;PH5==O :CBV2 ?5@5:>AC :>;VA=8E ?0@ 2V4 Ã=0 4;O =><V=0;P=>3> 

?>;>65==O 4> <0:A8<0;P=8E <>6;828E 2 5:A?;C0B0FVW :CBV2 ?5@5:>AC (Ã=0,02
 

@04) ?@872>48BP 4> 71V;PH5==O A?@O<>2CNG8E 7CA8;P Y C A5@54=P><C C 1,5–2,0 

@078. #@8G><C, ABC?V=P ?V428I5==OY ?@0:B8G=> =5 70;568BP 2V4 @04VCAC :@82>W V 

2V4 H284:>ABV @CEC [13, 151]. 

�0 @57C;PB0B0<8 @>7@0EC=:V2 ?V4B25@465=>, I> :CB8 =01V30==O :>;VA=8E 

?0@ =0 @59:8 ACBBє2> 71V;PHCNBPAO ?@8 7@>AB0==V AC<0@=8E 707>@V2 2 @59:>2V9 

:>;VW. !0?@8:;04, ?@8 ?5@5:VA=V9 CAB0=>2FV 2V7:0 2 :>;VW 2 :@82V9 @04VCA>< 250 < 

?@8 707>@V 14 << :CB =01V30==O ?5@H>W :>;VA=>W ?0@8, A:;040є – 0,84° (–0,002 @04), 

0 ?@8 707>@V 50 << –1,95° (–0,034 @04). � :@82V9 1000 < – 2V4?>2V4=> – 0,54° (–

0,009 @04) V –1,65° (–0,029 @04). &0:8< G8=><, 2 4V0?07>=V <>6;828E 

5:A?;C0B0FV9=8E 707>@V2 :>;VA=8E ?0@ 2 @59:>2V9 :>;VW – 2V4 14 4> 65 << – :CB8 

0B0:8 :>;VA=8E ?0@ 71V;PHCNBPAO 2V4 <V=V<0;P=8E 4> <0:A8<0;P=8E 2 2,3–3,5 

@078 4;O @V7=8E @04VCAV2 :@828E. )0@0:B5@ 7<V=8 :CBV2 =01V30==O :>;VA=8E ?0@ =0 

@59:8 2V4 707>@V2 2 :>;VW · =5 70;568BP 2V4 :CBV2 ?5@5:>AC :>;VA=8E ?0@ Ã. $V7=8FO 
:CBV2 0B0:8 ?5@H>W V 4@C3>W :>;VA=8E ?0@ Δ³ 2V7:0 70;568BP 2V4 @04VCAC :@82>W B0 

=5 70;568BP 2V4 CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C B0 707>@V2 :>;VA=8E ?0@ 2 :>;VW. 

#@8G><C, Δ³ 7<5=HCєBPAO 2V4 0,5° (0,01 @04) 4;O ρ=300 < 4> 0,15° (0,003 @04) 4;O 

ρ=1250 <. *V @57C;PB0B8 =5?@O<> AC?5@5G0BP 28A=>2:0< 45O:8E 4>A;V4=8:V2, 

I>4> 2?;82C =0 V=B5=A82=VABP 7=>AC 3@51=V2 ?5@5E>4C C:@0W=AP:>W 70;V7=8FV 7 

:>;VW 1524 << =0 :>;VN 1520 <<. �9OA>20=>, I> =57=0G=5 72C65==O :>;VW, =02?0:8, 

7<5=HCє 7=0G5==O 2V@>3V4=8E :CBV2 =01V30==O :>;VA =0 @59:8 V, O: =0A;V4>:, 

?>28==5 7<5=HC20B8 V=B5=A82=VABP 7=>AC 3@51=V2 :>;VA.  

#@8 71V;PH5==V ?5@5:>AC :>;VA=8E ?0@ C 2V7:C 2V4 0° 4> +0,5° :CB8 

=01V30==O :>;VA=8E ?0@, I> =01V30NBP, 71V;PHCNBPAO 2 2–3 @078. 

�=0;V7 @>7@0EC=:>28E @57C;PB0BV2 ?V4B25@46Cє ?@8?CI5==O ?@> ACBBє2C 
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70;56=VABP A?@O<>2CNG8E :>=B0:B=8E A8; 2V4 CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C, O:5 

287=0G0єBPAO ?5@5:>A>< >A59 2V4=>A=> WE =><V=0;P=>3> ?>;>65==O. #@8 

<0:A8<0;P=8E 5:A?;C0B0FV9=8E :CB0E ?5@5:>AV2 :>;VA=8E ?0@ 1>:>2V 

A?@O<>2CNGV 7CA8;;O C 3@515=528E :>=B0:B0E 71V;PHCNBPAO =0 40–60 % C 

?>@V2=O==V V7 =><V=0;P=>N CAB0=>2:>N 2 H8@>:><C 4V0?07>=V H284:>AB59 V 

@04VCAV2 :@828E. 

�81@0=0 @>7@0EC=:>20 AE5<0 <>65 22060B8AO :>@5:B=>N, G5@57 B5, I> 2>=0 

2@0E>2Cє 35><5B@8G=V B0 :V=5<0B8G=V ?0@0<5B@8 :>=B0:BC20==O :>;VA V @59>:, O: 

4;O =>28E ?@>DV;V2 ?>25@E>=P :>G5==O, B0: V 4;O 7=>H5=8E.  

$57C;PB0B8 4>2>4OBP ACBBє2C 70;56=VABP A?@O<>2CNG8E 7CA8;P C 

3@515=528E :>=B0:B0E :>;VA 7 @59:0<8 2V4 CAB0=>2:8 :>;VA=8E ?0@ C @0<V 2V7:0, 0 

A0<5 ?5@5:>AV2 >A59 2V4=>A=> WE =><V=0;P=>3> ?>;>65==O. �=0G5==O ?5@5:>AC <0є 

1CB8 :@8B5@Vє< 4;O ?@89=OBBO @VH5==O ?@> =5>1EV4=VABP @5<>=BC 2V7:0. 

�@0W=8, O:V 5:A?;C0BCNBP 20=B06=V 203>=8 7 2V7:0<8 B8?C 18-100 V WE 

0=0;>30<8 (#>;PI0, ':@0W=0, �8B20, �0B2VO, B.V.) <0NBP ?@84V;OB8 C203C B0:><C 

206;82><C D0:B>@C, O: =0:>?8GC20;P=89 ?5@5:VA :>;VA=8E ?0@ C 2V7:0E.  

' O:>ABV ?>40;PH>3> @>728B:C 40=>3> 4>A;V465==O 22060єBPAO 70 4>FV;P=5 

?@>2545==O H8@>:>3> <>=VB>@8=3C AB0=C 2V7:V2 18-100 ?0@:C 20=B06=8E 203>=V2 

I>4> =0O2=>ABV ?5@5:>AV2 :>;VA=8E ?0@. �@0E>2CNG8, I> =0 AP>3>4=V =5 VA=Cє 

?@8;04V2 4;O :>=B@>;N ?0@0<5B@V2 CAB0=>2:8 :>;VA=8E ?0@ C 2V7:0E, C ?>40;PH8E 

4>A;V465==OE ?;0=CєBPAO @>7@>1:0 B0:>3> 28<V@N20;P=>3> :><?;5:AC [155].  

�=0;V7 @>7@0EC=:>28E @57C;PB0BV2 ?V4B25@46Cє ?@8?CI5==O ?@> ACBBє2C 

70;56=VABP A?@O<>2CNG8E :>=B0:B=8E A8; 2V4 CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C, O:5 

287=0G0єBPAO ?5@5:>A>< >A59 2V4=>A=> WE =><V=0;P=>3> ?>;>65==O.  

#@8 <0:A8<0;P=8E 5:A?;C0B0FV9=8E :CB0E ?5@5:>AV2 :>;VA=8E ?0@ 1>:>2V 

A?@O<>2CNGV 7CA8;;O C 3@515=528E :>=B0:B0E =0 40–60% 28IV C ?>@V2=O==V V7 

=><V=0;P=>N CAB0=>2:>N 2 H8@>:><C 4V0?07>=V H284:>AB59 V @04VCAV2 :@828E. 
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3.3 �8A=>2:8 70 @>74V;>< 3 

 

�0 @57C;PB0B0<8 @>7@0EC=:V2, ?@>2545=8E 2 40=><C @>74V;V, ?V4B25@465=>, 

I> :CB8 =01V30==O :>;VA=8E ?0@ =0 @59:8 ACBBє2> 71V;PHCNBPAO ?@8 7@>AB0==V 

AC<0@=8E 707>@V2 2 @59:>2V9 :>;VW. � 4V0?07>=V <>6;828E 5:A?;C0B0FV9=8E 707>@V2 

:>;VA=8E ?0@ 2 @59:>2V9 :>;VW (14–65 <<) :CB8 =01V30==O :>;VA=8E ?0@, I> 

=01V30NBP 71V;PHCNBPAO 2 2,3–3,5 @078 4;O @V7=8E @04VCAV2 :@828E.  

#V4B25@465=>, I> ?5@5:VA=0 CAB0=>2:0 2V7:0 2 :>;VW є =091V;PH 

=5157?5G=>N 7 B>G:8 7>@C ABV9:>ABV :>;VA=8E ?0@ I>4> AE>4C 7 @59>: B0 

V=B5=A82=>ABV 7=>AC 3@51=V2 :>;VA G5@57 7=0G=V 7=0G5==O :CBV2 =01V30==O :>;VA =0 

@59:8. *59 28A=>2>: =5?@O<> AC?5@5G8BP B25@465==O< 45O:8E 4>A;V4=8:V2 ?@> 

B5, I> ?5@5EV4 C:@0W=AP:>W 70;V7=8FV 7 :>;VW 1524 << =0 :>;VN 1520 << є >A=>2=>N 

?@8G8=>N ?V428I5=>W V=B5=A82=>ABV 7=>AC 3@51=V2. �V4?>2V4=> 4> @57C;PB0BV2 

@>7@0EC=:V2 72C65==O :>;VW, =0?@>B8 7<5=HCє 7=0G5==O 2V@>3V4=8E :CBV2 

=01V30==O :>;VA =0 @59:8 V, O: =0A;V4>:, 7<5=HCє V=B5=A82=VABP 7=>AC 3@51=V2 

:>;VA.  

�01V30==O 2=CB@VH=P>W (?> 2V4=>H5==N 4> :@82>W) 1>:>28=8 @0<8 2V7:0 – є 

B8?>28< 28?04:>< 2?8AC20==O 2V7:V2 18-100 2 :@82V 4V;O=:8 :>;VW. #@8 

71V;PH5==V ?5@5:>AC :>;VA=8E ?0@ C 2V7:C 2V4 0ā 4> +0,5ā :CB8 =01V30==O :>;VA=8E 

?0@, I> =01V30NBP 71V;PHCNBPAO 2 2–3 @078.  

�=0;V7 @>7@0EC=:>28E @57C;PB0BV2 ?V4B25@46Cє ?@8?CI5==O ?@> ACBBє2C 

70;56=VABP A?@O<>2CNG8E :>=B0:B=8E 7CA8;P 2V4 CAB0=>2:8 :>;VA=8E ?0@ C 2V7:C, 

O:5 287=0G0єBPAO ?5@5:>A>< >A59 2V4=>A=> WE =><V=0;P=>3> ?>;>65==O. #@8 

<0:A8<0;P=8E 5:A?;C0B0FV9=8E :CB0E ?5@5:>AV2 :>;VA=8E ?0@ 1>:>2V 

A?@O<>2CNGV 7CA8;;O C 3@515=528E :>=B0:B0E 71V;PHCNBPAO =0 40–60% C 

?>@V2=O==V V7 =><V=0;P=>N CAB0=>2:>N 2 H8@>:><C 4V0?07>=V H284:>AB59 V 

@04VCAV2 :@828E. 

$57C;PB0B8 4>A;V465==O B@5BP>3> @>74V;C >?C1;V:>20=V C ?@0FOE [18, 31, 97, 

109, 126, 131, 133, 151, 155]. 
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$"���� 4 !"$ '��!!/ �"#'%&� �) #�$��"%�� �"��%!�) 

#�$ ' �����) 

 

4.1  >=VB>@8=3 ?5@5:>AC :>;VA=8E ?0@ C 2V7:0E 2 5:A?;C0B0FVW 
 

� @57C;PB0BV 4>A;V465==O ?V4B25@465=> 28AC=CBC 3V?>B57C, 2V4?>2V4=> 4> 

O:>W ?5@5:VA :>;VA=8E ?0@ C 2V7:0E 20=B06=8E 203>=V2, є 3>;>2=>N ?@8G8=>N 

4>40B:>2>3> ?V428I5==O A?@O<>2CNG8E 7CA8;P 2 :>=B0:B0E 3@51=V2 :>;VA 7 

@59:0<8. �0=8<8 5:A?;C0B0FVW V =0C:>28<8 4>A;V465==O<8 V=H8E 02B>@V2 

?V4B25@46CєBPAO, I> є B8?>28< =0:>?8G5==O >4=>1VG=>3> ?5@5:>AC :>;VA=8E ?0@ 

?VA;O 9>3> 70@>465==O. #V428I5==O @V2=V2 A?@O<>2CNG8E 7CA8;P є ?@O<>N 

?@8G8=>N 71V;PH5==O V=B5=A82=>ABV 7=>AC C 3@515=528E :>=B0:B0E. �@V< B>3>, F5 

є ?@8G8=>N 7=865==O :>5DVFVє=BC 70?0AC ABV9:>ABV 2V4 AE>4C :>;VA=8E ?0@ 7 

@59>: [29]. &0:>6 ?5@5:>A8 :>;VA=8E ?0@ C 2V7:0E ?@872>4OBP 4> ?V428I5==O 

:V=5<0B8G=89 >?V@ @CEC [27, 28]. 

*V O28I0 =0?@O<C ?>29O70=V V7 B@P>E-5;5<5=B=>N :>=AB@C:FVєN 2V7:V2 

<>45;V 18-100, 0 A0<5 =56>@AB:8< 78є4=0==O< 1>:>28E @0< V7 H2>@=52>N 10;:>N. 

!0 B;V :0B0AB@>DVG=>W 7=>H5=>ABV 20=B06=8E 203>=V2 F5 AB2>@Nє ?5@54C<>28 4;O 

?5@5:>AV2 :>;VA=8E ?0@ C 2V7:0E 2V4=>A=> =><V=0;P=>3> ?>;>65==O [55, 62, 141, 

145, 155, 160, 161].  

�V4ACB=VABP є48=8E <V6=0@>4=8E =>@< V 28<>3 4> A8AB5<8 B5E=VG=>3> 

>1A;C3>2C20==O 20=B06=8E 203>=V2 7 2V7:0<8 18-100 ?@8725;> 4> B>3>, I> 

?5@5:>A8 :>;VA=8E ?0@ 2 5:A?;C0B0FVW 2 ?@>F5AV B5E=VG=>3> >1A;C3>2C20==O 2V7:V2 

=5 :>=B@>;NNBPAO. ' 2V4><G8E =>@<0B82=8E 4>:C<5=B0E, I> @53;0<5=BCNBP 

B5E=>;>3VG=89 ?@>F5A B5E=VG=>3> >1A;C3>2C20==O V @5<>=BC :>;VA=8E ?0@ 203>=V2 

2V4ACB=O >?5@0FVO 7 :>=B@>;N ?5@5:>AC :>;VA=8E ?0@ C 2V7:C. �V4?>2V4=> 4> FP>3> 

2V4ACB=V V 1C4P-O:V =>@<8 I>4> 4>?CAB8<>3> 2V4E8;5==O ?>;>65==O :>;VA=8E ?0@ 

C 2V7:C 2V4 =><V=0;P=>3> [127, 151, 137-150, 152, 153].  

#@>?>=CєBPAO 225AB8 2 A8AB5<C B5E=VG=>3> >1A;C3>2C20==O V @5<>=BC 2V7:V2 

<>45;V 18-100 4>40B:>2C B5E=>;>3VG=C >?5@0FVN 7 :>=B@>;N ?5@5:>AC :>;VA=8E 
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?0@ C 2V7:0E.  

&5E=>;>3VG=0 >?5@0FVO 7 <>=VB>@8=3C ?5@5:>AC :>;VA=8E ?0@ <>65 1CB8 

?>1C4>20=0 =0 =0ABC?=8E B5E=VG=8E 70A>10E :>=B@>;N, @>7@>1;5=8E 70 CG0ABV 

74>1C20G0:  

- A?>AV1 4V03=>ABC20==O B5E=VG=>3> AB0=C B@P>E5;5<5=B=8E 2V7:V2 

20=B06=8E 203>=V2; 

- ?@8AB@V9 4;O :>=B@>;N ?5@5:>AC :>;VA=8E ?0@ 70;V7=8G=>3> 203>=0 C 

@0<V 2V7:0. 

�>:@5<0, 2 ?@8AB@>W 4;O :>=B@>;N ?5@5:>AC :>;VA=8E ?0@ ?@>?>=CєBPAO 

28:>@8AB0B8 ?@8=F8? :>=B@>;N 35><5B@8G=8E ?0@0<5B@V2 70 >A=>2V ;075@=>W 

B>?>;>3VW. �075@=V ?@8;048 H8@>:> 28:>@8AB>2CNBPAO =0 70;V7=8FOE 4;O 

?>4V1=8E FV;59. !0?@8:;04, ;075@=V ?@>DV;><5B@8 28:>@8AB>2CNBPAO 2 A8AB5<0E 

<>=VB>@8=3C ?@>DV;V2 ?>25@E>=P :>G5==O :>;VA [12]. #5@A?5:B828 28:>@8AB0==O 

;075@=>3> :>=B@>;N 35><5B@8G=8E ?0@0<5B@V2 @0<8 2V7:V2 B5?;>2>7V2 @>73;O=CB> 

C @>1>BV [23].  

!0O2=VABP ACBBє2>W @V7=8FV B>2I8= 3@51=V2 ?@02>3> V ;V2>3> :>;VA >4=VєW 

:>;VA=>W ?0@8 <>65 1CB8 =5?@O<8< 4>:07>< 4>23>B@820;>W 5:A?;C0B0FVW :>;VA=>W 

?0@8 7 ?5@5:>A>< 2V4=>A=> @0<8 2V7:0. &8?>289 E0@0:B5@ >4=>AB>@>==P>3> 7=>AC 

:>;VA :>;VA=8E ?0@ ?V4B25@46CєBPAO 2 @>1>BV  [3], 45 2:07CєBPAO =0 B5, I> =0 

2V4AB0NGV9 ?> E>4C AB>@>=V :>;VA=>W ?0@8 (:>;5A>, I> =01V30є) <0:A8<0;P=89 

7=>A 7<VI5=89 2 AB>@>=C 2=CB@VH=P>W 3@0=V ?>25@E=V :>G5==O, 0 =0 ?@>B8;56=><C 

:>;5AV 7=>A 7<VICєBPAO 2 1V: 7>2=VH=P>W 3@0=V. *O >A>1;82VABP 7=>AC 3@51=V2 :>;VA 

;568BP 2 >A=>2V A?>A>1C 4V03=>ABC20==O B5E=VG=>3> AB0=C B@P>E5;5<5=B=8E 

2V7:V2 20=B06=8E 203>=V2 [24, 30, 32]. 

 

4.2 %?>AV1 4V03=>ABC20==O B5E=VG=>3> AB0=C B@P>E5;5<5=B=8E 2V7:V2 

20=B06=8E 203>=V2 70 @V7=8F5N B>2I8= 3@51=V2 :>;VA :>;VA=>W ?0@8 

 

/: 1C;> 707=0G5=> C ?>?5@54=VE @>74V;0E, =5 72060NG8 =0 ?@>AB>BC 

:>=AB@C:FVW V 28A>:C =04V9=VABP B@P>E5;5<5=B=8E 2V7:V2 <>45;V 18-100, 2>=8 
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<0NBP ACBBє289 =54>;V: – AE8;P=VABP 4> ?5@5:>AC :>;VA=8E ?0@ C 2V7:C, ?>29O70=C 

V7 B8<, I> WW 1>:>2V @0<8 =5 72'O70=V 6>@AB:> <V6 A>1>N A8;>28<8 5;5<5=B0<8. 

+5@57 F5 2 @CAV 203>=0 <>6;82V ?>4>26=V 701V30==O 1>:>28E @0< 2V4=>A=> >4=0 

>4=>W. �V4><0 =87:0 ?@8G8= B0:>3> O28I0, 0;5 2AV 2>=8 ?>28O70=V V7 7030;P=8< 

B5E=VG=8< AB0=>< 2V7:0: =5@V2=><V@=V 7=>A8 2 1C:A>28E 2C7;0E; 3>@87>=B0;P=V 

45D>@<0FVW ?@C68=; B5E=>;>3VG=V 2V4E8;5==O 35><5B@8G=8E ?0@0<5B@V2 1>:>28E 

@0< 2 ?@>F5AV 28@>1=8FB20 V @5<>=BC; 7=>A :;8=V2 D@8:FV9=8E 30A=8:V2 B0 

:>=B0:B=8E ?>25@E>=P =04@5A>@=>W 10;:8 B>I>. #5@5:VA :>;VA=8E ?0@ C 2V7:0E є 

?@8G8=>N =87:8 =530B82=8E O28I: ?V428I5=>W V=B5=A82=>ABV 7=>AC :>;VA; 

?V428I5==O >?>@C @CEC; 71V;PH5==O 3>@87>=B0;P=8E =020=B065=P =0 :>;VN; 

?V428I5==O 2V@>3V4=>ABV AE>4C :>;VA 7 @59>: B>I>[11] . 

�0?@>?>=>20=> =>289 A?>AV1 4V03=>ABC20==O B5E=VG=>3> AB0=C 2V7:V2 

20=B06=8E 203>=V2, 70A=>20=89 =0 70;56=>ABV >4=>AB>@>==P>3> 7=>AC 3@51=V2 

:>;VA 2V4 ?5@5:>AV2 :>;VA=8E ?0@ C 2V7:0E [11]. &0:5 B5E=VG=5 @VH5==O 4>72>;Oє 

74V9A=N20B8 >?5@0B82=89 <>=VB>@8=3 7030;P=>3> B5E=VG=>3> AB0=C 2V7:V2, I> 

2?;820є =0 ?5@5:VA :>;VA=8E ?0@ 4;O ?@89=OBBO @VH5==O ?@> =5>1EV4=VABP WE 

@5<>=BC G5@57 0=0;V7 @V7=8FV B>2I8= 3@51=V2 :>;VA.  

�0?@>?>=>20=89 A?>AV1 70A=>20=89 =0 0=0;V7V 2V4><8E B5E=VG=8E @VH5=P 

?>4V1=>3> ?@87=0G5==O. 

4.2.1 CB5=4 4;O :><?;5:A=>3> 4V03=>ABC20==O 2C7;V2 20=B06=8E 203>=V2, 

>?8A0=89 C AB0BBV [69], O:89 <0є @>7H8@5=V <>6;82>ABV 4;O 4V03=>ABC20==O 2C7;V2 

2V7:V2 20=B06=8E 203>=V2, 7>:@5<0 1C:A>28E 2C7;V2. �8A=>2:8 ?@> B5E=VG=89 AB0= 

2V7:V2 @>1;OBPAO =0 >A=>2V 28<V@N20==O ?0@0<5B@V2 7=>AC 1C:A>28E 2C7;V2 ?@8 

<>45;N20==V 5:A?;C0B0FV9=8E =020=B065=P. 

4.2.2 « 5B>4 V A8AB5<0 28O2;5==O B0 0=0;V7C ?@>1;5< 2 @>1>BV 70;V7=8G=8E 

2V7:V2» («Method and system for detection and analysis of railway bogie operational 

problems») [78].  5B>4 4>72>;Oє ?@>3=>7C20B8 ?>4VW, O:V <>6CBP A?@8G8=8B8 

A?@0FP>2C20==O :>;5A0 =0 70;V7=8G=><C 203>=V V 2:;NG0є 420 5B0?8: 1) 

<>=VB>@8=3 ?>74>26=P>3> B0 25@B8:0;P=>3> ?@8A:>@5==O 203>=0; 2) 0=0;V7 

0<?;VBC4 ?@8A:>@5=P. /:I> AE5<0 ?@8A:>@5=P, I> 2V4AB56CєBPAO, 2:;NG0є 
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?>74>26=є ?@8A:>@5==O 28I5 ?5@H>3> ?>@>3>2>3> 7=0G5==O, 70 O:8< A;V4Cє 

25@B8:0;P=5 ?@8A:>@5==O 28I5 4@C3>3> ?>@>3>2>3> 7=0G5==O, F5 є A2V4>FB2>< 

=0O2=>ABV ?>27C=V2 =0 ?>25@E=V :>G5==O :>;VA, 01> C<>2 4;O WE @>728B:C. 

!54>;V:>< 40=>3> <5B>4C є =5<>6;82VABP 0=0;V7C 7030;P=>3> B5E=VG=>3> AB0=C 

2V7:0 20=B06=>3> 203>=C. 

4.2.3 «%?>AV1 :>=B@>;N AB0=C 2V7:0 70;V7=8G=>3> B@0=A?>@B=>3> 70A>1C, I> 

<VAB8BP I>=09<5=H5 >4=C :>;VA=C ?0@C» («Method for monitoring the state of a 

bogie of a railway vehicle comprising at least one wheelset») [80]. %?>AV1 2:;NG0є 

=0ABC?=V 5B0?8: 1) DV;PB@0FVO A83=0;V2, O:V 2V4?>2V40NBP A8=CA>W40;P=><C @CEC 

:>;VA=>W ?0@8, 2V4 A83=0;V2, I> ?>40NBPAO 40BG8:><, @>7B0H>20=8< =0 2V7:C; 2) 

287=0G5==O G0AB>B8 A8=CA>W40;P=>3> @CEC :>;VA=>W ?0@8 ?> 2V4=>H5==N 4> 

?5@8D5@V9=8E C<>2, 2:;NG0NG8 H284:VABP @CEC B@0=A?>@B=>3> 70A>1C; 3) 

?>@V2=O==O 287=0G5=>W G0AB>B8 V7 715@565=8< 7=0G5==O< 01> 4V0?07>=>< 7=0G5=P, 

I> 2:07Cє =0 ?>B>G=V ?5@8D5@V9=V C<>28, 4;O G0AB>B8 A8=CA>W40;P=>3> @CEC; 4) 

<>=VB>@8=3 2V4E8;5==O 28<V@N20=>W G0AB>B8 2V4 715@565=>3> 7=0G5==O 01> 

4V0?07>=C 7=0G5=P V 287=0G5==O =5?@89=OB=>3> AB0=C 7=>AC 5;5<5=BV2 2V7:0, O:I> 

G0AB>B0 A8=CA>W40;P=>3> @CEC 2V4E8;OєBPAO 1V;PH =V6 =0 ?>?5@54=P> 287=0G5=5 

7=0G5==O 2V4 7=0G5==O G0AB>B8, O:5 ?5@5410G0єBPAO 4;O ?5@8D5@V9=8E C<>2, ?@8 

FP><C 7=0G5==O E0@0:B5@8AB8:8 45<?DC20==O :>;VA=>W ?0@8 2V7:0 287=0G0єBPAO 

O: DC=:FVO 287=0G5=>W G0AB>B8 A8=CA>W40;P=>3> @CEC B0 =0O2=>W H284:>ABV; 5) 

287=0G5==O 28=8:=5==O =5?@89=OB=>3> B5E=VG=>3> AB0=C 2V7:0, =0?@8:;04 G5@57 

7=>A, 107CєBPAO =0 =5?@89=OB=> 28A>:V9 5:2V20;5=B=V9 :>=CA=>ABV :>;VA :>;VA=8E 

?0@ 2V7:0. !54>;V:>< 40=>3> <5B>4C є 9>3> A:;04=VABP, =87P:0 70204>ABV9:VABP 

A83=0;V2, I> >1@>1;ONBPAO, V =5<>6;82VABP 0=0;V7C 7030;P=>3> B5E=VG=>3> AB0=C 

2V7:0 20=B06=>3> 203>=C. 

4.2.4 #0B5=B «%8AB5<0 28O2;5==O 45D5:BV2 :>;VA 203>=V2» («System for 

detection of defects in railroad car wheels») [98]. %8AB5<0 02B><0B8G=>3> 28O2;5==O 

45D5:BV2 70;V7=8G=8E :>;VA є AB0FV>=0@=>N B0 2AB0=>2;NєBPAO =0 @59:0E G5@57 

25;8:V ?@><V6:8 G0AC, 28:>@8AB>2Cє AB0FV>=0@=V 0:CAB8G=V/2V1@0FV9=V 40BG8:8, 

2AB0=>2;5=V =0 @59:0E G5@57 ?52=V ?@><V6:8 G0AC. %53<5=B8 @59>:, ?>2'O70=V 7 
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45B5:B>@0<8, 0:CAB8G=> V7>;P>20=V. �0BG8:8 A?@89<0NBP 2V1@0FVN, I> 

28=8:0NBP ?V4 G0A ?5@5:>GC20==O :>;VA ?> @59:0E. �=0;V70B>@8 A83=0;V2 

V45=B8DV:CNBP 45D5:B8 2V7:V2 70 @>7?>4V;>< V=B5=A82=>ABV B0 G0AB>B8 0:CAB8G=8E 

A?5:B@V2. &0:V A?5:B@8 2V4>1@060NBP AB0= 5;5<5=BV2 2V7:V2 V @>7?>4V; WE 

V=B5=A82=>ABV 2 70;56=>ABV 2V4 G0AB>B8. "B@8<0=0 V=D>@<0FVO ?@> AB0= :>;VA 

?5@540єBPAO 2 F5=B@0;P=89 ?C=:B. �C4P-O:5 =5A?@02=5 :>;5A> V45=B8DV:CєBPAO B0 

<0@:CєBPAO 4;O ?>40;PH>3> @5<>=BC 01> 70<V=8. !54>;V:>< 40=>3> <5B>4C є 

=5<>6;82VABP 0=0;V7C ?5@5:>AC :>;VA=8E ?0@ C 2V7:C B0 7030;P=>3> B5E=VG=>3> 

AB0=C 2V7:0 20=B06=>3> 203>=C. 

4.2.5 «%?>AV1 28O2;5==O 2V1@0FVW 2 @59:>2><C B@0=A?>@BV» («Method for 

detecting vibration in a rail vehicle») [99]. %?>AV1 28:>@8AB>2Cє A8AB5<C 40BG8:V2, 

I> 28<V@Nє ?0@0<5B@8 V 28O2;Oє 2V1@0FVN :>;VA=8E ?0@ B0 1;>: >FV=:8, I> 

>FV=Nє A83=0;8 A8AB5<8 40BG8:V2. �;O =04V9=>3> 28O2;5==O ?0@0<5B@V2 2V1@0FVW 

:>;VA=8E ?0@ @59:>2>3> B@0=A?>@B=>3> 70A>1C, A8AB5<0 <VAB8BP 40BG8: @CEC, O:89 

28O2;Oє @CE 5;5<5=B0 O: ?0@0<5B@. !54>;V:>< 40=>3> <5B>4C =5<>6;82VABP 

0=0;V7C ?5@5:>AC :>;VA=8E ?0@ C 2V7:C B0 7030;P=>3> B5E=VG=>3> AB0=C 2V7:0 

20=B06=>3> 203>=C. 

4.2.6 �8=0EV4 «%?>AV1 28?@>1C20==O 2V7:V2, 0 B0:>6 28?@>1C20;P=89 AB5=4 

4;O 9>3> 74V9A=5==O» («Test method for bogies as well as test stand and assembly 

stand») [103]. �8=0EV4 2V4=>A8BPAO 4> A?>A>1C 28?@>1C20==O 2V7:V2 =0 

28?@>1C20;P=><C AB5=4V. �V4?>2V4=> 4> 70?@>?>=>20=>3> @VH5==O, 

=020=B065==O, I> 28=8:0NBP =0 2V7:C ?V4 G0A 9>3> 28:>@8AB0==O 70 

?@87=0G5==O<, V<VBCNBPAO 2V4><8< A?>A>1>< =0 ?@87=0G5=><C 4;O FP>3> 

28?@>1C20;P=><C AB5=4V =0 I5 =5=020=B065=><C 2V7:C. � FVєN <5B>N =0 2V7>: 

A?@O<>2CNBPAO A8;8, =0?@8:;04, 2V4 2038 :C7>20 B0 V=HV =020=B065==O, ?>29O70=V 

7 @>1>B>N 2V7:0. �?;82 F8E C<>2 =020=B065==O =0 2V7>: B0 :>;VN >?8ACєBPAO 

28<V@O=8<8 7=0G5==O<8, O:V >B@8<CNBP 70 4>?><>3>N 28<V@N20;P=8E 40BG8:V2 V 

>1@>1;ONBPAO :><?9NB5@><. �V4?>2V4=> 4> 28=0E>4C, A8;0, O:0 

28:>@8AB>2CєBPAO 4;O <>45;N20==O C<>2 =020=B065==O, ?@8:;040єBPAO =5 O: 

A8;0 B8A:C, 0 O: A8;0 @>7BO3C, I> 4Vє 157?>A5@54=P> =0 2V7>: 01> =0 5;5<5=B 
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28?@>1C20;P=>3> AB5=4C, 2AB0=>2;5=89 157?>A5@54=P> =0 2V7:C. !54>;V:>< 

40=>3> <5B>4C є =5<>6;82VABP 0=0;V7C ?5@5:>AC :>;VA=8E ?0@ C 2V7:C, ?@8G8=>N 

O:8E є 5:A?;C0B0FV9=V 7<V=8 AB0=C 2V7:0 B0 7030;P=>3> B5E=VG=>3> AB0=C 2V7:0 

20=B06=>3> 203>=C. 

4.2.7 «%8AB5<0 4V03=>AB8:8 ?@>DV;V2 :>G5==O 70;V7=8G=>3> B@0=A?>@BC» 

(«System for diagnosis of rolling profiles of the railway vehicles»), >?8A0=0 2 AB0BBV 

[105]. %8AB5<0 O2;Oє A>1>N :><?9NB5@87>20=89 :><?;5:A 4;O <>=VB>@8=3C, 

4V03=>AB8:8 B0 ?@>3=>7C20B8 7<V=8 ?@>DV;N :>;VA 70;V7=8G=>3> @CE><>3> A:;04C. 

%8AB5<0 4>72>;Oє 0=0;V7C20B8 >A=>2=V 35><5B@8G=V ?0@0<5B@8 7=>H5=8E 

?@>DV;V2 :>;VA: 28A>B0 3@51=O, B>2I8=0 3@51=O, ?0@0<5B@ :@CB>ABV 3@51=O, ?@>:0B. 

 >=VB>@8=3 ?@>2>48BPAO =0 >A=>2V =>@< V ?@028; UIC. �V03=>AB8:0 40є B5E=VG=C 

V=D>@<0FVN ?@> ?@>DV;P :>;5A0, =0 ?V4AB02V O:>W ?@89<0єBPAO @VH5==O ?@> 

=0ABC?=V :>@83C20;P=V 4VW: ?5@5?@>DV;N20==O, 282545==O 7 ;04C 01> 70<V=0 

45B0;59 (C @07V 10=406=>3> ?@>DV;N :>;5A0). !54>;V:>< 40=>3> <5B>4C є 

=5<>6;82VABP 28:>@8AB0==O 40=8E 28<V@N20==O ?0@0<5B@V2 ?@>DV;V2 4;O 0=0;V7C 

7030;P=>3> B5E=VG=>3> AB0=C 2V7:0 20=B06=>3> 203>=C, 7>:@5<0 ?5@5:>AC :>;VA=8E 

?0@ C 2V7:C, ?@8G8=>N O:8E є 5:A?;C0B0FV9=V 7<V=8 AB0=C 2V7:0. 

� >A=>2C A?>A>1C 4V03=>ABC20==O B5E=VG=>3> AB0=C 2V7:V2 20=B06=8E 

203>=V2 ?>:;045=> <>=VB>@8=3 @V7=8FV B>2I8= 3@51=V2 :>;VA :>;VA=>W ?0@8 =0 

>A=>2V 0=0;V7C 28<V@O=8E ?0@0<5B@V2 7=>AC ?>25@E>=P :>G5==O :>;VA ?V4 G0A 

?5@V>48G=8E &". �040G0 28@VHCєBPAO =0 >A=>2V 0=0;V7C 01A>;NB=>W @V7=8FV 

28<V@O=8E B>2I8= 3@51=V2 ;V2>3> V ?@02>3> :>;VA :>6=>W 7 :>;VA=8E ?0@ 2V7:0, 

@V7=8FV E0@0:B5@C 7=>AC 3@51=V2 ?@02>3> V ;V2>3> :>;VA >4=VєW :>;VA=>W ?0@8. 

!0O2=VABP @V7=>3> E0@0:B5@C 7=>AC 3@51=V2 ?@02>3> V ;V2>3> :>;VA >4=VєW :>;VA=>W 

?0@8 є ?@O<8< 4>:07>< 4>23>B@820;>W 5:A?;C0B0FVW :>;VA=>W ?0@8 7 ?5@5:>A>< 

2V4=>A=> @0<8 2V7:0. !0O2=VABP 01A>;NB=>W @V7=8FV B>2I8= 3@51=V2 :>;VA >4=VєW 

:>;VA=>W ?0@8, I> ?5@528ICє 2AB0=>2;5=C <0:A8<0;P=>-4>?CAB8<C 25;8G8=C 

2:07Cє =0 =5704>2V;P=89 7030;P=89 B5E=VG=89 AB0= 2V7:0 B0 =5>1EV4=VABP 

?@89=OBBO @VH5==O ?@> 9>3> @5<>=B.  

%CBP V ?@8=F8? 4VW 70?@>?>=>20=>3> A?>A>1C ?>OA=NєBPAO =0 @8A. 1.1, 45 



113 

?>:070=> 2V7>: <>45;V 18-100 7 =0O2=VABN 701V30==O >4=VєW 7 1>:>28= @0<8 2V7:0 V, 

O: =0A;V4>:, ?5@5:>AC :>;VA=8E ?0@ C 2V7:C. �01V30==O 1>:>28=8 @0<8 2V7:0 4 є 

?@8G8=>N ?5@5:>AC :>;VA=8E ?0@ C 2V7:C =0 :CB μ. #5@5:VA :>;VA=8E ?0@ 

?@872>48BP 4> ?>ABV9=>3> >4=>AB>@>==P>3> 71V;PH5==O :CB0 =01V30==O >4=>3> 7 

:>;VA =0 @59:C 2V4?>2V4=> =0 :CB μ, I> 2 A2>N G5@3C, A?@8Oє B@820;><C 

?@8B8A:0==N FP>3> :>;5A0 4> 1VG=>W ?>25@E=V 3>;>2:8 @59:8 2 5:A?;C0B0FVW V, O: 

=0A;V4>:, ?V428I5=>3> >4=>AB>@>==P>3> 7=>AC 3@51=V2 >4=>3> 7 :>;VA :>;VA=>W 

?0@8.  

#5@5:VA :>;VA=8E ?0@ C 2V7:C ?@>3@5ACє 2 ?@>F5AV 5:A?;C0B0FVW G5@57 

=5@V2=><V@=89 ?5@5:VA=89 7=>A =0?@02;ONG8E 1C:A C I5;5?0E 1>:>28= @0< 2V7:0 

B0 C 78є4=0==OE H2>@=52>W 10;:8 V 1>:>28= @0<8 2V7:0. � =0A;V4>: FP>3> 

CAB0=>2:0 :>;VA=8E ?0@ C 2V7:C 2 ?@>F5AV 5:A?;C0B0FVW AB0=>28BPAO 2A5 1V;PH 

?5@5:VA=>N.  >=VB>@8=3 @V7=8FV B>2I8=8 3@51=V2 ?@02>3> V ;V2>3> :>;VA >4=VєW 

:>;VA=>W ?0@8 4>72>;Oє =5?@O<8< G8=>< 287=0G0B8 7030;P=89 B5E=VG=89 AB0= 

2V7:0 B0 ?@89<0B8 @VH5==O ?@> =5>1EV4=VABP 9>3> @5<>=BC [151, 55]. 

 

4.3 #@8AB@V9 4;O :>=B@>;N ?5@5:>AC :>;VA=8E ?0@ 20=B06=>3> 203>=0 C @0<V 

2V7:0 <>45;V 18-100 

 

/: 1C;> 79OA>20=>, ?5@5:VA :>;VA=8E ?0@ C 2V7:0E ?@872>48BP 4> =87:8 

=530B82=8E ?@>F5AV2 2 5:A?;C0B0FVW, 0 A0<5: ?V428I5=0 V=B5=A82=>ABV 7=>AC 

3@51=V2 :>;VA; ?V428I5==O >?>@C @CEC; 71V;PH5==O 3>@87>=B0;P=8E =020=B065=P 

=0 3@51=V :>;VA V =0 :>;VN; 7<5=H5==O ABV9:>ABV 203>=V2 I>4> AE>4C 7 @59>: B>I>. 

#>G0B:>289 ?5@5:VA :>;VA=8E ?0@ ?@>3@5ACє 2 ?@>F5AV 5:A?;C0B0FVW G5@57 

=5@V2=><V@=89 ?5@5:VA=89 7=>A =0?@02;ONG8E 1C:A C I5;5?0E 1>:>28= @0< 2V7:0 

B0 C 78є4=0==OE H2>@=52>W 10;:8 V 1>:>28= @0<8 2V7:0. �A5 F5 ?@82>48BP 4> 

28A=>2:0 ?@> 4>FV;P=VABP ?5@V>48G=>3> :>=B@>;N ABC?5=O ?5@5:>AC :>;VA=8E ?0@ 

2V4=>A=> @0<8 2V7:0 2 5:A?;C0B0FVW.  

�4>1C20G5< 1C;> 70?@>?>=>20=> ?@8AB@V9 4;O :>=B@>;N ?5@5:>AC :>;VA=8E 

?0@ 2V4=>A=> @0<8 2V7:0. � ?@>F5AV @>7@>1:8 ?@8AB@>N 4;O :>=B@>;N ?5@5:>AC 
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:>;VA=8E ?0@ 70;V7=8G=8E 203>=V2 C @0<0E 2V7:V2 28:>=0=> 0=0;V7 2V4><8E 

?>4V1=8E B5E=VG=8E @VH5=P. 

4.3.1 «%8AB5<0 4V03=>AB8:8 ?@>DV;V2 :>G5==O 70;V7=8G=>3> B@0=A?>@BC» 

(«System for diagnosis of rolling profiles of the railway vehicles»), >?8A0=0 2 AB0BBV 

[106]. %8AB5<0 O2;Oє A>1>N :><?9NB5@87>20=89 :><?;5:A 4;O <>=VB>@8=3C, 

4V03=>AB8:8 B0 ?@>3=>7C20B8 7<V=8 ?@>DV;N :>;VA 70;V7=8G=>3> @CE><>3> A:;04C. 

%8AB5<0 4>72>;Oє 0=0;V7C20B8 >A=>2=V 35><5B@8G=V ?0@0<5B@8 7=>H5=8E 

?@>DV;V2 :>;VA: 28A>B0 3@51=O, B>2I8=0 3@51=O, ?0@0<5B@ :@CB>ABV 3@51=O, ?@>:0B. 

 >=VB>@8=3 ?@>2>48BPAO =0 >A=>2V =>@< V ?@028; UIC. �V03=>AB8:0 40є B5E=VG=C 

V=D>@<0FVN ?@> ?@>DV;P :>;5A0, =0 ?V4AB02V O:>W ?@89<0єBPAO @VH5==O ?@> 

=0ABC?=V :>@83C20;P=V 4VW: ?5@5?@>DV;N20==O, 282545==O 7 ;04C 01> 70<V=0 

45B0;59 (C @07V 10=406=>3> ?@>DV;N :>;5A0). !54>;V:>< 40=>3> <5B>4C є 

=5<>6;82VABP 28:>@8AB0==O 28<V@N20==O ?5@5:>AV2 :>;VA=8E ?0@ C 2V7:C, 

?@8G8=>N O:8E є 5:A?;C0B0FV9=V 7<V=8 AB0=C 2V7:0. 

4.3.2 «#@8AB@V9 4;O 28@V2=N20==O :>;VA» («Wheel aligning device») [107], 

?@87=0G5=89 4;O 28@V2=N20==O :>;VA ?@87=0G5=89 4;O :>=B@>;N B0 @53C;N20==O 

2V4?>2V4=> 4> =>@<0;P=>3> ?@>AB>@>2>3> ?>;>65==O :>;VA B@0=A?>@B=8E 70A>1V2. 

' ?@8AB@>W 28:>@8AB>2CNBPAO A2VB;>2V ?@><5=V A?@O<>20=V C 70740;53V4P 

287=0G5=><C 2V4=>A=><C =0?@O<:C 4;O 2:07V2:8 270є<=8E ?>;>65=P :>;VA. 

!0?@O<>: ?@><V=V2 70157?5GCєBPAO ;53:> 7=V<=8<8 <03=VB=8<8 :@V?;5==O<8 4;O 

CB@8<0==O 5;5<5=BV2, I> =0?@02;ONBP A2VB;>2V ?@><5=V C 281@0=8E ?>;>65==OE. 

!54>;V:>< ?@8AB@>N є =5<>6;82VABP 287=0G5==O :CBV2 ?5@5:>AC >A59 :>;VA=8E 

?0@ C 2V7:C. 

4.3.3 «�8<V@N20==O 35><5B@VW :>;5A0 203>=0 4> @59:8» («Wayside 

measurement of railcar wheel to rail geometry») [108], ?@87=0G5=89 4;O 

V45=B8DV:0FVW B0 :V;P:VA=>3> 287=0G5==O 35><5B@8G=8E 0=><0;V9 :>;VA=8E ?0@. 

#@8AB@V9 <VAB8BP >?B8G=C A8AB5<C, O:0 2:;NG0є ;075@=V ;V=V9=V ?@>5:B>@8 B0 

:0<5@8 4;O >1@>1:8 7>1@065=P V <>65 28:>@8AB>2C20B8 B@V0=3C;OFVN 

AB@C:BC@>20=>3> A2VB;0. !54>;V:>< ?@8AB@>N є =5<>6;82VABP :>=B@>;N B0 

28<V@N20==O :CBV2 ?5@5:>AC :>;VA=8E ?0@ C 2V7:0E @CE><>3> A:;04C. 
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4.3.4 !091V;PH 1;87P:8< 70 B5E=VG=>N ACBBN 4> ?@>?>=>20=>3> B5E=VG=>3> 

@VH5==O є «#@8;04 4;O 28<V@N20==O CAB0=>2:8 :>;VA 02B>B@0=A?>@BC» 

(«Apparatus for measuring wheel alignment of motor vehicles») [112], I> 70157?5GCє 

70A>18 4;O B>G=>3> 28<V@N20==O 35><5B@8G=8E ?0@0<5B@V2 CAB0=>2:8, 7>:@5<0 

AE>465==O, :>;VA B@0=A?>@B=8E 70A>1V2 70 4>?><>3>N 2V418B8E A2VB;>28E 

?@><5=V2 2V4 465@5; ;075@=>3> 28?@><V=N20==O – ;075@V2. �075@8 2AB0=>2;5=V 

1V;O ?5@54=P>W G0AB8=8 B@0=A?>@B=>3> 70A>1C, AB2>@NNBP ?0@C A2VB;>28E 

?@><5=V2, A?@O<>20=8E =0 180> >48= 2V4 >4=>3> G5@57 ?5@54=N G0AB8=C 

02B><>1V;O. �>65= ?@><V=P 2V41820єBPAO 274>26 1>@BC 02B><>1V;O 475@:0;0<8 =0 

40EC, 2AB0=>2;5=8<8 1V;O :>6=>3> ?5@54=P>3> :CB0 02B><>1V;O. �75@:0;> 

2V41820є :>6=89 ?@><V=P ?V4 :CB>< 90> 4;O H8@>:>3> 4V0?07>=C :CBV2 ?040NG>3> 

A2VB;0. #0@0 :><?;5:BV2 @5;59=8E 475@:0; =0 40EC, @>7B0H>20=8E ?>@CG V7 

:>;5A0<8, ?0@0<5B@8 F5=B@C20==O O:8E 28<V@NNBPAO, :>65= 2V41820є ?@><5=V =0 

?;>A:V 475@:0;0, 2AB0=>2;5=V =0 :>;5A0E. �>6=5 ?;>A:5 475@:0;> 2V41820є 

?@><V=P 4> ?>29O70=>3> =01>@C @5;59=8E 475@:0; =0 40EC, O:V, C A2>N G5@3C, 

2V41820NBP ?@><5=V =0704 4> AVBG0AB>3> A2VB;>GCB;82>3> 5:@0=C. #>;>65==O 

2V418B>3> =0 5:@0=V ?@><5=N DV:ACєBPAO ;>3VG=>N AE5<>N, O:0 >1G8A;Nє :CB8 

CAB0=>2:8 :>;VA B@0=A?>@B=>3> 70A>1C. !54>;V:>< FP>3> ?@8AB@>N є 

=5<>6;82VABP :>=B@>;N B0 28<V@N20==O :CBV2 ?5@5:>AC :>;VA=8E ?0@ C @0<V 2V7:0 

@CE><>3> A:;04C. 

�07CNG8AP =0 ?>?5@54=є B5E=VG=5 @VH5==O, 70?@>?>=>20=89 ?@8AB@V9 4;O 

:>=B@>;N ?5@5:>AC :>;VA=8E ?0@ 70;V7=8G=>3> 203>=0 C @0<V 2V7:0 28:>@8AB>2Cє 

2V418B:8 A2VB;>28E ?@><5=V2 ;075@=8E 28?@><V=N20GV2. !>28< C ?@8AB@>W є B5, 

I> =0 :>6=><C 7 42>E <03=VB=8E CB@8<C20GV2, I> :@V?;OBPAO 70 @0EC=>: 

<03=VB=8E A8; 4> B>@F528E ?>25@E>=P >A59 :>;VA=8E ?0@, 70 4>?><>3>N 

:@>=HB59=V2 70:@V?;5=> ?> >4=><C ;075@=><C 28?@><V=N20GC. �@V< B>3>, =0 

:@>=HB59=0E 70:@V?;5=> 5:@0=8 7V H:0;0<8 4;O 2V4;V:C 2V4E8;5==O ?@><V=V2 

;075@=8E 28?@><V=N20GV2, ?@8G><C 5:@0=8 @>7B0H>20=V B0:8< G8=><, I>1 H:0;0 

>4=>3> 7 =8E 1C;0 ?>25@=CB0 2 1V: V=H>3>, 0 ;075@=V 28?@><V=N20GV 70:@V?;5=> 

B0:8< G8=><, I>1 ?@><V=P >4=>3> 7 =8E 1C2 A?@O<>20=89 =0 5:@0= V=H>3>. 
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 03=VB=V CB@8<C20GV 28:>=0=> C D>@<V 48A:V2 7 2<>=B>20=8<8 ?> ?5@8D5@VW 

48A:V2 ?>ABV9=8<8 <03=VB0<8. �>=AB@C:FVO ?@8AB@>N ?>OA=NєBPAO =0 @8A. 4.1– 

4.3. !0 @8A. 4.1 ?>:070=> AE5<C 2AB0=>2;5==O ?@8AB@>N =0 :>;VA=V ?0@8 2V7:0; =0 

@8A. 4.2 – 283;O4 ?@8AB@>N 2 0:A>=><5B@8G=V9 ?@>5:FVW. 

 

 

$8AC=>: 4.1 – %E5<0 2AB0=>2;5==O ?@8AB@>N 4;O :>=B@>;N ?5@5:>AC 

:>;VA=8E ?0@: 1 – ;075@=V 28?@><V=N20GV; 2 – :@>=HB59=8; 3 – ABV9:0; 4 – >AV 

:>;VA=8E ?0@; 5 – 5:@0=8; 7 – <03=VB=V CB@8<C20GV; 8 – <03=VB8; 9 – ;075@=V ?@><5=V  

 

#@8AB@V9 4;O :>=B@>;N ?5@5:>AC :>;VA=8E ?0@ 70;V7=8G=>3> 203>=0 C @0<V 

2V7:0 <VAB8BP >4=><C 420 ;075@=8E 28?@><V=N20GV2 (1) 70:@V?;5=8E 70 4>?><>3>N 

:@>=HB59=V2 (2) =0 :>6=V9 7 42>E AB>9>: (3), I> 70:@V?;5=V =0 <03=VB=8E 

CB@8<C20G0E (7).  03=VB=V CB@8<C20GV (7) 28:>=0=> C D>@<V 48A:V2 7 
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2<>=B>20=8<8 ?> ?5@8D5@VW ?>ABV9=8<8 <03=VB0<8 (8).  03=VB=V CB@8<C20GV 70 

@0EC=>: <03=VB=8E A8; B@8<0NBPAO =0 B>@F528E ?>25@E=OE >A59 :>;VA=8E ?0@ (4).  

 

 

$8AC=>: 4.2 – �83;O4 ?@8AB@>N 2 0:A>=><5B@8G=V9 ?@>5:FVW 

 

":@V< B>3>, =0 :@>=HB59=0E 70:@V?;5=> 5:@0=8 (5) 7V H:0;0<8 (6) 4;O 

2V4;V:C 2V4E8;5==O ?@><V=V2 ;075@=8E 28?@><V=N20GV2, ?@8G><C 5:@0=8 

@>7B0H>20=V B0:8< G8=>< I>1 H:0;0 >4=>3> 7 =8E 1C;0 ?>25@=CB0 2 1V: V=H>3> 

5:@0=0, 0 ;075@=V 28?@><V=N20GV (1) 70:@V?;5=> B0:8< G8=><, I>1 ?@><V=P >4=>3> 

7 =8E 1C2 A?@O<>20=89 =0 5:@0= V=H>3>.  

#@8AB@V9 4;O :>=B@>;N ?5@5:>AC :>;VA=8E ?0@ 70;V7=8G=>3> 203>=0 C @0<V 

2V7:0 ?@0FNє 2 B0:89 A?>AV1. �;O CAB0=>2:8 ?@8AB@>N =0 :>;VA=V ?0@8 ?>?5@54=P> 

7 1C:A :>;VA=8E ?0@ 7=V<0NBPAO :@8H:8 V B>@F52V =0:;04:8 >A59 :>;VA=8E ?0@. 

#VA;O 2AB0=>2;5==O <03=VB=8E CB@8<C20GV2 (7) =0 B>@F52V ?>25@E=V >A59 

:>;VA=8E ?0@ (4) ?@8 2:;NG5=8E ;075@=8E 28?@><V=N20G0E (1) ?@><V=V (9) 

:>6=>3> 7 =8E C 283;O4V B>G:>28E 70A2VBV2 (10) ?>?040NBP =0 H:0;8 (6) 

2V4?>2V4=8E 5:@0=V2 (5). �V4?>2V4=> 4> ?>;>65==O B>G:>28E 70A2VBV2 (10) =0 

H:0;0E (6) 5:@0=V2 (5) @>7@0E>2CNBPAO :CB8 ?5@5:>AC :>;VA=8E ?0@ C @0<V 2V7:0. 

!0 @8A. 4.3 ?>:070=> H:0;8 2V4;V:C 2V4E8;5=P 70A2VBV2 ;075@V2 =0 5:@0=0E 

4;O @>7@0EC=:C :CB0 ?5@5:>AC :>;VA=8E ?0@. 
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$8AC=>: 4.3 – %E5<0 4;O @>7@0EC=:C :CB0 ?5@5:>AC :>;VA=8E ?0@: 
1 – ;075@=V 28?@><V=N20GV; 2 – :@>=HB59=8; 3 – ABV9:0; 6 – H:0;8 2V4;V:C 
2V4E8;5==O ;075@=8E ?@><V=V2; 9 – ;075@=V ?@><5=V; 10 – 70A2VB8 ;075@=8E 

?@><5=V2 
  

#@8 FP><C, :CB8 ?5@5:>AC (2 @04) >:@5<8E :>;VA=8E ?0@ 2V4=>A=> 

=>@<0;P=>3> ?>;>65==O C 2V7:C ( 1ó  2ó ), B0 :CB 270є<=>3> ?5@5:>AC :>;VA=8E ?0@ 

(  ) 287=0G0єBPAO 70 =0ABC?=8<8 D>@<C;0<8: 

 

1
1

57,3

%
 ô

ó = ;       2
2

57,3

%
 ô

ó = ;        1 2ó = ó − ó ,                  (4.2) 

 

45 1 2,  ô ô  – 2V4E8;5==O 70A2VBC 2V4 =C;P>2>3> ?>;>65==O =0 1-<C V 2-<C 5:@0=0E;  

% – 1070 2V7:0 (1,85 <). 

 

$8AC=>: 4.4 – %E5<0 ?5@5:>AV2 :>;VA=8E ?0@ 
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' 28?04:C ?5@528I5==O :CBV2 ?5@5:>AC :>;VA=8E ?0@ C 2V7:C ?>=04 

2AB0=>2;5=5 <0:A8<0;P=>-4>?CAB8<5 7=0G5==O ?@89<0єBPAO @VH5==O ?@> @5<>=B 

2V7:0 70 >7=0:>N ?>@CH5==O CAB0=>2:8 :>;VA=8E ?0@.  

&0:8< G8=><, 70?@>?>=>20=0 :>=AB@C:FVO ?@8AB@>N 4;O :>=B@>;N 

?5@5:>AV2 :>;VA=8E ?0@ 70;V7=8G=>3> 203>=0 C @0<V 2V7:0 4>72>;Oє ?@>2>48B8 

B5E=VG=C 4V03=>AB8:C 2V4E8;5==O CAB0=>2:8 :>;VA=8E ?0@ 20=B06=>3> 203>=C C 

@0<V 2V7:0 2V4 =><V=0;P=>W, 28<V@N20B8 :CB8 2V4E8;5==O V ?@89<0B8 @VH5==O ?@> 

=5>1EV4=VABP @5<>=BC 2V7:V2 70 FVєN >7=0:>N.  

!0 @8A. 4.5 ?>:070=> 28<V@N20;P=V 1;>:8 ?@8AB@>N 4;O :>=B@>;N ?5@5:>AC 

:>;VA=8E ?0@ C @0<V 2V7:V2 <>45;V 18-100 V7 22V<:=CB8<8 ;075@0<8.  

 

 

$8AC=>: 4.5 – �8<V@N20;P=V 1;>:8 ?@8AB@>N 4;O :>=B@>;N ?5@5:>AC :>;VA=8E 

?0@ C @0<V 2V7:V2 <>45;V 18-100 

 

4.4 #>@O4>: @>1>B8 7 28<V@N20;P=8< ?@8AB@>є< 4;O :>=B@>;N ?5@5:>AC 

:>;VA=8E ?0@ C @0<V 2V7:V2 

 

4.4.1 #>?5@54=V9 5B0? – :0;V1@C20==O 

#5@54 ?@>2545==O< :>6=>W A5@VW 70<V@V2 :CBV2 ?5@5:>AC :>;VA=8E ?0@ 
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=5>1EV4=> ?@>2>48BPAO :0;V1@C20==O 28<V@N20;P=8E 1;>:V2. 

�0;V1@C20==O 28:>=CєBPAO C =0ABC?=><C ?>@O4:C.  

4.4.1.1 �8<V@N20;P=V 1;>:8 2AB0=>2;NNBPAO ?>@O4 =0 @V2=C ?>25@E=N. 

4.4.1.2 #@><5=V ;075@V2 ?@>є:BCNBP =0 25@B8:0;P=89 5:@0= (A2VB;C ABV=C) 

=0 2V4AB0=V 1–3 < ?V4 :CB>< ?> 3>@87>=BC 35–50> (@8A. 4.6). 

 

 

$8AC=>: 4.6 – 'AB0=>2:0 ;075@V2 ?5@54 :0;V1@C20==O< 

 

4.4.1.3 �;O =0ABC?=>W >?5@0FVW 28:>@8AB>2CєBPAO ;075@=89 =V25;V@ <>45;V 

«Dnipro-MML-512GSX» (@8A. 4.70,1). �0=89 B8? =V25;V@0 70157?5GCє B>G=VABP 

2V4>1@065==O 3>@87>=B0;P=>W ;V=VW =0 5:@0=V C <560E 0,3 <</<, G>3> 4>AB0B=P> 

4;O ?>AB02;5=>W 7040GV. �075@=89 =V25;V@ (1) 2AB0=>2;NNBP ?> 28A>BV B0:8< 

G8=><, I>1 3>@87>=B0;P=0 ;V=VO @V2=O (75;5=89 :>;V@) (2) ?@>E>48;0 G5@57 B>G:8 

28E>4C ?@><5=V2 (3) 7 ;075@V2 (4). #@8 FP><C B>G:8 (3) V ;V=VO @V2=O (2) CB2>@NNBP 

3>@87>=B0;P=C =V25;V@=C ?;>I8=C.  

4.4.1.4 !0 @8A. 4.72 ?>:070=> ?@8=F8? :V=F52>W >?5@0FVW ?@>F5AC 

:0;V1@C20==O. �040G0 >?5@0FVW – 2V4@53C;N20B8 :CB>25 ?>;>65==O ;075@V2 (4) 

B0:8< G8=><, I>1 WE 70A2VB8 (6) A?V2?040;8 V7 =V25;V@=>N ;V=VєN (2). *5 

70157?5GCє 3>@87>=B0;P=5 ?>;>65==O ;075@=8E ?@><V=V2 ?0@0;5;P=5 ?;>I8=V 

CAB0=>2:8 28<V@N20;P=8E 1;>:V2. $53C;N20==O ?>;>65==O ;075@V2 (4) 

74V9A=NєBPAO 70 4>?><>3>N @53C;N20;P=8E 328=BV2 (5). 
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                                     0                                        1 

 

2 

$8AC=>: 4.7 – !V25;V@C20==O ?>;>65==O ;075@V2 70 4>?><>3>N ;075@=>3> 

=V25;V@0: 0, 1 – CAB0=>2:0 ?> 28A>BV ;075@=>3> =V25;V@0; 2 – :>@53C20==O :CB>2>3> 

?>;>65==O ;075@V2: 1 – ;075@=89 =V25;V@; 2 – ;V=VO @V2=O; 3 – ?>G0B:>2V B>G:8 

?@><5=V2 ;075@V2; 4 – ;075@8; 5 – @53C;N20;P=V 328=B8; 6 – 70A2VB8 ;075@V2 

 

4.4.2 #@>2545==O 28<V@N20=P ?5@5:>AC :>;VA=8E ?0@ C 2V7:C. 

#>?5@54=P> 2V4:0;V1@>20=V 28<V@N20;P=V 1;>:8 2AB0=>2;NNBP =0 :>;VA=V 

?0@8 2V7:0 C A:;04V 203>=0. #@>?>=CєBPAO 420 20@V0=B8 CAB0=>2:8: 4;O B>G=>3> 

28<V@N20==O ?5@5:>AV2 :>;VA=8E ?0@ V 4;O >?5@0B82=>3> 28<V@N20==O <5=H>W 

B>G=>ABV. 

&>G=5 28<V@N20==O 28:>=CєBPAO =0 2V7:0E C A:;04V 203>=0 ?V4 G0A &", O:5 

?5@5410G0є 7=OBBO :@8H>: 1C:A 7 157?>A5@54=P>N CAB0=>2:>N 28<V@N20;P=8E 
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1;>:V2 =0 B>@FOE >A59 :>;VA=8E ?0@ (@8A. 4.8) ?>:070=0.  

 

$8AC=>: 4.8 – 'AB0=>2:0 28<V@N20;P=8E 1;>:V2 157?>A5@54=P> =0 B>@FOE >A59 

:>;VA=8E ?0@ 

 

"?5@0B82=5 28<V@N20==O 28:>=CєBPAO =0 2V7:0E C A:;04V 203>=0 ?V4 G0A 

1C4P O:>3> &", 2 B><C G8A;V B0:>3>, O:5 =5 ?5@5410G0є 7=OBBO :@8H>: 1C:A. #@8 

FP><C 28<V@N20;P=V 1;>:8 2AB0=>2;NNBPAO =0 >3;O4>2V :@8H:8 1C:A =0 

<03=VB=8E CB@8<C20G0E. !0 @8A. 4.9 ?>:070=> D>B> ?@8AB@>N 4;O :>=B@>;N 

?5@5:>AC :>;VA=8E ?0@ 70;V7=8G=>3> 203>=0 C @0<V 2V7:0, 2AB0=>2;5=>3> =0 2V7:C 

18-100.  
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$8AC=>: 4.9 – #@8AB@V9 4;O :>=B@>;N ?5@5:>AC :>;VA=8E ?0@ (20@V0=B CAB0=>2:8 

=0 >3;O4>2V :@8H:8 1C:A)  

 

"?5@0B82=5 28<V@N20==O :CBV2 ?5@5:>AV2 :>;VA=8E ?0@ 1C45 <0B8 <5=HC 

B>G=VABP 70 @0EC=>: 2V4E8;5==O ?;>I8=8 >3;O4>28E :@8H>: 2V4 =>@<0;P=>3> 

2V4=>A=> >AV :>;VA=>W ?0@8. "4=0:, 0=0;V7 F8E 2V4E8;5=P ?>:0702, I> <>6;820 

?><8;:0 28<V@N20=P =0 ?>@O4>: =86G0 70 <>6;82V 25;8G8=8 28<V@N20=8E 

?5@5:>AV2. 

 

4.5 %B0FV>=0@=89 ?@8AB@V9 4;O :>=B@>;N B5E=VG=>3> AB0=C :>;VA=8E ?0@ 

@CE><>3> A:;04C 70;V7=8FP 

 

#@8 28:>=0==V 48A5@B0FV9=>3> 4>A;V465==O 7 <5B>N 2?@>20465==O 

B5E=VG=8E V459 AB>A>2=> 02B><0B870FVW 28<V@N20==O 35><5B@8G=8E ?0@0<5B@V2 B0 

:>=B@>;N B5E=VG=>3> AB0=C :>;VA=8E ?0@ @CE><>3> A:;04C 70;V7=8FP 1C;> 

@>7@>1;5=> A?>AV1 V AB0FV>=0@=89 ?@8AB@V9 4;O :>=B@>;N B5E=VG=>3> AB0=C 

:>;VA=8E ?0@  @CE><>3> A:;04C 70;V7=8FP [122, 161]. 

� >A=>2C :>@8A=>W <>45;V ?>AB02;5=0 7040G0 02B><0B8G=>3> :>=B@>;N 

B5E=VG=>3> AB0=C :>;VA=8E ?0@ @CE><>3> A:;04C ?V4 G0A @CEC V7 AB0FV>=0@=>W 

CAB0=>2:8, I> 2AB0=>2;5=0 =0 @59:>2><C ?>;>B=V B0 ?V49є4=0=0 4> 

02B><0B87>20=8E A8AB5< >1;V:C @CE><>3> A:;04C. �0=89 284 02B><0B8G=>3> 

:>=B@>;N >A>1;82> 0:BC0;P=89 ?@8 >?5@0B82=><C 28O2;5==V 45D5:BV2 :>;VA=8E 

?0@, I> 703@>6CNBP 157?5FV @CEC ?>W74V2.  
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#>AB02;5=0 7040G0 4>AO30єBPAO B8<, I> C AB0FV>=0@=><C  ?@8AB@>W 4;O 

:>=B@>;N B5E=VG=>3> AB0=C :>;VA=8E ?0@ @CE><>3> A:;04C 2 ?C=:BV B5E=VG=>3> 

>1A;C3>2C20==O, I> <VAB8BP ;075@=V A:0=5@8 B0  2V45>:0<5@8 V7 >A2VB;5==O< 7>=8 

4>A;V465==O. �AO V=D>@<0FVO 7 DV:ACNG8E ?@8AB@>W2 :><CBCєBPAO 2 1;>: 

C?@02;V==O V :>=B@>;N, ?VA;O G>3> ?>40єBPAO =0 :><CBCNG89 ?@8AB@V9, 0 ?>BV< =0 

:><?9NB5@ >?5@0B>@0 ?C=:BC B5E=VG=>3> >1A;C3>2C20==O 203>=V2  B0 02B><0B8G=> 

?5@540єBPAO 2 107C 40=8E. 

"A=>2=8<8 ?5@52030<8 70O2;5=>W :>=AB@C:FVW AB0FV>=0@=>3> ?@8AB@>N 4;O 

:>=B@>;N B5E=VG=>3> AB0=C :>;VA=8E ?0@ @CE><>3> A:;04C, C ?>@V2=O==V 7 

107>28<8 >1'є:B0<8, є:  

- 28:>@8AB0==O 40=>3> ?@8AB@>N =0 :>;VOE ?@89<0==O @CE><>3> A:;04C 4> 

>3;O4C, I> 4>?><>65 C=5<>6;828B8 ;N4AP:89 D0:B>@ ?@8 >3;O4V :>;VA=8E ?0@ 

203>=V2 B0 ?V428I8B8 157?5:C @CEC ?>W74V2; 

- <>6;82VABP 0=0;V7C 35><5B@8G=8E ?0@0<5B@V2 :>;VA=8E ?0@ ?V4 G0A @CEC 

?>W740 V7 02B><0B8G=>N DV:A0FVєN 40=8E B0 ?5@540G5N =0 02B><0B87>20=V @>1>GV 

<VAFO O: ?@0FV2=8:V2 ?C=:BV2 B5E=VG=>3> >1A;C3>2C20==O 203>=V2, B0: V 2AV< 

:>@8ABC20G0< 02B><0B87>20=8E @>1>G8E <VAFP, I> <0B8<CBP 4>ABC? 4> 40=8E; 

- <>6;82VABP 0@EV20FVW B0 715@V30==O 40=8E ?0@0<5B@V2 4;O ?>40;PH>3> 

28:>@8AB0==O ?@8 @>7A;V4C20==V B@0=A?>@B=8E ?>4V9, I> AB0;8AO 7 @CE><8< 

A:;04><. 

&5E=VG=0 ACBP V ?@8=F8? 4VW ?@>?>=>20=>3> ?@8AB@>N ?>OA=NєBPAO 

:@5A;5==O<8, 45 =0 DV3. 1 7>1@065=0 AB@C:BC@=0 AE5<0 AB0FV>=0@=>3> ?@8AB@>N 

4;O :>=B@>;N B5E=VG=>3> AB0=C :>;VA=8E ?0@ @CE><>3> A:;04C. 

%B0FV>=0@=89 ?@8AB@V9 4;O :>=B@>;N B5E=VG=>3> AB0=C :>;VA=8E ?0@  

@CE><>3> A:;04C <VAB8BP 1;>:8 :>=B@>;N 1 B0 2, 2 O:V 21C4>20=V :><?;5:B 

;075@=8E A:0=5@V2, 2V45>:0<5@8 V7 >A2VB;5==O< 7>=8 4>A;V465==O, 40BG8:8 

H284:>ABV @CEC 203>=V2, 1;>: V=B53@0FVW B0 :>4C20==O 40=8E 3, A5@25@ >1@>1:8 B0 

0=0;V7C 40=8E 4, <>4C;P 0@EV20FVW B0 715@V30==O 40=8E 5, 02B><0B87>20=5 @>1>G5 

<VAF5 ?C=:BC B5E=VG=>3> >1A;C3>2C20==O 203>=V2 6, 02B><0B87>20=V @>1>GV <VAFO 

28I>3> @V2=O 7 (@8A. 4.10).  
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$8AC=>: 4.10 – %B0FV>=0@=89 ?@8AB@V9 4;O :>=B@>;N B5E=VG=>3> AB0=C :>;VA=8E 

?0@  @CE><>3> A:;04C 
 

#@8AB@V9 ?@0FNє =0ABC?=8< G8=><. #@8 ?>40GV @CE><>3> A:;04C  =0  :>;VW 

?@89<0==O ?@8AB@V9 >B@8<Cє A83=0; 709=OB>ABV :>;VW AB0=FV9=>W A83=0;V70FVW. 

�;>: V=B53@0FVW B0 :>4C20==O 40=8E 3  ?5@52>48BP ?@8AB@V9 7 @568<C >GV:C20==O 

2 @>1>G89 @568<. #V4 G0A @CEC @CE><>3> A:;04C 2V41C20єBPAO 02B><0B8G=5 

7G8BC20==O 35><5B@8G=8E ?0@0<5B@V2 :>;VA=8E ?0@ 70 4>?><>3>N 21C4>20=8E  

40BG8:V2 B0 2V45>:0<5@  2  1;>:8 :>=B@>;N 1 B0 2. � 1;>FV V=B53@0FVW B0 :>4C20==O 

40=8E 3 0=0;>3>2V A83=0;8 40BG8:V2 B0 2V45>:0<5@ :>4CNBPAO B0 ?5@52>4OBPAO 2 

F8D@>289 D>@<0B 40=8E, ?VA;O G>3> 2AO V=D>@<0FVO ?5@540єBPAO =0 A5@25@ 

>1@>1:8 B0 0=0;V7C 40=8E, I> @>7<VICєBPAO 2 ?@8<VI5==V ?C=:BC B5E=VG=>3> 

>1A;C3>2C20==O. %5@25@ >1@>1:8 B0 0=0;V7C 40=8E 4 2AN V=D>@<0FVN, I> >B@8<02 
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2V4 1;>:C V=B53@0FVW B0 :>4C20==O 40=8E 3 0=0;V7Cє 73V4=> 7040=>3> 0;3>@8B<C, 

?@>2>48BP ?>@V2=O==O >B@8<0=8E 40=8E V7 7040=8<8 B0 ?5@540є V=D>@<0FVN 2 

02B><0B87>20=5 @>1>G5 <VAF5 ?C=:BC B5E=VG=>3> >1A;C3>2C20==O 203>=V2 6, 0 

B0:>6 40=0 V=D>@<0FVO 4C1;NєBPAO =0 02B><0B87>20=V @>1>GV <VAFO 28I>3> @V2=O 

7. #V4 G0A ?5@540GV 40=8E 2 <>4C;V 0@EV20FVW B0 715@V30==O 40=8E 5 V=D>@<0FVO 

0@EV2CєBPAO B0 ?@>2>48BPAO 70?8A =0 6>@AB:V 48A:8 ?0<9OBV.  

#@8 28O2;5==V AB0FV>=0@=8< ?@8AB@>є< 4;O :>=B@>;N B5E=VG=>3> AB0=C 

:>;VA=8E ?0@  203>=V2  45D5:BV2 :>;VA, I> 703@>6CNBP 157?5FV @CEC ?>W74V2, =0 

02B><0B87>20=><C @>1>G><C  <VAFV  ?C=:BC B5E=VG=>3> >1A;C3>2C20==O 

79O2;OєBPAO V=D>@<0FVO ?@> =0O2=VABP 40=8E 45D5:BV2 7 2:07C20==O< ?>@O4:>2>3> 

=><5@0 >48=8FV @CE><>3> A:;04C, ?>@O4:>2>3> =><5@0 :>;VA=>W ?0@8. #VA;O 

>B@8<0==O 40=>W V=D>@<0FVW =5>1EV4=0 ?5@52V@:0 40=8E 45D5:BV2 ?@0FV2=8:0<8 

?C=:BC B5E=VG=>3> >1A;C3>2C20==O, ?VA;O G>3> :>@8ABC20G5< 02B><0B87>20=>3>  

@>1>G>3>  <VAFO ?C=:BC B5E=VG=>3> >1A;C3>2C20==O 2=>A8BPAO V=D>@<0FVO  4> 

?@>3@0<8 I>4> ?V4B25@465==O G8 ?><8;:>2>3> A83=0;V7C20==O  ?@> =0O2=VABP 

40=>3> 45D5:BC. � 02B><0B87>20=>3>  @>1>G>3>  <VAFO 28I>3> @V2=O 7 <>6=0 2 

1C4P O:89 G0A ?V49є4=0B8AP 4> A5@25@0 >1@>1:8 B0 0=0;V7C 40=8E B0 ?5@53;O=CB8 

=5>1EV4=C AB0B8AB8G=C V=D>@<0FVN I>4> :V;P:>ABV B0 =0O2=>ABV 287=0G5=8E 

45D5:BV2 :>;VA @CE><>3> A:;04C [161].  

 

4.6 �:A?5@8<5=B0;P=V 40=V I>4> 270є<>729O7:C >4=>1VG=>3> 7=>AC 3@51=V2 

:>;VA V ?5@5:>AC :>;VA=8E ?0@ C 2V7:C 

 

�;O ?5@52V@:8 :>@5;OFVW >4=>1VG=>3> 7=>AC 3@51=V2 :>;VA V ?5@5:>AC 

:>;VA=8E ?0@ C 2V7:C 1C;8 ?@>2545=V A?>AB5@565==O =0 45:V;P:>E 20=B06=8E 

203>=0E 7 2V7:0<8 18-100 C 203>==><C 45?> �0@=8FO (5 203>=V2).  

$V7=8FO B>2I8= 3@51=V2 :>;VA >4=VєW :>;VA=>W ?0@8 287=0G0;0AO =0 >A=>2V 

40=8E ?@> B>2I8=8 3@51=V2 :>;VA :>6=>W :>;VA=>W ?0@8. �8<V@N20==O B>2I8=8 

3@51=V2 74V9A=N20;>AP ;075@=8< ?@>DV;><5B@>< (@8A. 4.11). 
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$8AC=>: 4.11 – �075@=89 ?@>DV;><5B@ 4;O 28<V@N20==O B>2I8=8 3@51=V2 :>;VA 

 

' B01;. 4.1 ?@54AB02;5=> 40=V ?5@28==8E 28<V@N20=P B>2I8=8 3@51=V2 

:>;VA V ?5@5:>AV2 :>;VA=8E ?0@ C 2V7:C. 

 

&01;8FO 4.1 – �:A?;C0B0FV9=V 40=V 28<V@N20==O B0 @>7@0EC=:C B>2I8= 3@51=V2 

:>;VA B0 :CBV2 ?5@5:>AC :>;VA=8E ?0@ 2V7:V2 18-100 

№
 6

47
о=

4

№
 6

і7к
4 То6щ8=8 7Dе5=і6 коліE, << Відх8ле==я 

пDо<і=і6, <<
Кут8 пеDекоEу коліE=8х 

п4D, 7D4д
4 колп4D4 4 колп4D4

Δ Δ 1ó 2ó ó
11b 21b 1bô 12b 22b 2bô

 

 

!0 3@0DV:C @8A. 4.12 ?>:070=> 5:A?5@8<5=B0;P=V B>G:8 28<V@N20==O 

@V7=8FV B>2I8=8 3@51=V2 :>;VA V :CBV2 ?5@5:>AC :>;VA=8E ?0@ C 2V7:C. "1@>1:0 

@57C;PB0BV2 7 28:>@8AB0==O< <5B>4C =09<5=H8E :204@0BV2 4>72>;8;0 >B@8<0B8 

:>@5;OFV9=C DC=:FVN C ;V=V9=V9 D>@<V (HB@8E>20 ;V=VO =0 3@0DV:C): 

 ÿ(∆Ā) = 0,19 ∙ |ΔĀ| 2 0,05.                                           (4.3) 
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$8AC=>: 4.12 – �:A?5@8<5=B0;P=V 40=V 270є<>729O7:C @V7=8FV B>2I8=8 3@51=V2 

:>;VA :>;VA=>W ?0@8 V ?5@5:>AV2 :>;VA=8E ?0@ C 2V7:C  

 

�;O >FV=:8 ABC?5=N 270є<>72'O7:C <V6 01A>;NB=>N @V7=8F5N B>2I8=8 

3@51=V2 :>;VA (∆Ā) V :CB0<8 ?5@5:>AC :>;VA=8E ?0@ (ÿ) 1C;> 28:>@8AB0=> 
:>5DVFVє=B :>@5;OFVW #V@A>=0 (PCC – Pearson correlation coefficient) [73]. 

�>5DVFVє=B :>@5;OFVW �ÿÿ(∆Ā, ÿ) 28<V@Nє ABC?V=P ;V=V9=>3> :>@5;OFV9=>3> 
72'O7:C <V6 42><0 =01>@0<8 7<V==8E – |∆Ā|ÿ і ÿÿ. $$% 4>@V2=Nє 2V4=>H5==N 

:>20@V0FVW 42>E 7<V==8E 4> 4>1CB:C WE=VE A5@54=VE :204@0B8G=8E 2V4E8;5=P. /: V 

:>20@V0FVO, FO <V@0 <>65 2V4>1@060B8 ;8H5 ;V=V9=C :>@5;OFVN 7<V==8E, V =5 

2@0E>2Cє V=H8E B8?V2 270є<>72'O7:V2. �>5DVFVє=B :>@5;OFVW 7=0E>48BPAO 70 

D>@<C;>N: 

 �ÿÿ(∆Ā, ÿ) = āā�(∆Ā, ÿ)  ÿ∆Ā ∙ ÿ� ,                                                 (4.4) 
 

45 cov – :>20@V0FVO – <V@0 A?V;P=>W <V=;82>ABV 42>E 7<V==8E: ∆Ā і ÿ;  

 āā�(∆Ā, ÿ) = �[(|∆Ā|ÿ 2 Ā∆Ā) ∙ (ÿÿ 2 Ā�)],                              (4.5) 

 

BCB � – <0B5<0B8G=5 >GV:C20==O, 01> A5@54=є 7=0G5==O =01>@C 40=8E C A:>1:0E; 

 ÿ∆Ā, ÿ�  – A5@54=V :204@0B8G=V 2V4E8;5==O, 2V4?>2V4=>  ∆Ā і ÿ: 

 ÿ∆Ā = √�(∆Āÿ 2 Ā∆Ā)2;       ÿ� = √�(ÿÿ 2 Ā�)2,                       (4.6) 

https://uk.wikipedia.org/wiki/%D0%9A%D0%BE%D0%B2%D0%B0%D1%80%D1%96%D0%B0%D1%86%D1%96%D1%8F
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45 � – <0B5<0B8G=5 >GV:C20==O, 01> A5@54=є 7=0G5==O; ∆Āÿ і ÿÿ – ?>B>G=V 7=0G5==O 7<V==8E; Ā∆Ā , Ā� – A5@54=є 7=0G5==O, 2V4?>2V4=>, =01>@V2 ∆Āÿ і ÿÿ. 
' B01;. 4.2– 4.3 ?>:070=> ?@>F5A 287=0G5==O :>5DVFVє=BC :>@5;OFVW #V@A>=0 

2 70;56=>ABV 2V4 ?>B>G=8E 7=0G5=P ∆Āÿ і ÿÿ. 
&01;8FO 4.2 – $>7@0EC=>: 4;O 287=0G5==O :>5DVFVє=BC :>@5;OFVW #V@A>=0 

         № |∆Ā|ÿ ÿÿ | ∆ Ā| ÿ2
 Ā ∆Ā ÿ ÿ2 Ā � ( | ∆ Ā| ÿ2
 Ā ∆Ā) × ×( ÿ2
 Ā �)

(| ∆ Ā| ÿ2
 Ā ∆Ā)2 (ÿ ÿ2 Ā
�)2

 

ĀĀ
 

 

&01;8FO 4.3 – $>7@0EC=>: 4;O 287=0G5==O :>5DVFVє=BC :>@5;OFVW #V@A>=0 
п4D4<етD8 Ā = |∆Ā| Ā = ÿĀĀÿĀāā�(∆Ā, ÿ)�ÿÿ(∆Ā, ÿ)
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&0:8< G8=><, :>5DVFVє=B :>@5;OFVW #V@A>=0 [73], O: ABC?V=P ;V=V9=>W 

:>@5;OFVW <V6 @V7=8F5N B>2I8=8 3@51=V2 :>;VA >:@5<8E :>;VA=8E ?0@ (∆Ā) V :CBV2 
?5@5:>AC :>;VA=8E ?0@ (ÿ) 4>@V2=Nє 0,884 V 2V4?>2V40є 28A>:><C @V2=N 

270є<>729O7:C <V6 ?0@0<5B@0<8 ∆Ā і  ÿ. 

*5 ?V4B25@46Cє 28AC=CBC 2 48A5@B0FVW 3V?>B57C, I> ?5@5:>A8 :>;VA=8E ?0@ 

C 2V7:0E ACBBє2> 2?;820NBP =0 ?V428I5==O 3@515=528E A?@O<>2CNG8E 7CA8;P 2 

:>=B0:B0E :>;VA 7 @59:0<8, V O: =0A;V4>:, ?@872>4OBP 4> ?V428I5==O 

V=B5=A82=>ABV 7=>AC 3@51=V2, 1>:>28E ?>25@E>=P 3>;>2>: @59>:, 7=865==O 

:>5DVFVє=BC 70?0AC ABV9:>ABV 203>=V2 2V4 AE>4C 7 @59>: B>I>. 

 

4.7 �=0;V7 ?@8G8=8 28=8:=5==O ?5@5:>AV2 :>;VA=8E ?0@ C 2V7:0E 

 

' 1030BP>E 4>A;V465==OE 7304CєBPAO ?@> «=87P:C ?0@0;5;>3@0<=C 

6>@AB:VABP», «=56>@AB:C @0<C», «701V30==O 1>:>28=» 01> «AE8;P=VABP 4> 
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