
 

��$���!�� ��"&�)!"�"��+!�� '!���$%�&�& 

 �!�%&�$%&�" "%��&� � !�'�� '�$��!� 

 

�20;VDV:0FV9=0 =0C:>20  

?@0FO =0 ?@020E @C:>?8AC 

 

�"�Є%!�� .���!� ��"$��!� 

 

'�� 631.37 

��%�$&А*�/ 

#����Щ�!!/ &�)!"�"��+!�) #"�А�!���� 
&$А!%#"$&!"�" А�$��А&' � ' "�А) ��%#�'А&А*�� 

 

13 3  5E0=VG=0 V=65=5@VO 

133 3 �0;C7525 <0H8=>1C4C20==O  

 

#>40єBPAO =0 74>1CBBO =0C:>2>3> ABC?5=O 4>:B>@0 DV;>A>DVW 

 

�8A5@B0FVO <VAB8BP @57C;PB0B8 2;0A=8E 4>A;V465=P. �8:>@8AB0==O V459, 

@57C;PB0BV2 V B5:ABV2 V=H8E 02B>@V2 <0NBP ?>A8;0==O =0 2V4?>2V4=5 465@5;>. 

 

______________..�. �>;єA=V:  

 

!0C:>289 :5@V2=8: 

,52G5=:> �3>@ ";5:A0=4@>28G 

:0=4840B B5E=VG=8E =0C:, 4>F5=B 

 

 

)0@:V2 3 2025



2 

А!"&А*�/ 

 

�B?єEAV> Ю.І. #V428I5==O B5E=>;>3VG=8E ?>:07=8:V2 B@0=A?>@B=>3> 

03@530BC 2 C<>20E 5:A?;C0B0FVW. 3 �20;VDV:0FV9=0 =0C:>20 ?@0FO =0 ?@020E 

@C:>?8AC. 

�8A5@B0FVO =0 74>1CBBO =0C:>2>3> ABC?5=O 4>:B>@0 DV;>A>DVW 70 

A?5FV0;P=VABN 133 �0;C7525 <0H8=>1C4C20==O (13  5E0=VG=0 V=65=5@VO) 3 

�5@602=89 1V>B5E=>;>3VG=89 C=V25@A8B5B, )0@:V2, 2025. 

 9FBN 8<E9DF4JV=ABW DB5BF< є ?>;V?H5==O 48=0<VG=8E ?>:07=8:V2 

B@0:B>@=>-B@0=A?>@B=>3> 03@530BC =0 5B0?V 28E>4C =0 B5E=>;>3VG=C H284:VABP 

H;OE>< >1ґ@C=BC20==O @0FV>=0;P=8E ?@C6=8E E0@0:B5@8AB8: A8AB5<8 

?V4@5A>@N20==O :01V=8.  

"5’є>F 8BE?V8:9AAO – ?@>F5A @>73>=C B@0:B>@=>-B@0=A?>@B=>3> 

03@530BC, 9>3> 72’O7>: 7 48=0<VG=8<8 B0 5@3>=><VG=8<8 ?>:07=8:0<8. 

#D98@9F 8BE?V8:9AAO – 2?;82 48=0<V:8 @>73>=C =0 25@B8:0;P=V 

?@8A:>@5==O ?V42VA:8 :01V=8 B0 5:A?;C0B0FV9=V ?>:07=8:8 B@0:B>@=>-

B@0=A?>@B=>3> 03@530BC. 

�8A5@B0FV9=0 @>1>B0 A?@O<>20=0 =0 @>72’O70==O =0C:>2>-?@0:B8G=>W 

7040GV ?V428I5==O 5:A?;C0B0FV9=8E ?>:07=8:V2 :>;VA=>3> B@0:B>@0 C A:;04V 

B@0=A?>@B=>-B5E=>;>3VG=>3> 03@530BC H;OE>< >1ґ@C=BC20==O 48=0<V:8 

@>73>=C 7 C@0EC20==O< :CB>2>3> V=:@5<5=BC >AB>20 5=5@35B8G=>3> 70A>1C. 

' 6EFGCV >1ґ@C=B>20=> 0:BC0;P=VABP B5<8 48A5@B0FVW, I> ?>2’O70=0 7 

?V428I5==O< 5D5:B82=>ABV DC=:FV>=C20==O B@0:B>@=>-B@0=A?>@B=8E 

03@530BV2, O:V =8=V є >A=>2=8<8 70A>10<8 2=CB@VH=P>3>A?>40@AP:8E 

?5@52575=P. �V;PHVABP B0:8E 03@530BV2 107CєBPAO =0 V=>75<=8E 5=5@3>=0A8G5=8E 

B@0:B>@0E 7030;P=>3> ?@87=0G5==O. �E 5:A?;C0B0FVO 2V41C20єBPAO 2 A:;04=8E 

48=0<VG=8E C<>20E 3 =0 =5@V2=8E 4>@>30E, 7<V==8E ґ@C=B0E V ?@8 270є<>4VW 7 

?@8G5?0<8, I> ?@872>48BP 4> :>;820=P V =5AB01V;P=>ABV @CEC. !572060NG8 =0 

=0O2=VABP H8@>:>W =0C:>2>W 1078 I>4> 48=0<V:8 :>;VA=8E <0H8=, ?5@5EV4=V 

@568<8, 7>:@5<0 @>73V= V 30;P<C20==O C A:;04V A8AB5<8 «B@0:B>@ 3 ?@8G5?», 



3 

282G5=V =54>AB0B=P>. '@0EC20==O F8E 0A?5:BV2 є 2:@09 206;828< 4;O 

C4>A:>=0;5==O :>=AB@C:FV9 B0 ?V428I5==O =04V9=>ABV 03@530BV2, >A:V;P:8 

=02VBP 28:>@8AB0==O ACG0A=8E ?V42VA>: =5 =V25;Nє =530B82=>3> 2?;82C 30:>28E 

=020=B065=P, I> 7<V=NNBP 48=0<V:C 03@530BC, >A>1;82> 2 ?5@5EV4=8E @568<0E 

@CEC. �07=0G5=> 72’O7>: @>1>B8 7 =0C:>28<8 B5<0<8 B0 =0?@O<:0<8 4>A;V465=P 

:0D54@8 B@0:B>@V2 V 02B><>1V;V2 �5@602=>3> 1V>B5E=>;>3VG=>3> C=V25@A8B5BC. 

�@V< B>3>, >:@5A;5=89 >A>18AB89 2=5A>: 74>1C20G:8 C 4>A;V465==O, 0 B0:>6 

=02>48BPAO V=D>@<0FVO ?@> 0?@>10FVN @57C;PB0BV2 B0 ?C1;V:0FVN <0B5@V0;V2 

48A5@B0FVW. &0:>6 707=0G5=> 2V4><>ABV ?@> AB@C:BC@C B0 >1AO3 48A5@B0FV9=>W 

@>1>B8. 

' C9DLB@G DB;8V?V ?@>0=0;V7>20=> =0?@O<8 ?>:@0I5==O 48=0<VG=8E 

?>:07=8:V2 B@0=A?>@B=>-B5E=>;>3VG=>3> 03@530BC ?@8 28:>=0==V B@0=A?>@B=>W 

>?5@0FVW 2 28@>1=8FB2V ?@>4C:FVW @>A;8==8FB20. %D>@<C;P>20=> =0?@O<8 B0 

287=0G5=> 70240==O 4>A;V465=P. �AB0=>2;5=>, I> CAV @>73;O=CBV <5B>48:8 

?>:@0I5==O :>;820;P=8E E0@0:B5@8AB8: :01V= =5 2@0E>2CNBP ?5@5EV4=8E 

?@>F5AV2 V , O: ?>:07Cє 0=0;V7 @5:;0<=>W V=D>@<0FVW, ?@87=0G5=V 4;O 71V;PH5==O 

5@3>=><VG=>ABV B@0:B>@0 BV;P:8 ?@8 CAB0=>2;5=><C @CAV. 

"A>1;82> 3>AB@> AB>WBP ?8B0==O 28=8:=5==O :>;820=P B0 48D5@5=BC 

B@0:B>@0 ?@8 @>73>=V 7 25;8:8<8 30:>28<8 7CA8;;O<8, O:5 є 0:BC0;P=>N 

=0C:>2>N 7040G5N. 

' 8DG7B@G DB;8V?V @>73;O=CB> 7030;P=89 28?04>: @CEC B@0:B>@0 2 03@530BV 

7 ?@8GV?=>N <0H8=>N. � @>7@0EC=:C 2@0E>2C202AO <0:A8<0;P=89 254CG89 

<><5=B ?@8 @CH0==V B0 <><5=B 7G5?;5==O 7 >?>@=>N ?>25@E=5N. � @57C;PB0BV 

@>72’O7C20==O >B@8<0=8E @V2=O=P =0 ?@8:;04V B@0:B>@C John Deere 8310R 

2AB0=>2;5=>, I> ?@8 71V;PH5==V 30:>2>3> =020=B065==O 2V41C20єBPAO ACBBє289 

48=0<VG=89 ?5@5@>7?>4V; 25@B8:0;P=8E @50:FV9 =0 :>;5A0E B@0:B>@0, I> 

?>ABC?>2> ?@872>48BP 4> @>720=B065==O 9>3> ?5@54=P>3> <>ABC. �AB0=>2;5=>, 

I> 71V;PH5==O 30:>2>3> 7CA8;;O ?>=04 60 :! ?@872>48BP 4> ?>G0B:C 2B@0B8 

?>274>26=P>W ABV9:>ABV B@0:B>@0 B0 282VHC20==O ?5@54=VE :>;VA.  



4 

'4>A:>=0;5=> B5>@VN D>@<C20==O 25@B8:0;P=8E =020=B065=P, I> 

4>72>;8;> >1ґ@C=BC20B8 @0FV>=0;P=89 V=B5@20; 30:>2>3> =020=B065==O, 70 

O:>3> 70157?5GCєBPAO 715@565==O 7G5?;5==O ?5@54=P>3> <>AB0 7 >?>@=>N 

?>25@E=5N B0 ?>74>26=O ABV9:VABP 03@530BC. �>A;V465=> 2?;82 30:>2>3> 

=020=B065==O =0 7<V=C 25@B8:0;P=8E @50:FV9 =0 :>;5A0E. �>:@5<0 28O2;5=> 

:@8B8G=5 7=865==O =020=B065==O =0 ?5@54=N 2VAP, I> 2:07Cє =0 703@>7C 

2B@0B8 ABV9:>ABV ?@8 ?5@528I5==V ?52=>3> ?>@>3C. 

":@5<C C203C ?@84V;5=> 0=0;V7C O28I0 =54>AB0B=P>W <8BBє2>W 

?>BC6=>ABV 4283C=0 2 ?5@5EV4=><C @568<V, I> A?@8G8=Oє @V7:5 7@>AB0==O A8; 

B5@BO B0 25@B8:0;P=8E ?@8A:>@5=P. �>:@5<0, 2AB0=>2;5=>, I> ?@8 @>73>=V :CB 

?>2>@>BC B@0:B>@0 2V4=>A=> ?>?5@5G=>W >AV 7@>AB0є =0 25%, 0 25@B8:0;P=5 

?@8A:>@5==O ?5@528ICє 4>?CAB8<V =>@<8 1V;PH =V6 C42VGV. �AB0=>2;5=V 

70:>=><V@=>ABV 7<V=8 25@B8:0;P=8E =020=B065=P B0 48D5@5=B0 >AB>20 

2@0E>2CNBP 3@0=8G=V 7=0G5==O 30:>2>3> =020=B065==O, I> є =>28< ?V4E>4>< 

4> >FV=N20==O @>73V==8E E0@0:B5@8AB8: 03@530BC. 

' FD9FьB@G DB;8V?V ?@54AB02;5=> :>;820;P=C AE5<C :>;VA=>3> B@0:B>@0. 

#@8 D>@<C20==V @V2=O=P @CEC A8AB5<, O:V <0NBP ;0=FN3>2C AB@C:BC@C, 

28:>@8AB0=> ?@8=F8? �0;0<15@0. ' @57C;PB0BV 4>A;V465==O 1C;> @>7@>1;5=> 

48=0<VG=C :>;820;P=C <>45;P ?V42VA:8 :01V=8 B@0:B>@0 John Deere, O:0 

2@0E>2Cє 2?;82 48D5@5=B0 >AB>2C ?V4 G0A @>73>=C 7 =020=B065=8< ?@8G5?><. 

!0 >A=>2V FVєW <>45;V 287=0G5=> 0<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8 ?V42VA:8, 

I> ?>:070;8 ACBBє25 ?V428I5==O @V2=O 25@B8:0;P=8E ?@8A:>@5=P C :01V=V ?@8 

@>71;>:>20=V9 ?V42VAFV 4 4> 0,42 </A², I> ?5@528ICє 4>?CAB8<V 5@3>=><VG=V 

<56V. *5 ?>OA=NєBPAO 5D5:B>< ?5@540GV B0 ?>2B>@=>3> 7@>AB0==O :>;820=P 

G5@57 2?;82 48D5@5=B0 >AB>2C. �>4=>G0A 1;>:C20==O ?V42VA:8 :01V=8 ?V4 G0A 

@>73>=C 03@530BC 4>72>;Oє 7=878B8 @V25=P 25@B8:0;P=8E ?@8A:>@5=P 4> 0,12 

</A², I> 70157?5GCє :><D>@B=V C<>28 4;O >?5@0B>@0 B0 2V4?>2V40є =>@<0< 

5@3>=><VG=>ABV. "B@8<0=V @57C;PB0B8 <0NBP ?@0:B8G=5 7=0G5==O 4;O 

24>A:>=0;5==O :>=AB@C:FV9 B@0:B>@V2 B0 ?V428I5==O O:>ABV WE 5:A?;C0B0FVW. 



5 

' K9F69DFB@G DB;8V?V �;O ?V4B25@465==O >B@8<0=8E B5>@5B8G=8E 

@57C;PB0BV2 ?@>2545=V 5:A?5@8<5=B0;P=V 4>A;V465==O =0 B@0:B>@V John Deere 

8310R C A:;04V B@0:B>@=>-B@0=A?>@B=>3> 03@530BC 7 AV;PAP:>3>A?>40@AP:>N 

<0H8=>N  �&-16. $57C;PB0B8 5:A?5@8<5=B0;P=8E 4>A;V465=P B0 0=0;V7 

70?8A0=8E :>;820=P ?V4;>38 B@0:B>@0 A2V4G0BP ?@> 28=8:=5==O ?@8 @>73>=V 

03@530BC 7 <0H8=>N  �&-16 7 <V=5@0;P=8<8 4>1@820<8 Nanovit Super 

(3CAB8=0 1,42 :3/<3) 25@B8:0;P=8E ?@8A:>@5=P. #@>2545=V 2 ?>;P>28E C<>20E 

5:A?5@8<5=B0;P=V 4>A;V465==O, 28:>=0=V 70 @>7@>1;5=8<8 <5B>48:0<8, 

?V4B25@48;8 045:20B=VABP <0B5<0B8G=>W <>45;V D>@<C20==O 25@B8:0;P=8E 

@50:FV9 =0 :>;5A0E B@0:B>@0 B0 <>45;V 0<?;VBC4=>-G0AB>B=8E :>;820=P 9>3> 

5;5<5=BV2. �>:@5<0, 2AB0=>2;5=>, I> ?@8 @>71;>:>20=V9 ?V42VAFV :01V=8 @V25=P 

25@B8:0;P=8E ?@8A:>@5=P ?V4;>38 7@>AB0є 4> 0,4330,44 </A2, 70;56=> 2V4 B8?C 

>?>@=>W ?>25@E=V, I> ?5@528ICє 4>?CAB8<V <56V. �>4=>G0A 1;>:C20==O 

?V42VA:8 ?V4 G0A @>73>=C 03@530BC 4>72>;Oє 5D5:B82=> 7=878B8 25@B8:0;P=V 

?@8A:>@5==O 4> @V2=O 0,12 </A2, I> ?>2=VABN C73>46CєBPAO 7 @57C;PB0B0<8 

0=0;VB8G=>3> <>45;N20==O. $>71V6=>ABV <V6 @>7@0EC=:>28<8 B0 

5:A?5@8<5=B0;P=8<8 40=8<8 =5 ?5@528ICNBP 10%, I> A2V4G8BP ?@> 28A>:C 

B>G=VABP B0 =04V9=VABP 70AB>A>20=8E <>45;59. 

' ?V4AC<:C ?@>2545=8E 4>A;V465=P >B@8<0=> B0:V =0C:>2V @57C;PB0B8:  

�C9DL9:  

3 287=0G5=V =>2V 70;56=>ABV 7<V=8 A8;>28E ?>:07=8:V2 B@0:B>@=>-

B@0=A?>@B=>3> 03@530BC ?@8 @>73>=V =0 107V B@0:B>@0 7030;P=>3> ?@87=0G5==O, 

O:V 4>72>;ONBP CB>G=8B8 7=0G5==O ?5@5@>7?>4V;C A8;>2>3> =020=B065==O =0 

<>AB0E B0 :CB 45D5@5=BC >AB>20 B@0:B>@0 2 70;56=>ABV 2V4 30:>2>3> 

=020=B065==O; 

3 2AB0=>2;5=V 70;56=>ABV 7<V=8 0<?;VBC4=>-G0AB>B=8E E0@0:B5@8AB8: 

B@0:B>@0 C A:;04V B@0:B>@=>-B@0=A?>@B=>3> 03@530BC, O:V 4>72>;ONBP 

>1ґ@C=BC20B8 70 5@3>=><VG=8<8 ?>:07=8:0<8 @0FV>=0;P=V 6>@AB:>ABV :01V=8. 

G8BE>BA4?9AB: 

3 48=0<VG=C <>45;P B@0:B>@=>-B@0=A?>@B=>3> 03@530BC, O:0 



6 

2V4@V7=OєBPAO 2V4 VA=CNG8E 2@0EC20==O< 48D5@5=B0 B@0:B>@0 B0 

?5@5@>7?>4V;>< A8;>2>3> =020=B065==O ?@8 @>73>=V, I> 4>72>;Oє CB>G=8B8 

7=0G5==O 25@B8:0;P=8E ?@8A:>@5=P 7 ?>E81:>N 4> 10%. 

"FD<@4?4 CB84?ьL<= DB;6<FB>: 

3 B5>@VO @>73>=C B@0:B>@0 C A:;04V B@0:B>@=>-B@0=A?>@B=>3> 03@530BC, 

I> 2@0E>2Cє >A>1;82VABP DC=:FV>=C20==O B@0:B>@0 ?@8 25;8:8E 30:>28E 

=020=B065==OE. 

$57C;PB0B8 48A5@B0FV9=>W @>1>B8 2?@>20465=V C =02G0;P=89 ?@>F5A 

?V43>B>2:8 10:0;02@V2 B0 <03VAB@V2 70 A?5FV0;P=VABN 133 3 «�0;C7525 

<0H8=>1C4C20==O» B0 208 «�3@>V=65=5@VO». 

 

�?NKB6V E?B64: B@0:B>@, 48=0<V:0, <0H8=>-B@0:B>@=89 03@530B, 

т@0:B>@=>-B@0=A?>@B=89 ?>W74, ?@8A:>@5==O, :>;820==O, 5:A?;C0B0FVO, :>;VA=0 

B@0=A?>@B=0 <0H8=0, A8;0 BO38, 25@B8:0;P=V ?@8A:>@5==O, <><5=B, 

?V4@5A>@N20==O, :5@>20=VABP, ABV9:VABP, :01V=0, 28<V@N20;P=0 A8AB5<0 



7 

%#�%"� #'�����*�� ��"�'��+� 

!4G>B6V CD4JV, 6 O><I BCG5?V>B64AB BEAB6AV A4G>B6V D9;G?ьF4F< 

8<E9DF4JVW G H4IB6<I 6<84AAOI '>D4WA< F4 A4G>B@9FD<KA<I 54;4IScopus V Web 

of Science: 

1. Є.�. �0;V=V=, �.�. �8;V=, $. . #5B@>2, ..�. �>;єA=V: &O3>2V O:>ABV 

254CG8E :>;VA ?V4 G0A :>G5==O WE ?> >4=><C A;V4C. �VEA<> !4JVBA4?ьAB7B 

F9IAVKAB7B GAV69DE<F9FG "Х#І". %9D.: �6FB@B5V?9- F4 FD4>FBDB5G8G64AAO: 

;5. A4G>. CD. )0@:V2: !&' ")#�". 2021, №1, %. 43-51. 

https://doi.org/10.20998/2078-6840.2021.1.05. (�) 

2. Є.�. �0;V=V=, �. . (V;>=5=:>, ..�. �>;єA=V:, $. . #5B@>2. 

�>A;V465==O :>;820=P B@0:B>@C BO3>2>3> :;0AC 3:! B0 H;OE8 ?>:@0I5==O 

?;02=>ABV 9>3> E>4C 7V 7=865==O< =0?@C6=>ABV @5A>@. �VEA<> !4JVBA4?ьAB7B 

F9IAVKAB7B GAV69DE<F9FG "Х#І". %9D.: �6FB@B5V?9- F4 FD4>FBDB5G8G64AAO: 

;5. A4G>. CD. )0@:V2: !&' ")#�". 2021. №2, %. 51 3 60. 

https://doi.org/10.20998/2078-6840.2021.2.06. (�) 

3. �.�. �>;єA=V:, Є.�. �0;V=V=, ..�. �>;єA=V:, �.". ,52G5=:> &5>@5B8G=V 

>A=>28 5D5:B82=>ABV 28:>@8AB0==O B@0=A?>@B=>3> 03@530BC. �VEA<> 

!4JVBA4?ьAB7B F9IAVKAB7B GAV69DE<F9FG "Х#І". %9D.: �6FB@B5V?9- F4 

FD4>FBDB5G8G64AAO: ;5. A4G>. CD. )0@:V2: !&' ")#�". 2023, №2, %. 70-79. 

https://doi.org/10.20998/2078-6840.2023.2.08.(�) 

4. �.�. �>;єA=V:, �.". ,52G5=:>, ..�. �>;єA=V: �=0;V7 2?;82C D0:B>@V2 

=0 5D5:B82=VABP 30;P<C20==O B@0:B>@=>-B@0=A?>@B=>3> ?>W74C. �VEA<> 

!4JVBA4?ьAB7B F9IAVKAB7B GAV69DE<F9FG "Х#І". %9D.: �6FB@B5V?9- F4 

FD4>FBDB5G8G64AAO: ;5. A4G>. CD. )0@:V2: !&' ")#�". 2023, №1, %. 91-97. 

https://doi.org/10.20998/2078-6840.2023.1.10. (�)  

5. �.�. �>;єA=V:, Є.�. �0;V=V=, ..�. �>;єA=V:, ".�. #0=:>20 �=5@35B8G=89 

10;0=A B@0:B>@=>-B@0=A?>@B=>3> ?>W740. �VEA<> !&' «Х#І». %9DVO 

�6FB@B5V?9- F4 FD4>FBDB5G8G64AAO 2024, №2, %. 125-130. 

https://doi.org/10.20998/2078-6840.2024.2.13. (�) 

https://doi.org/10.20998/2078-6840.2021.1.05
https://doi.org/10.20998/2078-6840.2021.2.06
https://doi.org/10.20998/2078-6840.2023.2.08
https://doi.org/10.20998/2078-6840.2023.1.10
https://doi.org/10.20998/2078-6840.2024.2.13


8 

6. Koliesnik I., Kalinin, E., Koliesnik J. (2024). Influence of the type of 

tractional coupling device on the redistribution of braking torques when the 

operational and design factors of the trailer change // !4G>B6<= :GDA4?. &9IAV>4, 

9A9D79F<>4, FD4AECBDF �#�. 2024. №:3 (126), $$. 65-74. 

https://doi.org/10.37128/2520-6168-2024-3-7. (�) 

7. Ivan Koliesnik, Yuliana Koliesnik (2025) Dynamics of wheel rolling on a rigid 

support surface in the initial mode. Management and social trends: adaptation to 

change. Monograph. Opole: Academy of Applied Sciences Academy of Management 

and Administration in Opole, 2025. 250 pp. ISBN 978-83-66567-55-9. (�) 

8. Koliesnik I., Kalinin E., Koliesnik J., Pankova O., Shutko V. Dynamics of 

braking of the transport and technological train. International Journal of 

Mechatronics and Applied Mechanics (IJOMAM) (2024) Issue 18, $P. 148 3 156. 

https://doi.org/10.17683/ijomam/issue18.17. (Scopus, Q4, Romania) 

9. Koliesnik I., Kalinin Y., Koliesnik J., Kostiuk S., Ostroverkh O. 

Methodology for studying the dynamics of acceleration and braking of a wheeled 

tractor. International Journal of Mechatronics and Applied Mechanics. 2025. №20. 

PP. 341-347. https://doi.org/10.17683/ijomam/issue20.35. (Scopus, Q4, Romania) 

ІALV CG5?V>4JVW: 

"CG5?V>B64AV CD4JV 4CDB54JV=AB7B I4D4>F9DG: 

10. ,52G5=:> �."., �>;єA=V: ..�. �V1@>70E8AB @>1>G>3> <VAFO >?5@0B>@0 

:>;VA=>3> B@0:B>@0. V  V:A4DB8A4 A4G>B6B-CD4>F<KA4 >BAH9D9AJVO 

«�6FB@B5V?ьA<= FD4AECBDF F4 VAHD4EFDG>FGD4» (21–23 69D9EAO 2022 DB>G). 

!4JVBA4?ьA<= GAV69DE<F9F 5VBD9EGDEV6 V CD<DB8B>BD<EFG64AAO '>D4WA<. �8W2. 

2022. %. 155 - 157. 

11. �>;єA=V: ..�., ,52G5=:> �.". �=B5;5:BC0;P=V B@0=A?>@B=V A8AB5<8. 

 V:A4DB8A4 A4G>B6B-CD4>F<KA4 >BAH9D9AJVO «�6FB@B5V?ьA<= FD4AECBDF 6 

47D4DAB@G E9>FBDV: CDBє>FG64AAO, 8<;4=A F4 F9IAB?B7VKA4 9>EC?G4F4JVO». 3 

)0@:V2: ��&', 2022. %. 39. 

12. �. �. �>;єA=V:, .. �. �>;єA=V:, .. .. �>7;>2 �>A;V465==O 2?;82C 

2V1@0FV9 =0 @>1>BC AV;PAP:>3>A?>40@AP:>W B5E=V:8. ІХ  V:A4DB8A4 A4G>B6B-

https://doi.org/10.37128/2520-6168-2024-3-7
https://doi.org/10.17683/ijomam/issue18.17
https://doi.org/10.17683/ijomam/issue20.35


9 

F9IAVKA4 >BAH9D9AJVO «�D4@4DB6Eь>V K<F4AAO» ; A47B8< 115-W DVKA<JV 6V8 8AO 

A4DB8:9AAO 8B>FBD4 F9IAVKA<I A4G>, CDBH9EBD4, K?9A4->BD9ECBA89AF4 

��%�!І�, 6VJ9CD9;<89AF4 '�%�! �D4@4DB64 �B?B8<@<D4 %46B6<K4 (1906-

1987) 24-25 ?NF. 2022 D., @. �<W6 /  "! '>D4WA<, !4JVBA4?ьA<= GAV69DE<F9F 

5VBD9EGDEV6 V CD<DB8B>BD<EFG64AAO '>D4WA<. �.: �8402=8G89 F5=B@ !'�V# 

':@0W=8, 2022. %. 404-406. 

13. �>;єA=V: .. �?;82 =5ABV9:>ABV @CEC B@0:B>@=>-B@0=A?>@B=>3> ?>W740 

=0 25;8G8=C A8;8 >?>@C @CEC. ХХІІ  V:A4DB8A4 A4G>B64 >BAH9D9AJVO 

«!4G>B6B-F9IAVKAV ;4E48< DB;DB5?9AAO, 6<CDB5G64AAO F4 CDB7AB;G64AAO 

EV?ьEь>B7BECB84DEь>BW F9IAV>< V F9IAB?B7V=», 23 69D9EAO 2022 DB>G, 

'>D!�І#�& V@. �. #B7BDV?B7B; ':@0W=0, �>A;V4=8FP:5, 2022. %. 139-143. 

14. �>;єA=V: �.�., �0;V=V= Є.�., �>;єA=V: ..�. "FV=:0 ?;02=>ABV E>4C 

B@0:B>@0 B0 2?;82 =0 >@30=V7< ;N48=8.  V:A4DB8A4 A4G>B6B-CD4>F<KA4 

>BAH9D9AJVO  «AutoTRAK-2023» 04-05 FD46AO 2023 D. 3 �8W2: !'�V# ':@0W=8, 

2023. 3 %. 178-180. 

15. Є. �. �0;V=V=, �. �. �>;єA=V:, .. �. �>;єA=V:, .. .. �>7;>2 #@8=F8?8 

48=0<VG=>3> 30AV==O <5E0=VG=8E :>;820=P. Х  V:A4DB8A4 A4G>B6B-F9IAVKA4 

>BAH9D9AJVO «�D4@4DB6Eь>V K<F4AAO» ; A47B8< 116-W DVKA<JV 6V8 8AO 

A4DB8:9AAO 8B>FBD4 F9IAVKA<I A4G>, CDBH9EBD4, K?9A4->BD9ECBA89AF4 

��%�!І�, 6VJ9CD9;<89AF4 '�%�! �D4@4DB64 �B?B8<@<D4 %46B6<K4 (1906-

1987) 23-24 ?NF. 2023 D., @. �<W6 /  "! '>D4WA<, !4JVBA4?ьA<= GAV69DE<F9F 

5VBD9EGDEV6 V CD<DB8B>BD<EFG64AAO '>D4WA<. �.: �8402=8G89 F5=B@ !'�V# 

':@0W=8, 2023. %. 529-533. 

16. �>;єA=V: .. �., �>7;>2 .. .. �=0;V7 4>A;V465=P I>4> 7=865==O 

2V1@>=020=B065=>ABV >?5@0B>@0 B@0=A?>@B=8E 70A>1V2. ХХІV  V:A4DB8A4 

A4G>B64 >BAH9D9AJVO «!4G>B6B-F9IAVKAV ;4E48< DB;DB5?9AAO, 6<CDB5G64AAO F4 

CDB7AB;G64AAO EV?ьEь>B7BECB84DEь>BW F9IAV>< V F9IAB?B7V=», CD<E6OK9ABW 90-

DVKKN 6V8 8AO A4DB8:9AAO �9BAV84 #B7BDV?B7B, 13 69D9EAO 2024 DB>G, 

'>D!�І#�& V@. �. #B7BDV?B7B; ':@0W=0, �>A;V4=8FP:5, 2024. %. 99-104. 

 



2 

ABSTRACT 

 

Kolesnik Yu.I. Improving the technological performance of a transport unit 

under operating conditions. 3 Qualification scientific work in the form of a 

manuscript. 

Dissertation for the degree of Doctor of Philosophy in the specialty 133 

Industrial Mechanical Engineering (13 Mechanical Engineering) 3 State 

Biotechnological University, Kharkiv, 2025. 

The purpose of the dissertation is to improve the dynamic performance of the 

tractor-transport unit at the stage of reaching technological speed by substantiating 

the rational elastic characteristics of the cab suspension system. 

The object of the research is the process of acceleration of a tractor-transport 

unit, its connection with dynamic and ergonomic indicators. 

The subject of the research is the influence of acceleration dynamics on the 

vertical accelerations of the cab suspension and the operational performance of the 

tractor-transport unit. 

The dissertation work is aimed at solving the scientific and practical problem 

of increasing the technical and operational indicators of a wheeled tractor as part of 

a transport and technological unit by substantiating the acceleration dynamics taking 

into account the angular increment of the latter’s frame. 

In the introduction substantiates the relevance of the dissertation topic, which 

is associated with increasing the efficiency of the functioning of tractor-transport 

units, which are currently the main means of intra-farm transportation. Most of such 

units are based on foreign energy-intensive general-purpose tractors. Their operation 

takes place in difficult dynamic conditions - on uneven roads, variable soils and 

when interacting with trailers, which leads to oscillations and instability of 

movement. Despite the presence of a broad scientific base on the dynamics of 

wheeled vehicles, transient modes, in particular acceleration and braking as part of 

the "tractor-trailer" system, have not been studied sufficiently. Taking into account 

these aspects is extremely important for improving designs and increasing the 
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reliability of units, since even the use of modern suspensions does not eliminate the 

negative impact of hook loads that change the dynamics of the unit, especially in 

transient modes of movement. The connection of the work with scientific topics and 

research areas of the department is indicated. In addition, the applicant’s personal 

contribution to the research is outlined, and information is provided about the testing 

of the results and the publication of the dissertation materials. Information about the 

structure and scope of the dissertation work is also indicated. 

In the first section analyzes the directions of improving the dynamic 

performance of the transport and technological unit when performing a transport 

operation in the production of crop products. The directions and tasks of the research 

are formulated. It is established that all the considered methods of improving the 

vibration characteristics of the cabins do not take into account transient processes 

and, as the analysis of advertising information shows, are designed to increase the 

ergonomics of the tractor only during steady movement. 

The issue of the occurrence of vibrations and the tractor trim during 

acceleration with large hook forces is particularly acute. 

In the second chapter section considers the general case of tractor movement 

in a unit with a trailed machine, the calculation took into account the maximum 

driving moment when starting and the moment of adhesion to the supporting surface. 

As a result of solving the obtained equations on the example of the John Deere 

8310R tractor, it was established that with an increase in the hook load, a significant 

dynamic redistribution of vertical reactions to the tractor wheels occurs, which 

gradually leads to unloading of the tractor’s front axle. An increase in the hook force 

of more than 60 kN leads to the beginning of the loss of longitudinal stability of the 

tractor and the hanging out of the front wheels. 

The theory of the formation of vertical loads has been improved, which has 

made it possible to substantiate a rational interval of the hook load, which ensures 

the preservation of the adhesion of the front axle with the supporting surface and the 

longitudinal stability of the unit. The influence of the hook load on the change in 

vertical reactions on the wheels has been studied, in particular, a critical decrease in 
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the load on the front axle has been revealed, which indicates the threat of loss of 

stability when a certain threshold is exceeded. 

Special attention has been paid to the analysis of the phenomenon of 

insufficient instantaneous engine power in the transitional mode, which causes a 

sharp increase in friction forces, angular deformations and vertical accelerations. In 

particular, it has been established that during acceleration the angle of rotation of the 

tractor relative to the transverse axis increases by 25%, and the vertical acceleration 

exceeds the permissible norms by more than twice. The established patterns of 

changes in vertical loads and hull trim take into account the limit values of the hook 

load, which is a new approach to assessing the acceleration characteristics of the 

unit. 

In the third chapter presents the vibration diagram of a wheeled tractor. 

When forming the equations of motion of systems with a chain structure, the 

d’Alembert principle was used. As a result of the study, a dynamic vibration model 

of the John Deere tractor cab suspension was developed, which takes into account 

the influence of the frame trim during acceleration with a loaded trailer. Based on 

this model, the amplitude-frequency characteristics of the suspension were 

determined, which showed a significant increase in the level of vibration 

accelerations in the cab with the suspension unlocked - up to 0.42 m/s², which 

exceeds the permissible ergonomic limits. This is explained by the effect of 

transmission and repeated growth of vibrations due to the influence of the frame 

trim. At the same time, locking the cab suspension during acceleration of the unit 

allows you to reduce the level of vibration accelerations to 0.12 m/s², which provides 

comfortable conditions for the operator and meets ergonomic standards. The results 

obtained are of practical importance for improving tractor designs and improving 

the quality of their operation. 

In the fourth section, to confirm the obtained theoretical results, experimental 

studies were conducted on the John Deere 8310R tractor as part of a tractor-transport 

unit with an agricultural machine MZHT-16. The results of experimental studies and 

analysis of the recorded vibrations of the tractor floor indicate the occurrence of 
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vertical accelerations during acceleration of the unit with the MZHT-16 machine 

with Nanovit Super mineral fertilizers (density 1.42 kg/m3). Experimental studies 

conducted in field conditions, performed according to the developed methods, 

confirmed the adequacy of the mathematical model of the formation of vertical 

reactions on the tractor wheels and the model of amplitude-frequency oscillations of 

its elements. In particular, it was established that when the cabin suspension is 

unlocked, the level of floor vibration acceleration increases to 0.4330.44 m/s² 

depending on the type of supporting surface, which exceeds the permissible limits. 

At the same time, blocking the suspension during acceleration of the unit allows you 

to effectively reduce vibration acceleration to the level of 0.12 m/s², which is fully 

consistent with the results of analytical modeling. The discrepancies between the 

calculated and experimental data do not exceed 10%, which indicates the high 

accuracy and reliability of the models used. 

As a result of the conducted research, the following scientific results were 

obtained: 

For the first time: 

3 new dependencies of the change in the power indicators of the tractor-transport 

unit during acceleration on the basis of a general-purpose tractor have been determined, 

which allow us to clarify the value of the redistribution of the power load on the axles 

and the angle of the tractor frame deferent depending on the hook load; 

3 dependencies of the change in the amplitude-frequency characteristics of the 

tractor as part of the tractor-transport unit have been established, which allow you to 

justify rational cabin stiffness based on ergonomic indicators. 

improved: 

3 a dynamic model of a tractor-transport unit, which differs from existing ones 

by taking into account the tractor trim and the redistribution of the power load during 

acceleration, which allows you to specify the values of vertical accelerations with 

an error of up to 10%. 

Further development was made: 
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3 theory of tractor acceleration as part of a tractor-transport unit, which takes 

into account the peculiarity of tractor functioning at large hook loads. 

The results of the dissertation work are implemented in the educational 

process of training bachelors and masters in the specialty 133 3 <Industrial 

mechanical engineering= and 208 <Agricultural engineering=. 

 

Keywords: tractor, dynamics, machine-tractor unit, tractor-transport train, 

acceleration, oscillations, operation, wheeled transport vehicle, traction force, 

vibration acceleration, moment, suspension, controllability, stability, cabin, 

measuring system 
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?V428I5==O WE @VG=>3> =0?@0FN20==O B0 7=865==O A>1V20@B>ABV B@0=A?>@B=8E 

@>1VB. #@8G><C 4;O FP>3> є >1’є:B82=V C<>28, ?>2’O70=V 7 A57>==8< E0@0:B5@>< 

28@>1=8FB20 [49]. 

!8=V 2 AV;PAP:><C 3>A?>40@AB2V =0H>W :@0W=8 1;87P:> 15% 2AVE 20=B06V2 

?5@52>78BPAO B@0:B>@=8< B@0=A?>@B><, 2 B>9 G0A O: 28:>@8AB0==O B@0:B>@V2 =0 

B@0=A?>@BV AB0=>28BP 45-50% [49]. 

� 0=0;V7C 28@>1=8G>W 4VO;P=>ABV AV;PAP:>3>A?>40@AP:8E ?V4?@8є<AB2 

<>6=0 4V9B8 28A=>2:C, I> >A=>2=8<8 B@0:B>@0<8, I> 28:>@8AB>2CNBPAO C 

2=CB@VH=P>3>A?>40@AP:8E ?5@52575==OE, є V=>75<=0 B5E=V:0 [50]. "1AO3 

?5@52575=P, I> 74V9A=NєBPAO F8<8 <0@:0<8 B@0:B>@V2, C A5@54=P><C AB0=>28BP 

55% (@8AC=>: 1.1). 

,8@>:5 70AB>AC20==O 7=0E>48BP 28:>@8AB0==O B@0:B>@V2 =0 

B@0=A?>@B=8E@>1>B0E 70 :>@4>=><. &0:, >1’є< ?5@52575=P B@0:B>@=8< 

B@0=A?>@B>< C 45O:8E :@0W=0E �0EV4=>W Є2@>?8, B0:8E O: #>;PI0, +5EVO, 

�>;30@VO, AB0=>28BP 50-60% [40, 49].  

�8A>:>3> @V2=O 4>AO3;> 70AB>AC20==O B@0:B>@=8E B@0=A?>@B=8E 70A>1V2 

C !V<5GG8=V B0 (@0=FVW. !0 WE=N G0AB:C ?@8?040є 75-80% ?5@52575=P 

AV;PAP:>3>A?>40@AP:8E 20=B06V2. &0:>6 7@>AB0є 28:>@8AB0==O B@0:B>@=>3> 

B@0=A?>@BC V 2 %,�. 'G0ABP B@0:B>@V2 C ?5@52575==OE AV;PAP:>3>A?>40@AP:8E 

20=B06V2 BCB AO30є 35% (@8AC=>: 1.2). � �B0;VW >A=>2=8< 
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AV;PAP:>3>A?>40@AP:8< B@0=A?>@B=8< 70A>1>< є B@0:B>@=V ?>BO38 7 >4=8< 01> 

45:V;P:><0 ?@8G5?0<8, 28?CA: O:8E ?>ABV9=> 7@>AB0є [37]. 

#5@A?5:B820 28:>@8AB0==O B@0:B>@=>-B@0=A?>@B=8E ?>W74V2 ?>;O30є C 

71V;PH5==V 5=5@3>=0ABV==O :>;VA=8E B@0:B>@V2. %B2>@5=V, 28?CA:0NBPAO B0 

24>A:>=0;NNBPAO 5=5@3>=0ABV;P=V B@0:B>@8 7 ?>BC6=VABN 4283C=V2 2V4?>2V4=> 

77,2 :�B (105 :.A), 104,4 :�B (142 ;. A), 106,6 :�B (145 ;.A) [51].  

�V41C20єBPAO ?V428I5==O ?>BC6=>ABV V 70:>@4>==8E :>;VA=8E B@0:B>@V2. 

!091V;PHV :><?0=VW %,� 28?CA:0NBP B@0:B>@8 7 ?>BC6=VABN 4283C=V2 4> 500 

:�B V 1V;PH5. &0: DV@<0 Northern Manufacturingco 28@>1;Oє AV<59AB2> 

5=5@3>=0A8G5=8E B@0:B>@V2 Big Bud V7 4283C=0<8 ?>BC6=VABN 265, 294, 330, 

386, 574 :�B. (V@<0 Steiger 28?CA:0є 14 <>45;59 B@0:B>@V2, ?>BC6=VABP 

4283C=V2 C O:8E 7=0E>48BPAO 2 <560E 147-330 :�B. �8?CA:0NBPAO ?’OBP 

AV<59AB2 F8E B@0:B>@V2: B@8 <>45;V V7 ?>BC6=VABN 4283C=V2 147-155 :�B; 42V 

<>45;V ?>BC6=VABN 162 :�B; :V;P:0 <>45;59 7 ?>BC6=VABN 184, 199, 220 :�B; 

G>B8@8 <>45;V 7 ?>BC6=VABN 228, 235, 239, 258 :�B B0 =091V;PHC <>45;P 3 

«Tiger» 7 4283C=>< ?>BC6=VABN 330 :�B. !5 ?>ABC?0NBPAO <VAFO<8 7 28?CA:C 

5=5@3>=0A8G5=8E B@0:B>@V2 B0:V DV@<8 %,�, O: Versátil 7 <>45;O<8 835 (169 

:�B), 855 (184 :�B), 875 (206 :�B), 935 (243 :�B), 950 (256 :�B), John Deer 7 

<>45;O<8 8650 (213 :�B), 8850 (272 :�B) B0 V= [51]. 

 

$8AC=>: 1.1 3 "1’є< 2=CB@VH=P>3>A?>40@AP:8E ?5@52575=P B@0:B>@0<8 
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1 3 !V<5GG8=0; 2 3 #>;PI0; 3 3 +5EVO; 4 3 '3>@I8=0; 5 3 �>;30@VO; 

6 3 %,�; 7 3 (@0=FVO 

$8AC=>: 1.2 3 �0AB>AC20==O B@0:B>@=>3> B@0=A?>@BC 70 :>@4>=>< 

 

$07>< 7 B8<, 28A>:0 5=5@3>=0A8G5=VABP ACG0A=8E B@0:B>@V2 28?@0240=0 

=5>1EV4=VABN A2>єG0A=>3> B0 28A>:>?@>4C:B82=>3> 28:>=0==O >1’є<C 

AV;PAP:>3>A?>40@AP:8E @>1VB, I> 71V;PHCєBPAO, 0;5 =5 ?@872>48BP 4> ACBBє2>3> 

7@>AB0==O 5D5:B82=>ABV B@0=A?>@B=8E >?5@0FV9. ,8@>:> 28:>@8AB>2CNBPAO 2 

AV;PAP:><C 3>A?>40@AB2V =0H>W :@0W=8 5=5@3>=0A8G5=V B@0:B>@8 2 03@530BV 7 

?@8G5?0<8 2#&%-4, 2#&%-6, 1#&%-9, 2#&%-9, $#�-16, $�&-16, O:V 

=54>20=B06CNBP V 4> ?>;>28=8 ?>BC6=>ABV A8;>28E CAB0=>2>: 2=0A;V4>: 

=54>AB0B=P>W 20=B06><VAB:>ABV, >1<565=8E BO3>2>-7GV?=8E B0 H284:VA=8E 

O:>AB59, ?V428I5=>W =5@V2=>ABV >?>@C =0 A2>є ?5@5AC20==O. 

� <5B>N ?V428I5==O ?@>4C:B82=>ABV 2=CB@VH=P>3>A?>40@AP:>3> 

B@0=A?>@BC ?5@5410G0єBPAO @>7@>1:0 =>28E 25;8:>20=B06=8E ?@8G5?V2 V7 

:C7>20<8 <VAB:VABN 20, 35, 45, 75 B0 1V;PH5 :C1VG=8E <5B@V2 [37]. �;O 

?5@52575==O ;53:8E 20=B06V2 265 AB2>@5=> B0 7=0E>4OBP 70AB>AC20==O 

283>B>2;5=V =0 107V �#&%-12 ?@8G5?8 <VAB:VABN 40 <3 V 160 <3, I> 4>72>;ONBP 

70 40=8<8 4>A;V4=>3> 3>A?>40@AB20 70 >48= @59A ?5@52>78B8 3@C1V :>@<8 

<0A>N 10 V 1V;PH5 B>=.  
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�;O ?>:@0I5==O @50;V70FVW ?>BC6=>ABV 4283C=0 5=5@3>=0A8G5=8E 

B@0:B>@V2 G5@57 E>4>2C A8AB5<C @>7@>1;ONBPAO B0 2?@>2046CNBPAO C 

28@>1=8FB2> ?@8G5?8 B0 =0?V2?@8G5?8 ?V428I5=>W 20=B06>?V49><=>ABV, I> 

740B=V 4>20=B06C20B8 254CGV :>;5A0 BO30GV2. �;O :>;VA=8E B@0:B>@V2 B8?C &-

150 @>7@>1;5=V ?@8G5?8 !&%‑5, DL‑#%1020, !&%‑16 20=B06>?V49><=VABN 6,5, 

10 V 16 B>=, "���-9370 7 ?V4:0B=8< 2V7:>< "�&#-9927, 70 @0EC=>: O:>3>  

20=B06>?V49><=VABP B@0:B>@=>3> ?>W740 71V;PH8;0AP 7 21 4> 27,5 B>=, =0 D>=V 

7<5=H5==O =0 15% 28B@0B8 ?0;820 [52-53]. 

�=0E>4OBP 70AB>AC20==O <5E0=VG=V, 3V4@02;VG=V B0 5;5:B@8G=V ?@82>48 

E>4>28E A8AB5< ?@8GV?=>3> A:;04C, :><?;5:BCNBPAO B@0=A?>@B=V ?>W748, 4> 

A:;04C O:8E 2E>4OBP BO30GV 7V 71V;PH5=>N :V;P:VABN 254CG8E 2VA59. 

�;O ?V428I5==O ?@>EV4=>ABV B0 BO3>2>-7GV?=8E 2;0AB82>AB59 

AV;PAP:>3>A?>40@AP:8E B@0:B>@V2, I> 28:>@8AB>2CNBPAO =0 B@0=A?>@B=8E 

@>1>B0E, @>7@>1;5=V H8@>:>?@>DV;P=V B0 0@>G=V H8=8 7 C4>A:>=0;5=8<8 

ґ@C=B>70G5?0<8, @V7=V ?V4A8;N20GV, 742>є=V B0 7B@>є=V :>;5A0, =0?V23CA5=8G=89 

EV4, 70AB>A>2CNBPAO 2AV;O:V A8AB5<8, I> ?5@5@>7?>4V;ONBP 7GV?=C 203C [54]. 

�8?@024>2CNBP A2>є ?@87=0G5==O 4283C=8 ?>ABV9=>W ?>BC6=>ABV, 

5=5@3>0:C<C;OB>@8 B0 ?@8AB@>W, I> 28:>@8AB>2CNBP V=5@FVN <0A, I> 

@CE0NBPAO [55]. 

!0 >A=>2V ?>BC6=8E B@0:B>@V2 AB2>@NNBPAO <>1V;P=V 5=5@35B8G=V 

70A>18, 740B=V @50;V7C20B8 5=5@3VN A8;>2>W CAB0=>2:8 G5@57 <5E0=VG=V, 

3V4@02;VG=V, 5;5:B@8G=V, ?=52<0B8G=V B0 V=HV ?@82>48 [55]. #@>2>4OBPAO 

A?@>18 AB2>@5==O ?@8GV?=>3> A:;04C, I> ?>;53HCє C<>28 @CH0==O 7 <VAFO 

B@0=A?>@B=8E 03@530BV2 ?V428I5=>W 20=B06>?V49><=>ABV [49].  

 

1.2 %B0= ?@>1;5<8, 0=0;V7 V C7030;ь=5==O @57C;ьB0BV2 4>A;V465=ь 
&5E=>;>3VG=V ?@>F5A8 7 >1@>1VB:C AV;PAP:>3>A?>40@AP:8E :C;PBC@ 

=5@>7@82=> ?>2’O70=V 7 B@0=A?>@B=8<8 @>1>B0<8, =0 O:V ?>B@V1=V 7=0G=V 

5=5@35B8G=V B0 B@C4>2V 28B@0B8. %B0B8AB8:0 ?>:07Cє, I> G0AB:0 28B@0B, I> 

?>2’O70=0 7 B@0=A?>@BC20==O< 20=B06V2, AB0=>28BP 1;87P:> 35% 2V4 7030;P=>W 
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AC<8 28B@0B =0 ?@>4C:FVN, 0 ?8B><0 2030 ?5@52575=P B@0:B>@=8< B@0=A?>@B>< 

AB0=>28BP 60% 2V4 7030;P=>3> >1AO3C 2=CB@VH=P>3>A?>40@AP:8E ?5@52575=P C 

AV;PAP:><C 3>A?>40@AB2V [1-5, 13]. 

�D5:B82=VABP 28:>@8AB0==O B@0:B>@V2 =0 B@0=A?>@B=8E @>1>B0E 

287=0G0єBPAO A:;04>< B@0:B>@=>3> ?>W740 (:V;P:VABN ?@8G5?V2, WE B8?>< B0 

7030;P=>N 20=B06>?V49><=VABN), BO3>2>-7GV?=8<8 B0 5=5@35B8G=8<8 

?>:07=8:0<8 B@0:B>@0, <0=52@5=VABN, H284:VABN @CEC, 30;P<V2=8<8 O:>ABO<8 

B@0:B>@=>3> ?>W740, 9>3> ABV9:VABN, :>;820==O<8, @>73V==8<8 B0 

5@3>=><VG=8<8 ?>:07=8:0<8 B>I>. 

�0AB>AC20==O 5=5@3>=0A8G5=8E B@0:B>@V2 4>72>;Oє ?V428I8B8 

5D5:B82=VABP B@0:B>@=8E ?>W74V2 H;OE>< 71V;PH5==O WE=P>W 

20=B06>?V49><=>ABV B0 H284:>ABV @CEC. "4=0:, 70AB>AC20==O 5=5@3>=0A8G5=8E 

B@0:B>@=8E ?>W74V2 AC?@>2>46CєBPAO ?V428I5==O< 48=0<VG=8E =020=B065=P, 

I> ?>3V@HCє 5:A?;C0B0FV9=V ?>:07=8:8. �1V;PH5==O 48=0<VG=8E =020=B065=P 

C B@0:B>@=8E ?>W740E 28:;8:0є 28=8:=5==O ?V428I5=8E :>;820;P=8E ?@>F5AV2 

C A8AB5<V «4>@>30 3 ?@8G5? 3 B@0:B>@ 3 >?5@0B>@», ?>3V@HCє ?;02=VABP E>4C, 

ABV9:VABP B0 30;P<V2=V O:>ABV. 

"A:V;P:8 2 0=0;V7>20=V9 =0C:>2V9 ?@>1;5<V >1’є:B>< 2?;82C 7>2=VH=VE 

A8; є B@0:B>@=89 ?>W74, I> @CE0єBPAO ?> >?>@=V9 ?>25@E=V B>, 7 <5B>N 

A?@>I5==O 0=0;V7C B0 @>7@>1:8 <5B>4V2 >FV=:8 2?;82C >?>@=>W ?>25@E=V =0 

B@0:B>@=89 ?>W74 @>73;O=5<> ?5@52060NGV ?@>F5A8, I> 2V41C20NBPAO 2 

A8AB5<V «4>@>30 3 ?@8G5? 3 B@0:B>@ 3 >?5@0B>@». 

$>73;O4 40=>W 48=0<VG=>W AB@C:BC@8 O: 7030;P=>W A8AB5<8, I> 287=0G0є 2 

>A=>2=><C 7<VAB 2AVєW ?@>1;5<8, B0: V WW ?V4A8AB5< ?>:07Cє, I>, >:@V< 2AP>3> 

V=H>3> 4;O @>72’O70==O 70240==O, 7=865==O 48=0<VG=>3> 2?;82C 7 1>:C 

?@8G5?0 =0 B@0:B>@, =5>1EV4=>:  

1. %B01V;V7C20B8 E0@0:B5@ BO3>2>3> 7CA8;;O. 

2. �<5=H8B8 =5@V2=><V@=VABP 7020=B065==O 4283C=0. 

3. �<5=H8B8 =5@V2=><V@=VABP @>7?>4V;C =>@<0;P=8E @50:FV9 >?>@=>W 

?>25@E=V =0 :>;5A0 B@0:B>@=>3> ?>W740. 
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4. �1V;PH8B8 70?0A ?>?5@5G=>W ABV9:>ABV B@0:B>@=>3> ?>W740. 

5. #>;V?H8B8 @>73V==>-30;P<V2=V 2;0AB82>ABV B@0:B>@=>3> ?>W740. 

6. #>;V?H8B8 5@3>=><VG=V ?>:07=8:8 B@0:B>@=>3> ?>W740. 

7. #>;V?H8B8 B5E=V:>-5:>=><VG=V ?>:07=8:8 B@0:B>@=>3> ?>W740.  

%8AB5<0 «4>@>30 3 ?@8G5? 3 B@0:B>@ 3 >?5@0B>@» =5<0є 6>@AB:8E 

DC=:FV>=0;P=8E 72’O7:V2, >A:V;P:8 ?@>F5A8, O:V 2V41C20NBPAO C A8AB5<V, =>AOBP 

28?04:>289 E0@0:B5@V V 1030B> 2 G><C :>@5;NNBPAO 7>2=VH=V<8 G8==8:0<8 

(2;0AB82VABP 4>@>6=P>3> ?>;>B=0, H284:>ABV 2VB@C, :20;VDV:0FVO >?5@0B>@0 B0 

V=H8E).  

�>4=>G0A ?>HC: <0:A8<0;P=> =01;865=8E 4> @50;P=8E 72’O7:V2 2:@09 

=5>1EV4=89 4;O ?@>2545==O @>7@0EC=:>28E >FV=>: 7 <5B>N 28O2;5==O 

=091V;PH 5D5:B82=8E 70E>4V2, A?@O<>20=8E =0 ?>:@0I5==O 48=0<V:8 

B@0:B>@=>-B@0=A?>@B=>3> ?>W740 2 FV;><C. 

�>A;V465==O<8 C AD5@V A8AB5<8 «4>@>30 3 ?@8GV? 3 B@0:B>@ 3 >?5@0B>@» 

709<0;8AO C @V7=V @>:8 2G5=V ':@0W=8 B0 1030BP>E 70:>@4>==8E :@0W=: Qing Wu

[17, 18], Tao Zhu [19], Li Hongxiao [20], Bureika & Mikaliūnas [21], Hongchao 

Zhao, Zhe Liu [24], Alexander Kobelski, Pavel Osinenko, Stefan Streif [25], 

Masahisa Watanabe, Kenshi Sakai [26]. 

�0157?5G5==O @V2=><V@=>3> BO3>2>3> 7CA8;;O =0 30:C B@0=A?>@B=>3> 

70A>1C є :;NG>28< D0:B>@>< AB01V;P=>ABV 9>3> @CEC, 5D5:B82=>ABV ?5@540GV 

5=5@3VW B0 7=865==O 48=0<VG=>3> =020=B065==O =0 7GV?=V ?@8AB@>W. !0O2=VABP 

A?;5A:V2 BO3>2>3> 7CA8;;O ?@8 C40@0E <V6 7GV?=8<8 <0A0<8 G0AB> ?@872>48BP 

4> 7@>AB0==O =5@V2=><V@=>ABV >?>@C ?5@5AC20==N, I> 2?;820є O: =0 >:@5<V 

2C7;8, B0: V =0 25AP B@0=A?>@B=89 :><?;5:A. 

�VBG87=O=V =0C:>2FV ?@84V;ONBP >A>1;82C C203C 4>A;V465==N BO3>2>3> 

7CA8;;O 2 C<>20E @50;P=>3> 5:A?;C0B0FV9=>3> A5@54>28I0. �>:@5<0 �5154є2 

%.�., �>@>1:> �.�., ,C;O:  .�. C A2>WE ?@0FOE ?@>?>=CNBP <5B>48:C 

28<V@N20==O BO3>2>3> 7CA8;;O 70 4>?><>3>N 5;5:B@>==8E A5=A>@V2. 

�>A;V465==O ?>:070;8, I> ?@8 7<V=V C<>2 @>1>B8 (B8? ґ@C=BC, H284:VABP @CEC) 
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28=8:0NBP :>@>B:>G0A=V V<?C;PA=V =020=B065==O =0 30:C [14, 15]. �>@1C=>2  . 

B0 V=. 74V9A=8;8 <>45;N20==O @>7?>4V;C 7CA8;P C ;>:><>B82=8E A8AB5<0E.  

�> B5?5@VH=P>3> G0AC 1V;PHVABP @V7=8E :;0AV2 B@0:B>@V2 <0NBP 

<>6;82VABP @>72820B8 7=0G=V H284:>ABV, O: C 4>@>6=VE, B0: V 2 ?>;P>28E 

C<>20E. �2V4A8 28=8:0є =030;P=0 =5>1EV4=VABP 4>A;V465==O WE ABV9:>ABV, 

282G5==O O:>W 107CєBPAO =0 >A=>2=8E ?>;>65==OE ABV9:>ABV 02B><>1V;V2 B0 

02B>?>W74V2.  

#>G0B>: 4>A;V465=P ABV9:>ABV B@0:B>@V2 1C;8 ?@>2545=V 2 20-30 @>:0E C 

72’O7:C 7 CA:;04=5==O< WE :>=AB@C:FVW B0 ?>O28 ?@>1;5<8 1VG=>3> 2V42545==O 

H8= =87P:>3> B8A:C ?@8 71V;PH5=8E H284:>ABOE @CEC. 

#>40;PH89 @>728B>: B5>@VW ABV9:>ABV @CEC B@0=A?>@B=8E 70A>1V2 =0 

:>;5A0E 7 5;0AB8G=8<8 H8=0<8 40єBPAO 2 @>1>B0E %0E=> �. #., 

O:89 ?@>0=0;V7C202 ABV9:VABP 02B>?>W74V2 ?V4 G0A 30;P<C20==O, 2@0E>2CNG8 

:>5DVFVє=B8 7G5?;5==O H8=, 1>:>2V A8;8 B0 2?;82 ?>G0B:>2>W H284:>ABV 9 

CE8;C >?>@=>W ?>25@E=V [27]. #>4@830;>  . �. C ?@0FV «!>25 2 B5>@VW 

5:A?;C0B0FV9=8E 2;0AB82>AB59&» @>72820є ?V4E>48 4> ABV9:>ABV B@0=A?>@B=8E 

70A>1V2, 2:;NG0NG8 2 @>7@0EC=>: DV78:>-<5E0=VG=V 2;0AB82>ABV :>;VA=8E 

@CHVW2 B0 ?@C6=8E H8= [28]. %B>F:> �. �. 4>A;V46C202 7030;P=V ?@8=F8?8 

ABV9:>ABV @CEC B0 :5@>20=>ABV <0H8=, 7>:@5<0 ?8B0==O :V=5<0B8G=8E V 

48=0<VG=8E <5E0=V7<V2, 2:;NG=> 7 5D5:B0<8 5;0AB8G=8E H8= [29]. �C7P ".  . 

@>71C4C202 H:>;C ;V=V0@87>20=>W <5E0=V:8 45D>@<>20=8E BV;, I> 2:;NG0є 

B5>@5B8G=V >A=>28 ?>254V=:8 5;0AB8G=8E H8= C 48=0<VFV B@0=A?>@B=8E 70A>1V2 

[30]. &V<>H5=:> %.#. 3 C:@0W=AP:89 <5E0=V: A2VB>2>3> @V2=O, O:89 70:;02 

DC=40<5=B8 B5>@VW <5E0=V:8 :>=B8=CC<C 9 ?@C6=8E :>=B0:BV2, O:V ;560BP 2 

>A=>2V <0B5<0B8G=>3> >?8AC @CEC :>;5A0 7 5;0AB8G=>N H8=>N [31]. 

' @>7@>1:C @>7@0EC=:>28E <5B>4V2 >FV=:8 48=0<VG=>W A8AB5<8 «H8=0 3 

4>@>30 3 :>;VA=0 <0H8=0 3 2>4V9» VAB>B=89 2=5A>: 7@>18;8 2VBG87=O=V 

4>A;V4=8:8 �0@V= ". �.,  0B59G8: �. #., #>;O=AP:89 ". "., �C1V=V= Є. "., 

�>@>1:> �. �., �0940;0 �. "., "AB0H52AP:89 %. %., !0=V2AP:89 %.  ., 

*8<10;VAB0 ". �., �0;V=GC: �. #., �>@>15FP �. .. B0 V=H8E [32-36].  
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#8B0==O< ?>:@0I5==O 48=0<VG=8E O:>AB59 <0H8==>-B@0:B>@=8E 

03@530BV2 ( &�) B0 B@0=A?>@B=8E 70A>1V2 ?@8A2OG5=V @>1>B8 �5154є20 �.&., 

�>6CH:> �.#., �0;V=V=0 Є.�., ,C;O:0  .�., �=B>I5=:>20 $.�., #>4@830;> 

 .�., �>70G5=:> ".�., �0;8G �.�., �CE0@5=:> #.  ., �N@G528< �.  ., 

�40<GC:>< �. �., �V;VG5=:> �. �. B0 V=HV [37-45]. 

�=0;V7 ?@>2545=8E 4>A;V465=P ?>:0702, I> 20=B06>?V49><=VABP B0 

H284:VABP @CEC B@0:B>@=8E ?>W74V2 >1<56CєBPAO =5 ?>BC6=VABN 4283C=0, 0 

=87P:>N ?;02=VABN E>4C, ABV9:VABN B0 30;P<V2=8<8 O:>ABO<8 B@0:B>@=>3> 

?>W740.  

�=0A;V4>: FP>3> 7=86CєBPAO 5D5:B82=VABP 28:>@8AB0==O B@0:B>@=8E 

?>W74V2. �A=Cє ?@>1;5<0 ?V428I5==O 5:A?;C0B0FV9=8E O:>AB59 B@0:B>@=8E 

?>W74V2 70 @0EC=>: ?V428I5==O ?@>4C:B82=>ABV, =04V9=>ABV B0 4>23>2VG=>ABV 

@>1>B8, ?>:@0I5==O BO3>2>-7GV?=8E 2;0AB82>AB59, 30;P<V2=8E O:>AB59 B0 

7=865==O 28B@0B8 ?0;820. 

"4=0: H8@>:> 28:>@8AB>2CNBPAO A?>A>18 ?V428I5==O 48=0<V:8 

B@0:B>@=8E ?>W74V2, B0:V O: <>45;P>20=89 ?@82V4 :5@C20==O #!�&, 

157ABC?V=G0AB8E B@0=A<VAV9, 3V4@>B@0=AD>@<0B>@V2, ?@C6=8E 1C:A8@=8E 

?@8AB@>W2 B0 V=, =5 40NBP 1060=>3> 5D5:BC. 

�8:>@8AB0==O 28I5=02545=8E B0 V=H8E 4>AO3=5=P, I> 7=86CNBP 

H:V4;82V 2?;828 =0 48=0<V:C B@0:B>@=>3> ?>W740, 4>72>;8;8 45B0;P=> 

@>73;O=CB8 AB0= ?@>1;5<8, B0 ?@>25AB8 0=0;V7, C7030;P=8B8 @57C;PB0B8 

4>A;V465=P B0 ?@89=OB8 @VH5==O 2V4?>2V4=> 4> ?>AB02;5=8E B0 70240=P. 

 

1.3 А=0;V7 B0 C7030;ь=5==O @57C;ьB0BV2 4>A;V465=ь 7 282G5==O 
48=0<V:8 B@0:B>@=>-B@0=A?>@B=8E ?>W74V2 

&@0=A?>@B=V @>1>B8 є =570<V==>N G0AB8=>N B5E=>;>3VG=8E ?@>F5AV2 7 

28@>IC20==O AV;PAP:>3>A?>40@AP:8E :C;PBC@. &@0=A?>@B=V 70A>18 C 

AV;PAP:>3>A?>40@AP:><C 28@>1=8FB2V 70 AC:C?=VABN 48=0<VG=8E @568<V2 B0 

C<>2 5:A?;C0B0FVW 2V4=>AOBPAO 4> =091V;PH =0?@C65=8E <0H8= C ?>@V2=O==V 7 

V=H8<8 <>1V;P=8<8 5=5@35B8G=8<8 70A>10<8. �>=8 AE8;P=V 4> V=B5=A82=8E 
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:>;820=P 2V4 =020=B065==O =0 30:C B0 @CEC ?> 1574>@V66N. �E 5:A?;C0B0FVO 

?>2’O70=0 7 25;8:>N :V;P:VABN 2=CB@VH=VE B0 7>2=VH=VE 2?;82V2 =0 >A=>2=V 

DC=:FV>=0;P=V 2C7;8 4283C=0 B0 B@0=A<VAVW, I> B0:>6 =530B82=> 2V41820єBPAO 

=0 C<>20E ?@0FV >?5@0B>@0. &@0:B>@=>-B@0=A?>@B=89 ?>W74 (&&#) C @50;P=8E 

C<>20E 5:A?;C0B0FVW ?@0FNє =0 4>@>30E 7V 7<V==8< @5;PєD><, E28;OAB8< 

?@>DV;5< ?>:@8BBO, =0 ґ@C=B0E 7 =5?>ABV9=>N B25@4VABN B0 2>;>3VABN.  

#@8 @CAV B@0=A?>@B=8E 70A>1V2 O: 2 @568<V @>73>=C, B0: V 2 @568<V @CEC, 

<0є <VAF5 2?;82 ?@8G5?0 =0 BO30G 3 ?@>F5A =0:0BC V 2V4AB020==O ?@8G5?0, O:89 

?@>BV:0є ?>ABV9=> ?@8 WE 5:A?;C0B0FVW. ->1 7=878B8 A8;C C40@V2 <V6 7GV?=8<8 

<0A0<8, >?5@0B>@ 7<CH5=89 7=86C20B8 H284:VABP @CEC, I> C A2>N G5@3C 

?>7=0G0єBPAO =0 ?@>4C:B82=>ABV B0 ?@>EV4=>ABV B@0=A?>@B=>3> 70A>1C. �@V< 

B>3>, =0O2=VABP 7=0G=8E A?;5A:V2 7CA8;;O =0 30:C BO30G0 ?@872>48BP 4> 

7@>AB0==O =5@V2=><V@=>ABV >?>@C ?5@5AC20==O O: >:@5<8E G0AB8=, B0: V 2AP>3> 

B@0=A?>@B=>3> 70A>1C [27].  

#8B0==O E0@0:B5@C 25;8G8=8 BO3>2>3> 7CA8;;O 1C;> @>73;O=CB> 2 @>1>BV 

�>@OG:8=0 �.#. [7], O:89 2AB0=>282 9>3> 7<V==89 E0@0:B5@ B0 70?@>?>=C202 

2@0E>2C20B8 O28I5 =5CAB0;5=>W 25;8G8=8 BO3>2>3> 7CA8;;O ?@8 

:>=AB@CN20==V. 

� @>1>BV [15], 02B>@, @>73;O40NG8 7<V==89 E0@0:B5@ BO3>2>3> 7CA8;;O 2 

02B><>1V;P=8E ?>W740E, AB25@46Cє, I> ?@8 =52<V;><C :5@C20==V 01> ?@8 @>1>BV 

C 206:8E 4>@>6=VE C<>20E 28=8:0NBP 7=0G=V 7<V==V =020=B065==O, I> 

2?;820NBP =0 7=>A 7GV?=8E ?@8AB@>W2 02B><>1V;O B0 ?@8G5?0. ' ?>40;PH8E 

@>1>B0E [26, 45, 47], 02B>@8, ґ@C=BCNG8AP =0 25;8:><C 5:A?5@8<5=B0;P=><C 

<0B5@V0;V 4>A;V465=P :>;820=P 02B><>1V;P=8E ?@8G5?V2, 0 B0:>6 =0 

@57C;PB0B0E 4>A;V465=P 7 DV78G=>N <>45;;N ?@8G5?0, 22060NBP, I> 282G5==O 

:V=5<0B8:8 B0 48=0<V:8 02B>?>W740 =5<>6;825 157 C@0EC20==O 3>@87>=B0;P=8E 

B0 ?>?5@5G=8E :>;820=P ?@8G5?V2 ?@8 ?@O<>;V=V9=><C @CAV. #@8 FP><C B0:>6 

2AB0=>2;5=>, I> F59 2?;82 >1C<>2;5=89 =0O2=VABN C ?@8G5?0 5;0AB8G=8E H8= 

V ?>?5@5G=>3> 707>@C 2 7GV?=><C ?@8AB@>W ?>W740.  
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� @>1>BV [15] 02B>@ @>7:@820є ?@8G8=8 7<V==>3> E0@0:B5@C BO3>2>3> 

7CA8;;O, >A=>2>N O:>3> є 7=0G=V C40@=V =020=B065==O 2 7GV?=><C ?@8AB@>W, I> 

28:;8:0NBPAO :>;820==O<8 3>@87>=B0;P=>W A:;04>2>W 30:>2>3> =020=B065==O, 

45 ?5@5?04 C 45O:8E 28?04:0E AB0=>28BP 45 :!. 

' A2>W9 @>1>BV [20] @>7:@820є ?@8G8=8 B0 E0@0:B5@ =5@V2=><V@=>ABV 

BO3>2>3> 7CA8;;O. &0:>6 FV ?8B0==O @>73;O40;8AO [4, 5]. 

� @>1>B0E [11, 27] 2V47=0G0єBPAO, I> 2 @50;P=8E C<>20E 5:A?;C0B0FVW =0 

B@0:B>@ 4VNBP 7<V==V 25;8G8=8 BO3>2>3> 7CA8;;O, I> <0NBP =5CAB0;5=89 

28?04:>289 E0@0:B5@. &><C ?@8 287=0G5==V 25;8G8= BO3>2>3> 7CA8;;O B@0:B>@0 

=5>1EV4=> 28E>48B8 7 @50;P=8E C<>2 @CEC B0 @>73;O40B8 7<V==C 25;8G8=C 

BO3>2>3> 7CA8;;O O: 28?04:>2C DC=:FVN G0AC, 7040=C 2V4?>2V4=8<8 

AB0B8G=8<8 E0@0:B5@8AB8:0<8, =091V;PH ?>2=8<8 7 O:8E є V=B53@0;P=89 B0 

48D5@5=FV0;P=89 70:>=8 @>7?>4V;C.  

!0 ?V4AB02V B5>@5B8G=8E B0 5:A?5@8<5=B0;P=8E 4>A;V465=P, 2 @>1>BV 

[18], 2AB0=>2;5=> 0=0;VB8G=V B0 3@0DVG=V 70;56=>ABV <V6 >?B8<0;P=8< 

ABC?5=5< =020=B065==O, 5:A?5@8<5=B0;P=>N 28B@0B>N ?0;820 B0 @O4>< V=H8E 

?>:07=8:V2. #@8 FP><C 0=0;V7>< :>5DVFVє=BC 20@V0FVW BO3>2>3> 7CA8;;O 

B@0:B>@V2, I> ?@0FNNBP C @V7=8E @568<0E, 2AB0=>2;5=>, I> 71V;PH5==O 

H284:>ABV A?@8G8=8BP 71V;PH5==O :>5DVFVє=B0 20@V0FVW BO3>2>3> 7CA8;;O, 0 

B0:>6 A0<>3> BO3>2>3> 7CA8;;O. 

� @>1>BV [43, 44] 02B>@8 @>73;O40NBP 7>2=VH=V9 >?V@ O: 28?04:>289 

?@>F5A B0 70AB>A>2CNBP 4> =P>3> AB0B8G=89 <5B>4 4>A;V465==O. �<>2V@=V 

7=0G5==O B0 <56V 7<V=8 =020=B065==O =0 30:C B@0:B>@0 287=0G0NBPAO =0 

?V4AB02V 9<>2V@=VA=8E 7=0G5=P B0 70:>=V2 @>7?>4V;C BO3>28E 7CA8;P. 

�>A;V4=8:8 ?V4B25@46CNBP, I> 0<?;VBC40 BO3>28E 7CA8;P >?8ACєBPAO 

=>@<0;P=8< 70:>=>< @>7?>4V;C. 

!0 ?V4AB02V @>1VB [45, 46], 45 BO3>25 7CA8;;O @>73;O40єBPAO O: AB0FV>=0@=0 

28?04:>20 DC=:FVO B0 >FV=NєBPAO 9<>2V@=VA=8<8 <5B>40<8 <>6=0 22060B8, I> 

BO3>25 7CA8;;O A:;040єBPAO 7 42>E A:;04>28E - ?>ABV9=>W B0 7<V==>W.  
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' @>1>B0E [57-59] ?@54AB02;5=V <5B>48:8 >1@>1:8 5:A?5@8<5=B0;P=8E 

40=8E, ?>1C4>28 :>@5;OFV9=>W DC=:FVW B0 A?5:B@0;P=>W 3CAB8=8 2?;82C 

7>2=VH=VE A8; =0 E0@0:B5@ BO3>2>3> 7CA8;;O. 

�>4=0@ �. Є [60], >?8ACNG8 E0@0:B5@ 7<V==8E BO3>28E 7CA8;P, 

70?@>?>=C202 287=0G0B8 ABC?V=P =5@V2=><V@=>ABV 7CA8;;O 70 =0ABC?=>N 

70;56=VABN: 

,minmax

cpcp P

P

P

PP 
ý


ýô     (1.1) 

45 $m0E 3 <0:A8<0;P=5 7=0G5==O A8;8; Pmin 3 <V=V<0;P=5 7=0G5==O A8;8; Δ$ 3 

0<?;VBC40 :>;820==O 7=0G5=P A8;8. 

&0:8< G8=><, 0=0;V7CNG8 4>A;V465==O 1030BP>E CG5=8E <>6=0 4V9B8 

28A=>2:C, I> 7=0G=V C40@=V =020=B065==O, I> <0NBP 7<V==89 E0@0:B5@, 

?>OA=NNBPAO =5@V2=><V@=VABN @CEC :>;VA=>W B@0=A?>@B=>W <0H8=8, 707>@0<8 

2 7GV?=><C ?@8AB@>W B0 V=H8<8 D0:B>@0<8.  

"4=8< 7 ?>:07=8:V2 4>A:>=0;>ABV B@0:B>@0 є ?;02=VABP E>4C 3 

2;0AB82VABP B@0:B>@0 01> B@0:B>@=>3> 03@530BC 70157?5GC20B8 70E8AB >?5@0B>@0 

B0 5;5<5=BV2 :>=AB@C:FVW B@0:B>@0 2V4 48=0<VG=8E =020=B065=P, I> 28=8:0NBP 

2 @57C;PB0BV 270є<>4VW 7GV?=8E <0A, @CHVO 7 >?>@=>N ?>25@E=5N, B0 2V4 

=5@V2=><V@=>ABV >?>@C <0H8=8, I> 03@530BCєBPAO. �=H8<8 A;>20<8 ?;02=VABP 

E>4C 3 F5 2;0AB82VABP :>;VA=>W B@0=A?>@B=>W <0H8=8, I> 70157?5GCє 70E8AB 

>?5@0B>@0 2V4 :>;820=P, O:V 2?;820NBP C 25@B8:0;P=><C, ?>74>26=P><C V 

?>?5@5G=><C =0?@O<:0E.  

$CE B@0:B>@0 =0 2=CB@VH=P>3>A?>40@AP:8E ?5@52575==OE 20=B06V2 

AC?@>2>46CєBPAO 157?5@5@2=8<8 :>;820==O<8 O: CAVєW <0H8=8 7030;><, B0: V 

>:@5<8E WW 2C7;V2 V 03@530BV2. �>;820==O <0A B@0:B>@0 AC?@>2>46CNBPAO 

?V42545==O< B0 @>7AVN20==O< 5=5@3VW, I> ?>:@820NBPAO 70 @0EC=>: ?>BC6=>ABV 

4283C=0. #@8 FP><C ?>3V@HCNBPAO BO3>2>-5:>=><VG=V ?>:07=8:8 B@0:B>@0, 0 

B0:>6 :5@>20=VABP, ABV9:VABP, =04V9=VABP, ?;02=VABP E>4C B0 C<>28 ?@0FV 

>?5@0B>@0. 
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"A=>2=8<8 465@5;0<8 =87P:>G0AB>B=8E :>;820=P є =5@V2=>ABV, 

=5?>ABV9=0 B25@4VABP B0 2>;>3VABP 4>@>6=P>3> ?>;>B=0. #5@5206=0 G0AB>B0 

:>;820=P A84V==O >?5@0B>@0 7=0E>48BPAO 2 <560E 137 �F. �0=V :>;820==O 

28=8:0NBP C 25@B8:0;P=><C, ?>?5@5G=><C B0 ?>74>26=P><C =0?@O<:0E ?> 

2V4=>H5==N 4> >?5@0B>@0, I> C?@02;Oє B@0:B>@>< [61]. �=0A;V4>: 2?;82C 

FP>3> :>;820==O =0 :>;VA=C B@0=A?>@B=C <0H8=C A?>AB5@V30єBPAO E0@0:B5@ 

=5CAB0;5=>3> BO3>2>3> 7CA8;;O.  

�?5@H5 ?@> ?@>1;5<C =5CAB0;5=>3> E0@0:B5@C BO3>2>3> 7CA8;;O B0 

=5@>7@82=> ?>2’O70=V 7 =8< C<>28 ?@0FV >?5@0B>@0 B0 ?@>4C:B82=VABP 

B@0:B>@=>-B@0=A?>@B=>3> 03@530BC 9H;>AO C @>1>B0E #>3>@V;89 �. �., 

�>2>@CE0 �. %., %:;O@>20 �. �., �>4=0@ �. Є., �0?VF0  . �., �8A;89 �.  ., 

Watanabe K., Sakai S., Filla R., Ericsson A., Palmberg J.-O. B0 V= 2G5=8E [62-65]. 

#8B0==O< ?>;V?H5==O 48=0<VG=8E O:>AB59  &� B0 B@0=A?>@B=8E 

70A>1V2 ?@8A2OG5=V @>1>B8  0<>=B>20 �. �., �>6CH:>, �. #.,  8B@>?0=0 �. 

 ., �5;8:>4=P>3> �.  ., $51@>20 ". .., Bonanno A., Paoluzzi R., Sim K. B., Yoo 

D. Y., Kim S. H., . Hung T. T., Long L. X. B0 V= [66-71]. *8<8 ?@>2V4=8<8 

2G5=8<8 2AB0=>2;5=>, I> 7 48=0<V:>N @CEC BVA=> ?>2’O70=0 B0:0 206;820 

5:A?;C0B0FV9=0 O:VABP B@0=A?>@B=8E 70A>1V2, O: ?;02=VABP E>4C, I> 2?;820є =0 

A0<>?>GCBBO >?5@0B>@0, 715@565==O 20=B06V2, I> ?5@52>7OBPAO, 157?5:C @CEC, 

?@>4C:B82=VABP V 5:>=><VG=VABP @>1>B8, 4>23>2VG=VABP <0H8=8, 0 B0:>6 BO3>2V 

O:>ABV.  

�5@B8:0;P=>-:CB>2V 2 ?>74>26=V9 ?;>I8=V =87P:>G0AB>B=V :>;820==O 

(!+�) >AB>20 B@0:B>@0 7V 7@>AB0NG>N 0<?;VBC4>N A?>AB5@V30NBPAO ?@8 

28:>=0==V B@0=A?>@B=8E @>1VB ?@8 @CAV ?> =5@V2=>ABOE [61, 66], V CB2>@NNBPAO 

=0 @V2=8E 4V;O=:0E 4>@>38, 0 B0:>6 ?@8 @>1>BV 7 1C:AC20==O<. �030;P=8< 4;O 

=0720=8E 284V2 @>1VB &&# є E0@0:B5@ @>728B:C ?@>F5AC: 7@>AB0==O 

25@B8:0;P=8E B0 :CB>28E ?@8A:>@5=P >AB>2C 70 5-10 A5:C=4 4> <56, :>;8 

?>40;PH0 @>1>B0 =5 4>?CAB8<0 G5@57 2V4@82 :>;VA 2V4 >?>@=>W ?>25@E=V V, O: 

=0A;V4>:, @V7:>3> ?>3V@H5==O :5@>20=>ABV B0 BO3>2>-7GV?=8E O:>AB59 B@0:B>@0. 

�5@B8:0;P=V ?@8A:>@5==O >AB>20 ?@8 FP><C 4>AO30NBP 20 </A2 V 1V;PH5. #@8 
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FP><C 2V1@>=020=B065=VABP A84V==O >?5@0B>@0 <8BBє2> ?5@528ICє 3@0=8G=> 

4>?CAB8<V 7=0G5==O. 

!5AB0FV>=0@=VABP @568<V2 @>1>B8 4283C=0 VAB>B=> 2?;820NBP =0 

H284:VABP 7=>HC20==O 9>3> 45B0;59, O:0 7@>AB0є 2 2-6 @07V2 C ?>@V2=O==V 7V 

AB0FV>=0@=8<8 @568<0<8 [35]. �@V< B>3> @V7:V, C 25;8:8E <560E, V G0ABV 

F8:;VG=V 7<V=8 @568<V2 @>1>B8 4875;O 4C65 =530B82=> 2?;820NBP =0 E0@0:B5@ 

?@>BV:0==O ?@>F5AC 2 F8;V=4@0E, DC=:FV>=C20==O 4>?><V6=8E 03@530BV2 V 

<5E0=V7<V2. � @57C;PB0BV ?>3V@HCNBPAO 5D5:B82=V B0 5:>=><VG=V ?>:07=8:8 

@>1>B8 4283C=V2.  

�V4ACB=VABP C=V25@A0;P=>W B5>@VW, I> ?>OA=Nє ACB=VABP ?@>F5AC @>728B:C 

2V1@>=020=B065=>ABV, 28<030є 0=0;V7C, 7VAB02;5==O B0 C7030;P=5==O VA=CNG8E 

3V?>B57 B0 V=D>@<0FVW, =0:>?8G5=>W 2 ?@>F5AV 5:A?;C0B0FVW B0 28?@>1C20=P 

B@0:B>@V2. 

� O:>ABV 465@5;0 2?;82V2 71C@NNG8E :>;820=P 2 B@0=A<VAVW 

@>73;O40NBPAO A8AB5<8 02B><0B8G=>3> @53C;N20==O (%�$) G0AB>B8 >15@B0==O 

:>;V=G0AB>3> 20;C 4875;O, A0< 4875;P, =5@V2=>ABV 4>@>38, :>;820==O BO3>2>3> 

=020=B065==O 01> >AB>2C, :0@40==V ?5@540GV V A?>;CG=V <CDB8 [67] 

�<V=0 BO3>2>3> 7CA8;;O, I> 28:;8:0єBPAO :>;820==O<8 4>B8G=>W A8;8 

BO38 254CG8E :>;VA, <>65 2V4V3@020B8 =5018O:C @>;P C 71C465==V >AB>20 

B@0:B>@0 (F5 2V47=0G0єBPAO 2 @>1>BV [72]). #@8 FP><C @>73;O40єBPAO 

?5@28==VABP :>;820=P 4>B8G=>W A8;8 BO38, 0 =5 BO3>2>3> 7CA8;;O. � @>1>BV 

2:07CєBPAO, I> A0<5 2?;82 :>;820=P B@0=A<VAVW B0 7<V=0 A8;8 BO38 :>;VA 

2V4V3@0NBP >A=>2=C @>;P C 71C465==V :>;820=P >AB>20. 

� @>1>B0E [73 - 75] 707=0G5=>, I> ?@>DV;P =5@V2=>AB59 H;OEC =5 <0є 

?5@H>@O4=>3> 2?;82C 2 @>728B:C 2V1@>=020=B065=>ABV. �V1@>=020=B065=VABP 

B0:>6 A?>AB5@V30єBPAO =0 @V7=8E B8?0E 4>@>6=P>3> ?>;>B=0 B0 <>65 28=8:0B8 

=02VBP =0 @V2=><C 0AD0;PB>20=><C H>A5. "4=0:, <>6=0 ?@8?CAB8B8, I> 

>A=>2=5 7>2=VH=є 465@5;> 2V1@>=020=B065=>ABV, I> =5A5 =091V;PHC 4VN =0 

E>4>2C G0AB8=C B@0:B>@0 3 =5@V2=>ABV 4>@>6=P>3> ?>;>B=0.  
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� @>1>BV [76] 28AC=CB> =0ABC?=C 3V?>B57C @>728B:C 2V1@>=020=B065=>ABV: 

!+� C A8AB5<V ?V4@5A>@N20==O 28:;8:0єBPAO =87P:>G0AB>B=8< @57>=0=A>< 

B@0=A<VAVW, I> @>72820єBPAO ?V4 4VєN @5;0:A0FV9=8E :>;820=P H8=. $57C;PB0B8 

5:A?5@8<5=B0;P=8E 4>A;V465=P [74] ?V4B25@46CNBP WW ;8H5 G0AB:>2>. � @>1>BV 

[77] 707=0G5=>, I> 2V1@>=020=B065=VABP <>65 A?>AB5@V30B8AO V ?@8 @>71V6=>ABV 

?0@FV0;P=8E G0AB>B B@0=A<VAVW B0 2;0A=8E G0AB>B :>;820=P ?V42VA:8. 

#@8G8=8 28=8:=5==O 2V1@>=020=B065=>ABV 45O:8E <>45;59 B@0:B>@V2 

@>73;O=CBV 2 @>1>B0E [78, 79]. Є48=>W 25@AVW, I> ?>OA=Nє AE8;P=VABP 4> 

2V1@>=020=B065=>ABV B@0:B>@V2 =0 @V7=8E 5:A?;C0B0FV9=8E @568<0E, =5 

>1ґ@C=B>20=>. "4=0: :><?;5:A D0:B>@V2, I> 287=0G0NBP <>6;82VABP @>728B:C 

2V1@>=020=B065=>ABV, I> 2:;NG0є 6>@AB:VA=V B0 45<?DCNGV ?>:07=8:8 

?V42VA:8 B0 H8=, 6>@AB:VABP A8;>2>3> ?@82>4C, <0A>2V B0 :><?>=C20;P=V 

?0@0<5B@8 B@0:B>@0, C F8E @>1>B0E 287=0G5=>. � @>1>B0E [80-82] 

@>73;O40єBPAO, 2 O:>ABV <>6;82>W ?@8G8=8 02B>:>;820=P >AB>20 B@0:B>@0, 

@V7=8FO :>5DVFVє=BV2 B5@BO A?>:>N B0 B5@BO :>270==O 2 7>=V ?;O<8 :>=B0:BC 

H8=8 7 ґ@C=B><.  

#>74>26=V A8;8, I> 28=8:0NBP C 7>=V ?;O< :>=B0:BC 254CG8E :>;VA 7 

>?>@=>N >A=>2>N 2?;820NBP =0 ?>74>26=P>-:CB>2V :>;820==O >AB>20 

B@0:B>@0 70 @0EC=>: ?>74>26=VE A8; V=5@FVW, I> 28:;8:0NBPAO =8<8. � @>1>B0E 

[83, 84] B0:>6 >A>1;82> 284V;ONBPAO 25@B8:0;P=V :>;820==O B@0:B>@0, I> 

4>40B:>2> 28=8:0NBP C @07V @>71V6=>ABV F5=B@C <0A >AB>20 7 F5=B@>< 

?@C6=>ABV A8AB5<8. 

� @>1>BV [85] >1ґ@C=B>20=> 270є<>72’O7>: D@8:FV9=8E 02B>:>;820=P 

<><5=BC 2 7>=V ?;O<8 :>=B0:BC 254CG8E :>;VA 7 >?>@=>N ?>25@E=5N B0 

:>;820==O<8 C B@0=A<VAVW. #@8 4>A;V465==V ?;02=>ABV E>4C B@0=A?>@B=8E 

<0H8= =5>1EV4=5 2@0EC20==O ?@C6=8E, ?>3;8=0NG8E B0 73;046C20;P=8E 

2;0AB82>AB59 H8= [86]. �>5DVFVє=B 6>@AB:>ABV H8= 287=0G0єBPAO 4;O 

:>=:@5B=>W :>=AB@C:FVW H8=8, H284:>ABV @CEC B0 E0@0:B5@C =020=B065==O, 

B8A:>< ?>2VB@O 2 =8E. �=0G5==O :>5DVFVє=B0 7G5?;5==O H8=8 7 ґ@C=B>< ?@8 

7=865==V B8A:C 2 H8=0E 7@>AB0є =0 5-25% [87], I> A0<5 ?> A>1V <>65 7<V=8B8 
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<><5=B ?>G0B:C 1C:AC20==O B0 ?5@520=B06C20;P=>3> @CEC 4> 7>=8 25;8:8E 

BO3>28E =020=B065=P. #@8 @>1>BV B@0:B>@0 =0 B@0=A?>@BV 7=865==O B8A:C 2 

H8=0E <>65 ?@8725AB8 4> 25;8:8E 7<V= 48=0<VG=>3> @04VCAC 254CG8E :>;VA ?V4 

G0A @CEC ?> =5@V2=>ABOE 4>@>38 V, >B65, <>65 ?@8725AB8 4> 25;8:8E 

48=0<VG=8E =020=B065=P =0 B@0=A<VAVN B0 4283C= B@0:B>@0. 

�2060NG8 =0 A:;04=VABP 4>A;V465==O A8AB5<8 7 1030BP<0 ABC?5=O<8 

A2>1>48 ?@8 0=0;V7V ?;02=>ABV E>4C B@0:B>@V2 B0 02B><>1V;V2, O: ?@028;>, 

@>73;O40NBPAO ;8H5 420 2848 :>;820=P: 25@B8:0;P=V B0 ?>74>26=P>-:CB>2V. 

 

1.4 А=0;V7 A8AB5< ?V4@5A>@N20==O 5;5<5=BV2 5=5@3>=0A8G5=8E 
B@0:B>@V2 

%8AB5<0 ?V4@5A>@N20==O (01> ?V42VA:0) B@0=A?>@B=>3> 70A>1C 3 F5 

:><?;5:A ?@8AB@>W2, O:V 70157?5GCNBP ?@C6=89 72’O7>: <V6 =5ACG>N 

:>=AB@C:FVєN B0 :>;5A0<8 (01> <>AB0<8) BO3>2>-?@82V4=>W <0H8=8, 

7<5=HCNBP 48=0<VG=V =020=B065==O =0 =5ACGC G0AB8=C B0 :>;5A0, 30A8BP WE 

:>;820==O, 0 B0:>6 @53C;NNBP ?>;>65==O :C7>20 (>AB>2C) ?V4 G0A @CEC. 

)0@0:B5@8AB8:8 ?V42VA:8 70;560BP 2V4 @V7=8E ?0@0<5B@V2 (=5?V4@5A>@5=8E <0A, 

:V=5<0B8:8 ?V42VA:8, 1078 :>;VA, H8@8=8 :>;VW, 6>@AB:>ABV :C7>20) V 270є<>4VW 

>:@5<8E 5;5<5=BV2 (B8?C B0 6>@AB:>ABV ?@C6=8E :><?>=5=BV2, 0<>@B870B>@V2, 

AB01V;V70B>@V2, H0@=V@V2, 2065;V2). 

#@0:B8:0 C B@0:B>@>1C4C20==V A2V4G8BP, I> <0:A8<0;P=V H284:>ABV 

<0965 2AVE <>45;59 B@0:B>@V2 V7 ?>BC6=VABN 4283C=0 2V4 79 4> 300 :.A. 

AB0=>2;OBP 1;87P:> 40 :</3>4, 0 2 >:@5<8E 28?04:0E 2>=8 <>6CBP AO30B8 50 

:</3>4. 

#@8 71V;PH5==V H284:>ABV @CEC <0H8=8, 2?;82 ?@>DV;N 4>@>38 =0 WW 

48=0<VG=V E0@0:B5@8AB8:8 AB0є ?><VB=8<, I> ?@>O2;OєBPAO C 7<V=V ABV9:>ABV 

@CEC, :5@>20=>ABV B0 :><D>@B=>ABV @>1>B8 >?5@0B>@0. �><D>@B 2>4VO, BO3>25 

7CA8;;O, :5@CNGV B0 30;P<V2=V A8;8 3 206;82V ?>:07=8:8 157?5:8 9 :5@>20=>ABV 

B@0:B>@0, O:V 70;560BP 2V4 7G5?;5==O ?5@54=VE :>;VA V7 ґ@C=B><, I>, C A2>N 

G5@3C, 287=0G0єBPAO >?>@=>N @50:FVєN =0 :>;5A0E. �V1@0FVW 2 B@0=A<VAVW 
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<0H8=8 28=8:0NBP G5@57 =5@V2=><V@=VABP >?>@=>W @50:FVW V 7<V= @04VCA0 :>;VA, 

I> ?@872>48BP 4> 7=865==O 4>23>2VG=>ABV WW @>1>B8. 

#V42VA:0 B@0:B>@0 740B=0 7<5=HC20B8 =5@V2=><V@=VABP >?>@=>W @50:FVW V 

70157?5GCє 5:>=><VG=> 283V4=C, 157?5G=C B0 :><D>@B=C 5:A?;C0B0FVN C 2AP><C 

4V0?07>=V H284:>AB59 3 2V4 B5E=>;>3VG=8E 4> B@0=A?>@B=8E. 

�7030;V 4> ?V42VA>: B@0:B>@V2 28AC20NBPAO B0:V >A=>2=V 28<>38: 

?V428I5==O ?;02=>ABV E>4C B@0:B>@0 4;O 70157?5G5==O =5>1EV4=>3> :><D>@BC 

2>4VO; 7<5=H5==O 48=0<VG=8E =020=B065=P =0 :>=AB@C:B82=V 5;5<5=B8 

B@0:B>@0 B0 =02VA=V 7=0@O44O; ?>:@0I5==O ABV9:>ABV @CEC <0H8=8, 70?>1V30==O 

28=8:=5==N A8;P=8E :>;820=P =0 >:@5<8E B8?0E 4>@V3; 70157?5G5==O =04V9=>W 

:5@>20=>ABV B0 5D5:B82=>3> 30;P<C20==O 7024O:8 ?>ABV9=><C :>=B0:BC :>;VA V7 

ґ@C=B><; ?V4B@8<:0 @V2=><V@=>ABV BO3>2>3> 7CA8;;O 70 @0EC=>: ?>ABV9=>3> 

:>=B0:BC :>;VA V7 ?>25@E=5N. 

� ACG0A=8E :>;VA=8E B@0:B>@0E 70AB>A>2CNBPAO B0:V A?>A>18 

?V4@5A>@N20==O: ?V4@5A>@N20==O :01V=8 B0 A84V==O >?5@0B>@0. *59 <5B>4 

5D5:B82=> 7=86Cє 2V1@0FVW =0 @>1>G><C <VAFV 2>4VO, 0;5 =5 30@0=BCє 28:>=0==O 

28<>3 I>4> ABV9:>ABV B0 :5@>20=>ABV <0H8=8; ?V4@5A>@N20==O ?5@54=VE V 

704=VE :>;VA B@0:B>@0. &0:89 20@V0=B 4>72>;Oє 704>2>;P=8B8 2AV 28<>38 4> 

?V42VA:8, ?@>B5 9>3> @V4:> 70AB>A>2CNBP G5@57 A:;04=VABP :>=AB@C:FVW; 

?V4@5A>@N20==O ;8H5 ?5@54=VE :>;VA B@0:B>@0. *59 B8? ?V42VA:8 28:>=Cє 2AV 

28<>38, :@V< 7<5=H5==O 2V1@0FV9 =0 @>1>G><C <VAFV 2>4VO. 

 

1.4.1#V4@5A>@N20==O ?5@54=VE :>;VA B@0:B>@0 
�V;PHVABP ACG0A=8E B@0:B>@V2 V7 A8AB5<0<8 ?V4@5A>@N20==O >A=0I5=V 

A0<5 ?V42VA:0<8 ?5@54=VE :>;VA. 

%5@V9=5 28@>1=8FB2> B@0:B>@V2 V7 ?V4@5A>@N20==O< ?5@54=P>3> <>ABC 

?>G0;>AO 2 1960-E @>:0E. � 70:>@4>==8E <>45;OE G0AB> 28:>@8AB>2C20;8 

?V4@5A>@N20==O ?5@54=P>3> <>ABC 70 4>?><>3>N >4=VєW ?>?5@5G=>W 

=0?V25;V?B8G=>W @5A>@8, 0 B0:>6 ;8AB>28E @5A>@, A2VG:>28E ?@C68==8E @5A>@ 

B>I>. "A=>2=8<8 =54>;V:0<8 707=0G5=8E AE5< ?V4@5A>@N20==O ?5@54=P>3> 
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<>ABC є ;V=V9=0 01> 1;87P:0 4> =5W ?@C6=0 E0@0:B5@8AB8:0, 2V4ACB=VABP 

<>6;82>ABV @53C;N20==O ?@C6=8E V 45<?DCNG8E 2;0AB82>AB59 ?V42VA:8, 0 

B0:>6 =5<>6;82VABP WW 1;>:C20==O. 

%P>3>4=V 2AV ?@>2V4=V A2VB>2V 28@>1=8:8 B@0:B>@V2 (Deere & Co., Fendt, 

New Holland, Case, Deutz-Fahr, Massey Ferguson, Valtra Vaumet, Claas, AGCO, 

McCormick, Hurlimann, SAME, Lamborghini) 70AB>A>2CNBP ?V42VA:8 7 

3V4@>?=52<0B8G=8<8 01> ?=52<0B8G=8<8 5;5<5=B0<8. 

�>=8 <>6CBP 1CB8 :5@>20=8<8 G8 1;>:>20=8<8 9 70157?5GCNBP 

02B><0B8G=5 CB@8<0==O 7040=>W 28A>B8 >AB>20 =570;56=> 2V4 =020=B065==O =0 

?5@54=N 2VAP. 

%5@54 B8?>28E AE5< 3 206V;P=0 ?V42VA:0 ?5@54=VE :>;VA (ILS™), O:C 

28?CA:0NBP Deere & Co. B0 Carraro (@8AC=>: 1.1). 

ILS™ 3 F5 =570;56=0 ?V42VA:0 7 ?0@0;5;>3@0<=>N 35><5B@VєN, I> 

70157?5GCє 25@B8:0;P=89 @CE ?5@54=VE :>;VA >:@5<> >4=5 2V4 >4=>3>, 7 

?>ABV9=8< 7G5?;5==O< V7 ґ@C=B><. 

�V4@>?=52<0B8G=V ?@C6=V 5;5<5=B8 7 ?@>B8B8A:>< 2AB0=>2;NNBP <V6 

@0<>N B0 =86=V<8 2065;O<8. 

 

$8AC=>: 1.1 3 !570;56=0 ?0@0;5;>3@0<=0 ?V42VA:0 B@0:B>@V2 John Deere 

ILS™ (Independent Link Suspension) 
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#0@0;5;>3@0<=0 A8AB5<0 =0?@O<=8E <0є 2V4=>A=> ?@>ABC :V=5<0B8:C, 

>4=0: WW 70AB>AC20==O 7<CHCє 28@>1=8:V2 2V4<>2;OB8AO 2V4 FV;P=>W 10;:8 

?5@54=P>3> <>AB0, CA:;04=N20B8 A8AB5<C ?5@540GV BO3>2>3> 7CA8;;O 4> :>;VA V 

V=B53@C20B8 4> ?V42VA:8 7=0G=C :V;P:VABP A8;P=> =020=B065=8E H0@=V@V2. 

 

 

  0)        1) 

$8AC=>: 1.2 3 #V42VA:0 B@0:B>@0 John Deere: 

0 3 ?5@54=O 2VAP TLS II; 1 3 F8;V=4@8 ?>42V9=>W 4VW 

 

TLS II (Triple Link Suspension II) 4 F5 24>A:>=0;5=0 A8AB5<0 ?5@54=P>W 

=570;56=>W ?V42VA:8, O:0 2AB0=>2;NєBPAO =0 B@0:B>@0E John Deere (?5@5206=> 

A5@V9 6R V 7R). �>=0 70157?5GCє ?>:@0I5=C BO3C, :><D>@B B0 AB01V;P=VABP 

<0H8=8 ?V4 G0A @>1>B8 2 ?>;V 9 =0 4>@>30E. 

#0A82=0 3V4@>?=52<0B8G=0 A8AB5<0 ?V42VA:8 ?@54AB02;5=0 

B@8206V;P=>N :>=AB@C:FVєN (TLS), O:0 ?V4:;NG0єBPAO 4> 3V4@>A8AB5<8 70 

4>?><>3>N 42>E 3V4@>F8;V=4@V2 ?>42V9=>W 4VW 7 AC<0@=8< E>4>< 100 <<. 

�V;PHVABP 28@>1=8:V2 B@0:B>@V2, @>7@>1;ONG8 ?V42VA:C ?5@54=P>3> 

<>ABC, ?@84V;ONBP 7=0G=C C203C A8AB5<0< ?V4@5A>@N20==O 7 FV;VA=>N 10;:>N: 

#V86VE>4 ; CBC9D9KABN D94>F<6ABN FO7BN 28@>1;OєBPAO :><?0=VO<8 Deere and 

Co., New Holland, Zahnradfabric.  5E0=V7< ?V4@5A>@N20;P=>W A8AB5<8, 

7>1@065=89 =0 @8AC=:C 1.3, 2:;NG0є ?5@54=V9 <VAB B@0:B>@0, ?>74>26=V9 

206V;P ?V42VA:8, ?0@C @5A>@ V ?>?5@5G=C BO3C. 
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$8AC=>: 1.3 3 %E5<0 ?V42VA:8 ?5@54=P>3> <>AB0 7 ?>?5@5G=>N BO3>N 

 

#>74>26=V9 206V;P, 70:@V?;5=89 =0 >AB>2V <0H8=8, ?5@540є BO3>25 

7CA8;;O 2V4 :>;VA =0 >AB>2 2 ?>74>26=P><C =0?@O<:C. ,0@=V@, I> 7’є4=Cє 

?>74>26=V9 206V;P 7 >AB>2><, 4>72>;Oє 2065;N ?>25@B0B8AO 2V4=>A=> B>G:8 

:@V?;5==O C 25@B8:0;P=V9 ?;>I8=V. #>?5@5G=0 BO30 @CE><> 7’є4=Cє <VAB 

B@0:B>@0 7 9>3> >AB>2><, >1<56CNG8 ?5@5<VI5==O <>AB0 2 ?>?5@5G=><C 

=0?@O<:C. �2V @5A>@8 A?@89<0NBP 25@B8:0;P=V =020=B065==O, I> 4VNBP <V6 

>AB>2>< <0H8=8 V <>AB><. �> ?;NAV2 A8AB5<8 ?V4@5A>@N20==O 7 ?>?5@5G=>N 

BO3>N 2V4=>A8BPAO ?@>AB>B0 :>=AB@C:B82=>W AE5<8, 0 B0:>6 B5, I> H0@=V@ 

?>74>26=P>3> 2065;O =5 =020=B06CєBPAO <><5=B0<8 2V4 1VG=8E A8; =0 

?5@54=VE :>;5A0E. !54>;V:0<8 FVєW AE5<8 є A:;04=0 :V=5<0B8:0 H0@=V@V2. 

%I9@4, 6 O>V= DGI C9D98AьB7B @BEF4 6<;A4K4єFьEO KBF<D<?4A>B6<@ 

@9I4AV;@B@, 28:>@8AB>2CєBPAO 2 A8AB5<0E ?V4@5A>@N20==O 28@>1=8FB20 

Carraro. #5@54=V9 <VAB 70 4>?><>3>N G>B8@8;0=:>2>3> 206V;P=>3> <5E0=V7<C V 

@5A>@8 :@V?8BPAO 4> >AB>20 <0H8=8 (@8AC=>: 1.4). 
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$8AC=>: 1.4 3 #V42VA:8 ?5@54=P>3> <>AB0 7 G>B8@8;0=:>28< <5E0=V7<>< 

:><?0=VW Fendt 

 

!570;56=0 3V4@>?=52<0B8G=0 ?V42VA:0 :>;VA (@8AC=>: 1.5) 28:>=0=0 C 

283;O4V 742>є=8E ?>?5@5G=8E 2065;V2, =0 O:8E >:@5<> ?V42VH5=5 :>6=5 :>;5A>, 

I> 70157?5GCє =09:@0I5 7G5?;5==O 7 ґ@C=B>< ?@8 <V=V<0;P=V9 4>:;045=V9 

?>BC6=>ABV. *5 70?>1V30є 25@B8:0;P=8< :>;820==O< :>;5A0 ?@8 4>:;040==V 

7=0G=>3> BO3>2>3> 7CA8;;O. #>2=VABN 02B><0B8G=89 <5E0=V7< 28@V2=N20==O 

30@0=BCє >4=0:>289 EV4 ?V42VA:8 7 >1>E AB>@V= ?@8 =020=B065==V =0 ?5@54=V9 
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B@0:B>@0, 03@530B>20=>W =02VA=>W <0H8=8, >?5@0B>@0, ?0;820, >E>;>46C20;P=>W 

@V48=8, <0AB8;P=8E <0B5@V0;V2 B>I>, <>6CBP 1CB8 70<V=5=V WE @V2=>4VNG>W G, 

?@8:;045=>N 2 F5=B@V <0A 03@530BC. "A:V;P:8 ?@8G5? <0є >?>@=V :>;5A0, B> 

9>3> 2030 A?@89<0єBPAO =8<8, 0 =0 B@0:B>@ 4Vє @V2=>4VNG0 G, @V2=0 9>3> 

5:A?;C0B0FV9=V9 207V V ?@8:;045=0 2 F5=B@V <0A B@0:B>@0. 

$>7:;045<> @V2=>4VNGC A8;C G =0 A:;04>2C Gsinα, I> 4Vє ?0@0;5;P=> 

?>25@E=V, V A:;04>2C Gcosα, I> 4Vє 70 =>@<0;;N 4> A8;8 G. 

%<?< F4 @B@9AF< VA9DJVW 47D974FG. #@8 7030;P=><C 48=0<VG=><C 

4>A;V465==V A8;8 V=5@FVW >:@5<8E G0AB8= 03@530BC, I> 28=8:0NBP ?@8 

?@O<>;V=V9=>-?>ABC?0;P=><C =5CAB0;5=><C @CAV, <>6CBP 1CB8 70<V=5=V WE 

@V2=>4VNG>N VAF , I> ?@8:;045=0 2 F5=B@V <0A 03@530BC: 

8 8
VA

dv G dv
F ma m

dt g dt
ý ý ý  , 

45 G
m

g
ý  3 <0A0 03@530BC; 8dv

a
dt

ý   ?@8A:>@5==O (C?>2V;P=5==O) 03@530BC ?@8 

?@O<>;V=V9=>-?>ABC?0;P=><C @CAV (7=0: <V=CA 2V4?>2V40є ?@8A:>@5=><C @CEC, 

0 7=0: ?;NA 3 C?>2V;P=5=><C) g 3 ?@8A:>@5==O 2V;P=>3> ?04V==O. 

$V2=>4V9=0 VAF  A?@O<>20=0 ?0@0;5;P=> >?>@=V9 ?>25@E=V C 1V:, 72>@>B=89 

?@8A:>@5=><C @CEC (C?>2V;P=5=><C). !0?@O<>: A8;8 VAF  (@8AC=>: 2.1) 

2V4?>2V40є ?@8A:>@5=><C @CEC B@0:B>@0 ?5@54=V< E>4><. 

!0 B@0:B>@ B0:>6 4VNBP <><5=B8 A8; V=5@FVW 45B0;59 B@0:B>@0, I> 

>15@B0NBPAO, V 03@530BC 2 FV;><C. *V <><5=B8 4VNBP C 42>E 270є<=> 

?5@?5=48:C;O@=8E ?;>I8=0E.  >6=0 ?@8?CAB8B8, I> 45B0;V 4283C=0, O:V 

>15@B0NBPAO (?@8 ?>74>26=P><C @>7B0HC20==V), A8;>2>W ?5@540GV V ?@82>4C 

03@530B>20=>W <0H8=8, @>7B0H>20=V =0 ?>74>26=VE 20;0E, 0 B0:>6 <0A8 

4283C=0, I> @CE0NBPAO 72>@>B=>-?>ABC?0;P=>, AB2>@NNBP <><5=B8 4>B8G=8E 
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A8; V=5@FVW, I> 4VNBP 2 ?>?5@5G=V9 ?;>I8=V. �>;5A0 B@0:B>@0 V ?@8G5?C, 0 

B0:>6 45B0;V ?@82>4C 4> =8E, I> 2AB0=>2;5=V =0 ?>?5@5G=8E 20;0E, AB2>@NNBP 

<><5=B8 4>B8G=8E A8; V=5@FVW, I> 4VNBP 2 ?>74>26=V9 ?;>I8=V. 

#@8 @>1>BV B@0:B>@0 <><5=B8 A8; V=5@FVW >15@B>28E V @CE><8E 

?>2>@>B=>-?>ABC?0;P=> <0A 4283C=0 V 03@530BC ?5@V>48G=> 7<V=NєBPAO. 

!0O2=VABP F8E <><5=BV2, I> ?5@V>48G=> 7<V=NNBPAO, 28:;8:0є 2V1@0FVN 

>AB>20 (@0<8) B@0:B>@0. �V=5B8G=0 5=5@3VO F8E <0A B0:>6 ?5@V>48G=> 

7<V=NєBPAO, 0;5 A5@54=є 70 ?5@V>4 7=0G5==O :V=5B8G=>W 5=5@3VW ?@8 @568<V, I> 

2AB0=>282AO, 70;8H0єBPAO ?>ABV9=8<. 

#@8 =5CAB0;5=><C @CAV 03@530BC 28=8:0є 4>40B:>289 <><5=B 4>B8G=8E 

A8; V=5@FVW >15@B>28E V @CE><8E ?>2>@>B=>-?>ABC?0;P=8E G0AB8= 4283C=0, 

45B0;59 A8;>2>W ?5@540GV B0 03@530BC, 2AB0=>2;5=8E =0 ?>74>26=VE 20;0E. *59 

<><5=B 4>@V2=Nє 4>1CB:C <><5=BC V=5@FVW '

x
J  707=0G5=8E G0AB8= 03@530BC, 

?@82545=8E 4> :>;V=G0AB>3> 20;C, =0 A5@54=є 70 ?5@V>4 :CB>25 ?@8A:>@5==O 

(C?>2V;P=5==O) :>;V=G0AB>3> 20;C. 

#@82545==O 2AVE 707=0G5=8E <0A 4> :>;V=G0AB>3> 20;C 4283C=0 

?@>2048<> =0 ?V4AB02V @V2=>ABV :V=5B8G=>W 5=5@3VW ?@82545=>W <0A8 AC<V 

:V=5B8G=>W 5=5@3VW 45B0;59 A8;>2>W ?5@540GV, I> >15@B0NBPAO =0 ?>74>26=VE 

20;0E, V ?@82>4C 03@530B>20=>W <0H8=8: 
2

' 2

2

r r
x 8

J
J

 ýõ  

45 '

x
J  3 ?@82545=89 <><5=B V=5@FVW <0A 45B0;59 A8;>2>W ?5@540GV, I> 

>15@B0NBPAO, 2AB0=>2;5=8E =0 ?>74>26=VE 20;0E V ?@82545=8E 4> :>;V=G0AB>3> 

20;C 4283C=0; 8  3 :CB>20 H284:VABP :>;V=G0AB>3> 20;C; r
J  3 <><5=B V=5@FVW 

<0A8 1C4P-O:>W 45B0;V, I> >15@B0єBPAO, :V=5<0B8G=> ?>2’O70=>W 7 :>;V=G0AB8< 

20;><; r
  3 :CB>20 H284:VABP 707=0G5=>W 45B0;V, 

B>4V 
2

'

2

r
x

8

J J



ýõ , 



47 

>A:V;P:8 /8 r ri  ý , 45 r
i  3 ?5@54020;P=5 G8A;>. 

#>7=0G8<> <><5=B V=5@FVW >15@B>28E V @CE><8E ?>2>@>B=>-?>ABC?0;P=> 

<0A (C B><C G8A;V V 45B0;59 <CDB8 7G5?;5==O, 2AB0=>2;5=8E =0 <0E>28:C) 

4283C=0 G5@57 8J . 

&>4V AC<0@=89 <><5=B V=5@FVW <0A, 2AB0=>2;5=8E =0 ?>74>26=VE 20;0E V 

?@82545=8E 4> :>;V=G0AB>3> 20;C 4283C=0, <0B8<5 283;O4: 
' '

4 I 8J J Jý   

�8=8:0NGV ?@8 =5CAB0;5=><C @CAV 03@530BC <><5=B8 4>B8G=8E A8; 

V=5@FVW, I> 4VNBP 2 ?>74>26=V9 ?;>I8=V, ?@82>4OBPAO 70728G09, 4> 42>E 

<><5=BV2: 1VAM  3 AC<0@=><C <><5=BC 4>B8G=8E A8; V=5@FVW 254CG8E :>;VA V 

:V=5<0B8G=> ?>2’O70=8E 7 =8<8 45B0;59 A8;>2>W ?5@540GV B@0:B>@0, I> 

>15@B0NBPAO =0 ?>?5@5G=8E 20;0E V >?>@=8E :>;VA; 2VAM  3 <><5=BC, I> 

AB>ACєBPAO A8; V=5@FVW 2545=8E :>;VA. 

&O7B6<= BCVD @4L<A<, MB 47D974FGєFьEO. &O3>289 >?V@ <0H8=8, I> 

03@530BCєBPAO, 2 7030;P=><C 28?04:C <>6=0 ?@54AB028B8 5:2V20;5=B=>N 

A8AB5<>N A8; V <><5=BV2, I> A:;040єBPAO 7 @V2=>4VNG>W V A8; >?>@C :>G5==N 

>?>@=8E :>;VA, 0 B0:>6 <><5=BV2, I> 4VNBP 2 B@P>E, 270є<=> ?5@?5=48:C;O@=8E 

?;>I8=0E. 

�;O A?@>I5==O 0=0;V7C 48=0<V:8 :>;VA=>3> B@0:B>@0 ?@8?CAB8<>, I> 

BO3>289 >?V@ <0H8=8, I> 03@530BCєBPAO, ?@54AB02;5=> @V2=>4VNG>W &F , 

@>7B0H>20=>W 2 ?>74>26=V9 ?;>I8=V ?V4 :CB>< ³ 4> ?>25@E=V H;OEC. 

#5@5=5A5<> @V2=>4VNGC BO3>2>3> >?>@C 2 B>G:C ?5@5B8=C WW 7 ?;>I8=>N, 

=>@<0;P=>N 4> ?>25@E=V H;OEC, I> ?@>2545=0 G5@57 35><5B@8G=C 2VAP 254CG8E 

:>;VA V @>7:;045<> WW =0 A:;04>2V: kp
F  3 ?0@0;5;P=C ?>25@E=V H;OEC (@8AC=>: 

2.1), V kp
F tg÷  3 =>@<0;P=C 4> =5W. 

&>G:C ?5@5B8=C =0?@O<:C @V2=>4VNG>3> BO3>2>3> >?>@C 7 =>@<0;;N 4> 

H;OEC =07820NBP C<>2=>N B>G:>N ?@8G5?0. 



48 

"CVD CB6VFDO. "?V@ ?>2VB@O CB6F  A:;040єBPAO 7 ;>1>2>3> >?>@C ?>B>:C 

?>2VB@O, I> AB8A:0єBPAO @CE><8< 03@530B><, >?>@C, AB2>@N20=>3> 

7028E@5==O< ?>2VB@O =02:>;> 03@530BC, I> @CE0єBPAO, V >?>@C 3@0=8G=><C 

B5@BN ?>2VB@O >1 ?>25@E=N 03@530BC. 

"?V@ ?>2VB@O 
2

CB6 6 8F k Avý  

45 6k  3 ?@82545=89 :>5DVFVє=B >?>@C ?>2VB@O (:>5DVFVє=B >1BVG=>ABV), 
2 4

/H c @ ; � 3 ?;>I0 ;>1>2>W ?>25@E=V 03@530BC, B>1B> ?@>5:FVO :>=BC@C 

<0H8=8 =0 ?;>I8=C, ?5@?5=48:C;O@=C 4> ?>25@E=V @CEC, <2; 8v  3 H284:VABP 

@CEC, < / A. 

�>5DVFVє=B >?>@C ?>2VB@O 3 F5 >?V@ ?>2VB@O=>3> A5@54>28I0, I> 

?@8?040є =0 1 <2 ;>1>2>W ?>25@E=V BV;0 40=>W D>@<8, I> @CE0єBPAO 7V 

H284:VABN 1 </A. 

#@8 H284:>ABOE @CEC 4> 15 :</3>4 >?V@ ?>2VB@O =57=0G=89, V =8< <>6=0 

7=5EBC20B8. "4=0: ?@8 B@0=A?>@B=8E @>1>B0E, :>;8 H284:VABP @CEC C ACG0A=8E 

:>;VA=8E B@0:B>@V2 4>AO30є 35 :</3>4, F59 >?V@ <0965 4>@V2=Nє BO3>2><C 

>?>@C ?@8G5?V2 V 9>3> A;V4 2@0E>2C20B8. 

#;>IC ;>1>2>3> >?>@C B@0:B>@0 <>6=0 C ?5@H><C =01;865==V 

287=0G8B8 70 D>@<C;>N 

A BHý  

45 � 3 H8@8=0 :>;VW B@0:B>@0; ! 3 28A>B0 B@0:B>@0. 

#@8G5?8 B0:>6 28:;8:0NBP 71V;PH5==O >?>@C ?>2VB@O. "@Vє=B>2=> 

?@89<0NBP, I> 7 B@0:B>@=8E ?>W74V2 :>65= ?@8GV? 71V;PHCє :>5DVFVє=B >?>@C 

?>2VB@O =0 20 3 30 % ?@>B8 >48=>G=>3> B@0:B>@0. 

�=0G5==O :>5DVFVє=B0 6k  >?>@C ?>2VB@O :>;820NBPAO C ?52=8E <560E, 0;5 

C ?5@H><C =01;865==V 9>3> <>6=0 ?@89=OB8 B0: A0<>, O: 9 C 20=B06=8E 

02B><>1V;V2, B>1B> 0,530,8. 

$V2=>4VNG0 CB6F  5;5<5=B0@=0 A8;0 >?>@C ?>2VB@O ?@8:;045=0 2 B0: 

720=><C «F5=B@V ?0@CA=>ABV» 03@530BC, ?>;>65==O O:>3> <>65 1CB8 
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2AB0=>2;5=> ;8H5 5:A?5@8<5=B0;P=>. #@8 >@Vє=B>2=8E @>7@0EC=:0E 

22060NBP, I> F5=B@ ?0@CA=>ABV @>7B0H>20=89 =0 >4=V9 28A>BV 7 F5=B@>< <0A. 

$94>JVO ґDGAFG A4 DGLV=. #@8 =5CAB0;5=><C @CAV A8;0 >?>@C :>G5==N 

2545=8E :>;VA A?@O<>20=0 ?0@0;5;P=> >?>@=V9 ?>25@E=V V ?@8:;045=0 =0 

2V4AB0=V 8r  2V4 35><5B@8G=>W >AV :>;5A0: 

 
1 1

1 1

1 1 1

ECD VA VA

8 8 8

M  c  
X Y

r r r


ý ý    (2.1) 

$50:FVO ґ@C=BC =0 =0?@O<=V :>;5A0 1
Y  A?@O<>20=0 ?> =>@<0;V 4> >?>@=>W 

?>25@E=V =0 2V4AB0=V 1
c  2V4 ?;>I8=8, ?@>2545=>W G5@57 35><5B@8G=C 2VAP 

:>;5A0.  

$CHV9=0 A8;0 01> @50:FVO ґ@C=BC 2
X , A?@O<>20=0 ?0@0;5;P=> >?>@=V9 

?>25@E=V V ?@8:;045=0 =0 2V4AB0=V 2
c  2V4 35><5B@8G=>W >AV 254CG8E :>;VA, 

 
2 22 2

2 2

2 2 2

ECD VAVA
k k

8 8 8

  c  
X F Y F

r r r


ý   ý   (2.2) 

$50:FVO ґ@C=BC 2
X  702648 V є @CHV9=>N A8;>N, I> 28:;8:0є 

?5@5<VI5==O B@0:B>@=>3> 03@530BC. 

$50:FVO ґ@C=BC =0 254CGV :>;5A0 2
Y  A?@O<>20=0 ?> =>@<0;V 4> >?>@=>W 

?>25@E=V =0 2V4AB0=V 2
c  2V4 ?;>I8=8, ?@>2545=>W G5@57 35><5B@8G=C 2VAP 

254CG8E :>;VA =>@<0;P=> 4> 707=0G5=>W ?>25@E=V.  

&O7B6<= 54?4AE. %:;045<> @V2=O==O ?@>5:FV9 A8; =0 2VAP X ( @8AC=>: 2.1): 

1 2
sin 0

kp VA CB6X X X F G F Fñý      ýõ  

"B@8<0=89 28@07 є BO3>28< 10;0=A>< B@0:B>@0. 

#V4AB0282H8 2 F59 28@07 70<VABP A8; 1
X  B0 2

X  WE 7=0G5==O 7 @V2=O=P (2.1) 

B0 (2.2) V 74V9A=82H8 2V4?>2V4=V ?5@5B2>@5==O, >B@8<0є<> @V2=O==O BO3>2>3> 

10;0=AC =5CAB0;5=>3> @CEC B@0:B>@0 

1 2 1 2

1 2

1 2 1 2

sin VA VA
> >p CB6 VA

8 8 8 8

c c M M
F F G F Y Y F

r r r r
ñ

ö ö
ý       ÷ ÷

ø ø
 



50 

�8@07, I> AB>WBP C 4C6:0E, <>6=0 C<>2=> @>73;O40B8 O: A8;C >?>@C 

:>G5==N 254CG8E B0 2545=8E :>;VA 2=0A;V4>: 45D>@<0FVW ґ@C=BC B0 H8=8. 

#>7=0G8<> F59 28@07 G5@57 ECDF . 

$V2=O==O BO3>2>3> 10;0=AC C 48D5@5=FV9=V9 D>@<V <0є 283;O4 

1 1 2 2

1 2

sin 8
k kp CB6 ECD

8 8

G dv J d J d
F F G F F

g dt r dt r dt

 ñý           

�V4?>2V4=> 4> @V2=O==O BO3>2>3> 10;0=AC, 4>B8G=0 A8;0 BO38 2 

@>73;O=CB><C 28?04:C =5CAB0;5=>3> @CEC 03@530BC =0 ?V49>< є AC<0@=>N 

A8;>N, I> A:;040єBPAO 7 =0ABC?=8E A8;: 

1) A:;04>2>W BO3>2>3> >?>@C, I> 4Vє ?0@0;5;P=> ?>25@E=V :>;VW; 

2) A:;04>2>W 2038 03@530BC (5:A?;C0B0FV9=>W 2038), I> 4Vє ?0@0;5;P=> 

?>25@E=V H;OEC; 

3) >?>@C ?>2VB@O; 

4) >?>@C :>G5==N 2=0A;V4>: 45D>@<0FVW ґ@C=BC B0 H8=; 

5) A8;8 V=5@FVW 03@530BC ?@8 ?5@5=>A=><C ?>ABC?0;P=><C @CAV; 

6) 4>B8G=>W A8;8 V=5@FVW ?@8 2V4=>A=><C >15@B0==V 254CG8E V 2545=8E 

:>;VA V :V=5<0B8G=> ?>2’O70=8E 7 =8<8 45B0;59 A8;>2>W ?5@540GV.  

�;O 287=0G5==O AC<0@=>W A8;8 >?>@C :>G5==N B@0:B>@0 <>6=0 

A:>@8AB0B8AO D>@<C;0<8, 282545=8<8 4;O :>G5==O 5;0AB8G=8E 2545=8E V 

254CG8E :>;VA ?> @V7=8E ?>25@E=OE. ' FP><C 28?04:C =5>1EV4=> 7=0B8 WE 

=>@<0;P=V @50:FVW, 4;O 287=0G5==O O:8E A:;045<> @V2=O==O <><5=BV2 CAVE A8;, 

I> 4VNBP =0 B@0:B>@ (@8AC=>: 2.1) 2V4=>A=> B>G>: 01 V 02: 

01 2 2 1 1

1 2

02 2 2 1 1 1

1 2

( ) ( sin ) ( )cos

( ) 0

cos ( sin )

0

VA CB6

kp kp VA VA

VA CB6 kp kp

VA VA

M Y L c Y c G F F h G L l

F h Ltg M M

M Gl G F F h F h Y c Y L Y c

M M

ñ ñ

÷

ñ ñ

ý         

    ý

ý         

  ý

õ

õ
 

 ><5=B>< @50:FVW ґ@C=BC 1 2
X Y  =0 2545=V :>;5A0 =5EBCє<> G5@57 9>3> 

<0;5 7=0G5==O. 
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�0<V=NNG8 4>1CB:8 
1 1

Y c  B0 
2 2

Y c  2V4?>2V4=8<8 <><5=B0<8 >?>@C :>G5==N 

1BCDM  B0 
2BCDM  254CG8E B0 2545=8E :>;VA, >B@8<Cє<> =0ABC?=V D>@<C;8 4;O 

287=0G5==O @50:FVW ґ@C=BC =0 :>;5A0: 

1 2 1 2

1

cos ( sin )VA CB6 kp kp ECD ECD VA VAGl G F F h F h M M M M
Y

L

ñ ñ       
ý

 (2.3) 

 
1 2 1 2

2

( )cos ( sin )VA CB6 kp kp ECD ECD VA VAG L l G F F h F h M M M M
Y

L

ñ ñ        
ý  (2.4) 

#@8 @>1>BV B@0:B>@0 =0 3>@87>=B0;P=V9 4V;O=FV 4>@>38  

( 0; ; 0; 0CB6v const Fñ ÷ý ý  ý ) �0AB>AC20==O D>@<C; (2.3) B0 (2.4) 40є =0ABC?=V 

@57C;PB0B8: 

 

1 2

1

kp kp ECD ECDGl F h M M
Y

L

  
ý

  (2.5) 

 

1 2

2

( ) ( )
kp kp ECD ECDG L l F h Lt M M

Y
L

÷    
ý

  (2.6) 

$>73;O40NG8 ?>G0B>: @CEC, :>;8 B@0:B>@ AB>WBP =5@CE><>, ?@8@V2=Oє<> 

<><5=B8 >?>@C :>G5==N B0 BO3>2V >?>@8 =C;N, B0 >B@8<0є<> D>@<C;8 4;O 

287=0G5==O @50:FV9 ґ@C=BC =0 ?5@54=V V 704=V :>;5A0: 

 
1

Gl
Y

L
ý   (2.7) 

 
2

( )G L l
Y

L


ý   (2.8) 

 

2.2 �?;82 @>73>=C B@0:B>@=>-B@0=A?>@B=>3> ?>W740 =0 25;8G8=C 
A8;8 >?>@C @CEC ?@8G5?0 

"A=>2>N 4;O 28:>=0==O ?>AB02;5=8E 70240=P C B@0=A?>@B=8E ?@>F5A0E 

є 70157?5G5==O AB0;>3> @CEC B@0:B>@0 B0 ?@8G5?0, B>1B> ?5@5<VI5==O 

B@0=A?>@B=8E 70A>1V2 7 ?>ABV9=>N H284:VABN C ?52=><C @568<V @CEC (@8AC=>: 

2.2, 0) 
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$8AC=>: 2.2 3 )0@0:B5@ @CEC &&# 

 

#@>B5, ?V4 G0A 5:A?;C0B0FVW A?>AB5@V30єBPAO =5ABV9:89 ?@>F5A @CEC 

B@0=A?>@B=8E 70A>1V2. *5 AB2>@Nє 71C@NNG89 2?;82 =0 B@0:B>@ 7 1>:C 

?@8G5?0, V 9><C ?5@V>48G=> 4>2>48BPAO 28B@0G0B8 5=5@3VN 4;O 30AV==O V=5@FVW 

?@8G5?0, I> 28=8:0є 2 @57C;PB0BV :>;820=P. #@8G><C A8;0 V=5@FVW ?@8G5?0 $V є 

A:;04>2>N 3>@87>=B0;P=>N A8;>N $ 2V4=>A=> B@0:B>@0 V ?>7=0G0єBPAO =0 

?@>F5A @CEC &&# >4=0:>2> =530B82=> =570;56=> 2V4 WW A?@O<>20=>ABV. � FP><C 

<>6=0 ?5@5:>=0B8AO, @>73;O40NG8 E0@0:B5@ 270є<>4VW B@0=A?>@B=>3> 03@530BC 

7 >?>@=>N ?>25@E=5N 2 ?;>I8=V :>=B0:BC 5;0AB8G=>3> :>;5A0, I> є @CHVє< 

B@0=A?>@B=>3> 03@530BC, V B25@4>N >?>@>N ?>25@E=V. �VO 3>@87>=B0;P=>W A8;8 

$ ?@8G5?0 =0 BO30G ?5@540єBPAO =0 2VAP :>;5A0 V 28:;8:0є A?>G0B:C ?>ABC?0;P=5 

?5@5<VI5==O >1>40 :>;5A0 ?> 2V4=>H5==N 4> >?>@=>W ?>25@E=V, I> 

?@872>48BP, 70 @0EC=>: 45D>@<0FVW 3C<8, 4> 7<VI5==O ?@>5:FVW � 2VAV :>;5A0 =0 

>?>@=C ?;>I8=C 2V4 F5=B@C � :>=B0:BC (@8AC=>: 2.3, 0). 
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0)      1) 

$8AC=>: 2.3 3 %E5<8 4> 0=0;V7C :>G5==O :>;5A0 7 5;0AB8G=>N H8=>N 

 

�<VI5==O m 70;568BP 2V4 ?@C6=8E 2;0AB82>AB59 H8=8 V <>65 <0B8 O: 

?>78B82=89, B0: V =530B82=89 7=0: 2 70;56=>ABV 2V4 =0?@O<:C 4VW 

3>@87>=B0;P=>W A8;8 $.  

�>;8 :>;5A> ?V4 2?;82>< A8;8 $ <>65 :>B8B8AO ?> >?>@=V9 ?>25@E=V, 

A8<5B@VO >?>@8 5;5<5=B0@=8E @50:FV9 ?>@CHCєBPAO, @57C;PBCNG0 @50:FVO Q 

=0E8;OєBPAO V 7<VICєBPAO 2?5@54 =0 25;8G8=C n 2V4 F5=B@C :>=B0:BC (@8AC=>: 

2.3, 1). &0:8< G8=><, 25@B8:0;P=0 A:;04>20 R @57C;PBCNG>W @50:FVW 28O28BPAO 

28=5A5=>N 2?5@54 2V4 B>G:8 � ?@>5:FVW >AV =0 25;8G8=C 0;351@0WG=>W AC<8 

7AC2V2 n V m. 

(V78G=89 A5=A 7AC2C n @50:FVW R V ?>@CH5==O A8<5B@VW 5?N@8 

5;5<5=B0@=8E A8; ?>;O30є 2 B><C, I> 2 ?5@54=V9 G0AB8=V H8=8, I> 2ABC?0є 2 

:>=B0:B 7 >?>@=>N ?>25@E=5N, =0:>?8GCNBPAO 45D>@<0FVW AB8A=5==O, 0 2 

704=V9 G0AB8=V 45D>@<0FVW @>7BO3C20==O, V :>6=0 4V;O=:0 H8=8 2V4GC20є 

1030B>@07>289 ?@>F5A ?>?5@5<V==>3> =020=B065==O B0 @>720=B065==O. 

�=0A;V4>: O28I0 3VAB5@57C <0B5@V0;C H8=8 ?@>F5A 1030B>@07>2>W WW 45D>@<0FVW 

?@>BV:0є 7 =572>@>B=8<8 2B@0B0<8 5=5@3VW, O:V 7C<>2;NNBP >?V@ :>G5==N 

5;0AB8G=>3> :>;5A0 [45]. 

%C<0@=89 2?;82 V=5@FV9=8E A8; ?@8G5?0 70 G0A 4>@V2=Nє: 
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 ,n
n n

G
P a

g
ý    (2.9) 

45 n
G  3 2030 ?@8G5?0; g 3 2V4=>A=5 ?@8A:>@5==O 2V;P=>3> ?04V==O; 4n 3 

?@8A:>@5==O ?@8G5?0.  

�<?C;PA V=5@FV9=8E A8; ?V4 G0A =0?V2?5@V>4C, B>1B> 

ð

 t0 , AB0=>28BP 

   

ø ù

/
/ /

0 0

0

cos

2
1 1

n n n
< n n n

n n
n

G G G
J a dt V A t V

g g g

G G A
A V A V

g g

ð 
ð  ð  

 

ý  ý ý  ý

  
ý      ýù ùû û


 (2.10) 

&0:8E =0?V2?5@V>4V2 70 G0A & 1C45 
ð
T

 , >B65, 70 G0A & V<?C;PA A8;8 A:;045 

 
2

2
,n

<
G A T

J
g


ð

   
ý 


 (2.11) 

45 � 3 0<?;VBC40 :>;820==O;   3 G0AB>B0 :>;820==O. 

�0C2068<>, I> E>G0 D0:B8G=> :>;820==O ?V4?>@O4:>2CNBPAO 

A:;04=VH8< 70:>=0<, ?@>B5 2>=8 ?5@V>48G=V V E0@0:B5@>< 4C65 1;87P:V 4> 

A8=CA>W40;P=>3> 70:>=C (@8AC=>: 2.4), I> ?>G8=0NG8 7 <><5=BC @>73>=C 

03@530BC, CB2>@NNG8 70BCE0NG89 ?@>F5A. 

 

$8AC=>: 2.4 3 )0@0:B5@ 7<V=8 =020=B065==O C BO3>2>-7GV?=><C ?@8AB@>W &&# 

2 CAB0;5=><C @568<V @CEC (A8=CA>W40;P=89 70:>= 7<V=8 F�$) 
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2.3 �030;ь=5 @V2=O==O =5CAB0;5=>3> @CEC B@0:B>@0 C A:;04V 
B@0:B>@=>-B@0=A?>@B=>3> 03@530BC 

$>7C<=89 281V@ AC:C?=>ABV ?@8?CI5=P 265 =0 ?>G0B:C @>7@0EC=:C 

287=0G0є G0A V :>HB8, O:V =5>1EV4=> 28B@0B8B8 =0 @>72’O7>: >B@8<0=>W A8AB5<8 

@V2=O=P. !572060NG8 =0 B5, I> 4>A;V4=8: 2 40=89 G0A, O: ?@028;>, <>65 

A:>@8AB0B8AO ?5@A>=0;P=8< :><?’NB5@><, =09G0ABVH5 28O2;OєBPAO 

=5@0FV>=0;P=8< 7;>26820B8 =04<V@=>N 45B0;V70FVєN @>7@0EC=:>2>W AE5<8. 

 

$8AC=>: 2.5 3 $>7@0EC=:>20 AE5<0 :>;VA=>3> B@0:B>@0 V7 H0@=V@=>N 

@0<>N 

 

*5 ?>2’O70=> =5 B0: 7 B8<, I> >B@8<0=0 A8AB5<0 =5 <>65 1CB8 @>72’O70=0 

70 4>?><>3>N :><?’NB5@0, O: 7 B@C4=>I0<8 =0;03>465==O @>72’O7:C B0 

V=B5@?@5B0FVW @57C;PB0BV2. &><C 4>FV;P=> =0 ?>G0B:C @>7@0EC=:C <0:A8<0;P=> 

A?@>AB8B8 @>7@0EC=:>2C AE5<C, 22>4OG8 CB>G=5==O 2V4?>2V4=> 4> :V=F528E 

?>AB02;5=8E 70240=P. 

�25@=5<>AO 4> @>7@0EC=:>2>W AE5<8 B@0:B>@0 (@8AC=>: 2.5). %E5<0 є 

A8AB5<>N 42>E BV; 1 V 2, ?>2’O70=8E H0@=V@>< 7 42><0 ABC?5=O<8 A2>1>48. 

$>73;O=5<> =5CAB0;5=89 @CE B@0:B>@0 ?>25@E=5N 4>2V;P=>3> <V:@> ?@>DV;N, 
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I> =5 <0є A?CA:V2 V ?V49><V2. �2060B8<5<>, I> 2 B@0:B>@V 2V4ACB=V 5;5<5=B8 

?V4@5A>@N20==O. �;O 70?8AC @V2=O=P @CEC ?@89<5<> B0:V ?@8?CI5==O: 

1) :>=AB@C:FVW ?5@54=P>W B0 704=P>W G0AB8= B@0:B>@0 O2;ONBP A>1>N 

B25@4V BV;0 V 25AP B@0:B>@ A8<5B@8G=89 2V4=>A=> ?>74>26=P>W ?;>I8=8; 

2) є48=8<8 ?@C6=8<8 5;5<5=B0<8 2 A8AB5<V є H8=8 B0 <5E0=V7< A8AB5<8 

A:;040==O. ,8=8 E0@0:B5@87CNBPAO 2 1VG=><C =0?@O<:C ?0@0<5B@0<8 k V ¸ V 

<0NBP @04V0;P=C 6>@AB:VABP E1, <5E0=V7< A:;040==O E0@0:B5@87CєBPAO :>;>2>N 

?@82545=>N 6>@AB:VABN E3. %?>AV1 70240==O 1VG=8E @50:FV9 =0 :>;5AV 

>13>2>@N20B8<5BPAO I>@07C 70;56=> 2V4 ?>AB0=>2:8 70240==O; 

3) <5E0=V7< @C;P>2>3> :5@C20==O 70DV:A>20=89 C ?>;>65==V, I> 

2V4?>2V40є ?@O<>;V=V9=><C @CEC <0H8=8; 

4) @>73;O40NBPAO ;8H5 <0;V 7<V=8 :CBV2 I>4> ?@89=OB>3> ?>G0B:>2>3> 

?>;>65==O @V2=>2038. &0:5 >1<565==O 4>1@5 2V4>1@060є C<>28 ?5@5AC20==O 

<0H8=8 4>@>30<8 <0;>W :@8287=8; 

5) 2AV 5;5<5=B8 A8AB5<8 <0NBP ;V=V9=V E0@0:B5@8AB8:8, B>1B> ACE5 B5@BO 

B0 707>@8 2V4ACB=V, :>;5A0 74V9A=NNBP 1572V4@82=89 @CE, 6>@AB:>ABV ;V=V9=V. 

!0 5B0?V 282545==O @V2=O=P 48A8?0B82=V 2B@0B8 C A8AB5<V 4> C2038 =5 15@CBPAO. 

!0 ?@89=OBV9 @>7@0EC=:>2V9 AE5<V (@8AC=>: 2.5) m1 B0 m2 3 <0A8 

?5@54=P>W B0 704=P>W =0?V2@0< B@0:B>@0, 7>A5@5465=V C 2V4?>2V4=8E B>G:0E 

F5=B@V2 BO6V==O; Jx, Jy, Jz B0 Jxy, Jyz, Jzx 3 >AP>2V B0 2V4F5=B@>2V <><5=B8 V=5@FVW.  

�2545<> =5@CE><C A8AB5<C :>>@48=0B "Х'Z. #>G0B>: 2V4;V:C 

AC<VI5=89 V7 H0@=V@><. �VAV Х V Z =0?@028<> C ?;>I8=V A8<5B@VW <0H8=8 C 

=0?@O<:C >A59 42>ABC?5=52>3> H0@=V@0. 

�;O 287=0G5==O ?>;>65==O BV; 1 V 2 2 =5@CE><V9 A8AB5<V :>>@48=0B 

22545<> A8AB5<8 72’O70=8E :>>@48=0B B1I1G1z1 B0 o1x2y2z2. ' ?>G0B:>2><C 

?>;>65==V 72’O70=V B0 =5@CE><C >AV AC<VI5=V. �V4=>A=C >@Vє=B0FVN 72’O70=8E 

B0 =5@CE><>W >A59 287=0G8<> :CB>28<8 :>>@48=0B0<8 ?>?5@5G=>3> :@5=C 3 ´1 

B0 ´2; ?>74>26=P>3> :@5=C 3 ³1 V ³2; @8A:0==O - α1 V α2. 

'<>20 H0@=V@C 2V4?>2V40є A?V22V4=>H5==O< 
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1 2 1 2

1 2 1 2

;
.

;

x x y y

z z ò ò
ý ý ü

ýý ý þ
 (2.12) 

%8AB5<0 >?8ACєBPAO 2VAP<><0 =570;56=8<8 :>>@48=0B0<8 I1, y1, z1, ³1, α1, 

α2, ´1, ´2. &0:8< G8=><, <8 <0є<> A8AB5<C 7 2VAP<><0 ABC?5=O<8 A2>1>48. 

$V2=O==O @CEC HC:0B8<5<> C D>@<V @V2=O=P �03@0=60:  

 ,
i

i i i

d 8T 8T 8#
Q

dt 8q 8q 8q
ö ö

  ý÷ ÷
ø ø

 (2.13) 

45 & 3 :V=5B8G=0 5=5@3VO A8AB5<8; i
q 3 C7030;P=5=0 :>>@48=0B0; # 3 ?>B5=FV9=0 

5=5@3VO A8AB5<8; i
Q  3 @57C;PBCNG0 C7030;P=5=0 A8;0. 

�87=0G8<> :V=5B8G=C 5=5@3VN O: AC<C 5=5@3V9 ?>ABC?0;P=>3> B0 

>15@B0;P=>3> @CEV2 BV; 1 V 2: 

 
1 1 2 2

.CBEF 6D CBEF 6DT T & T &ý     (2.14) 

�V=5B8G=0 5=5@3VO >15@B0;P=>3> @CEC BV;0 (=0?@8:;04, BV;0 1) 2V4=>A=> 

F5=B@C BO6V==O 

 ø ù ø ù2 2 2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1
2 ,

2
6D x y z x y y z x z& J J J J J Jñ ò ÷ ñ ò ò ÷ ÷ ñý       (2.15) 

' A8;C A8<5B@VW <0H8=8 28@07 (15) A?@>ICєBPAO, >A:V;P:8 

1 1 1 1
0.

x y y z
J Jý ý  

�;O 70?8AC 5=5@3VW ?>ABC?0;P=>3> @CEC 287=0G8<> ?>?5@54=P> 

?>;>65==O F5=B@V2 2038 BV; 1 V 2 2 ?@89=OBV9 A8AB5<V :>>@48=0B. � 

35><5B@8G=8E <V@:C20=P 28?;820є: 

 

0 0

1 1 1 1 2 1 1 1

0 0

1 1 1 1 1 1 1 2 1 1 1 2 2 2

0 0

1 1 1 2 1 1

;

; .

;

x x a x x b

y y a a h y y b b h

z z a z z b

ò ò

ñ ÷ ñ ÷

üý  ý 
ý    ý    ý


ý  ý  þ

 (2.16) 

&CB 7=0:>< 0 ?>7=0G5=> F5=B@ 2038 BV; 1 V 2. �V=5B8G=0 5=5@3VO 

?>ABC?0;P=>3> @CEC 

ø ù ø ù ø ù ø ù ø ù ø ù2 2 2 2 2 2
0 0 0 0 0 01 2

1 2 1 1 1 2 2 2
.

2 2
CBEF CBEF

m m
T T x y z x y z

ù ù ý     ú úû û
 (2.17) 
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#VA;O ?V4AB0=>2:8 28@07V2 (2.15) - (2.17) C D>@<C;C (2.14) >B@8<0є<> 

?>2=C :V=5B8G=C 5=5@3VN 

ø ù ø ù ø ù
2

2 2 2 2 21 2 1

1 1 1 1 1 1 1 2 1 1 1 2 1

2 2 2 21 2

1 1 1 1 2 1 1 2 1 1 1 2 1 1 1 1 1 1 1 1 1

2 2 2 21 2

2 1 2 2 2 2 2 2 2 1 1 2 2

2 2 2 2

1 1 1 1 2 2 2 2 1

2 2

2 2

2 2

1

2
x z x z y

m m
T x y z x m a m b m a m b

m m
m a y m b y a b m a h m h y

m m
m b h m h y h h

J J J J J

òò

ñ ñ ñ ñ ñ ÷ ÷

ñ ÷ ÷ ÷ ÷

ñ ÷ ñ ÷


ý       

      

    

     ø ù ø ù
1 1 2 2

2

2 1 1 1 2 2
.

y x z x z
J J Jò ÷ ñ ÷ ñù ù  û û

(2.18) 

#>B5=FV9=0 5=5@3VO A8AB5<8 є AC<>N @>1>B8 A8; 2038 B0 5=5@3VW ?@C68= 

E1 V E3. ->1 287=0G8B8 5=5@3VN ?@C68=, 2AB0=>28<> ?>?5@54=P> ?>;>65==O 

B>G>: F5=B@V2 :>;VA C ?@89=OBV9 A8AB5<V :>>@48=0B 2V4?>2V4=> 4> 

@>7@0EC=:>2>W AE5<8. 

#5@5<VI5==O F5=B@C :>6=>3> :>;5A0 A:;040єBPAO 7 25@B8:0;P=>3> 

?5@5<VI5==O 2AVєW <0H8=8, 0 B0:>6 ?>74>26=VE B0 ?>?5@5G=8E ?>2>@>BV2 

2V4?>2V4=8E A5:FV9: 

 

1 1 1 1

2 1 1 2

1 1 1 1

1 1 1 2

2

2
.

2

2

CD

CD

?

?

H
x x a

H
x x b

HI x a

HI x b

ò ÷

ò ÷

ò ÷

ò ÷

üý   

ý  

ý
ý  


ý  
þ

 (2.19) 

BCB V=45:A «CD» 2V4=>A8BPAO 4> ?@028E :>;VA, 0 «?» 3 4> ;V28E. #>7=0G82H8 I(t) 

7 2V4?>2V4=8< V=45:A>< O: 71C@NNG89 2?;82 (7<V=0 <V:@>?@>DV;N ?V4 :>6=8< 

:>;5A><), ?>B5=FV9=C 5=5@3VN ?@54AB028<> 70;56=VABN 284C: 
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ø ù ø ù

ø ù ø ù

ø ù

2 2

1 1

1 1 1 1 1 1 1 1

2 2

1 1

2 1 2 2 2 1 1 2

23

1 1 1 1 2 1 1 1 2

2 2 2 2

2 2 2 2

( ) ( ) .
2

CD ?

CD ?

c H c H# x t x a x t x a

c H c H
x t x b x t x b

c
m g x a m g x b

ò ÷ ò ÷

ò ÷ ò ÷

ò ò ñ ñ

ù ù ù ùý        ú ú ú úû û û û

ù ù ù ù        ú ú ú úû û û û

     

(2.20) 

�V4?>2V4=> 4> D>@<C;8 (2.13) >1G8A;8<> ?>EV4=V 2V4 :V=5B8G=>W B0 

?>B5=FV9=>W 5=5@3VW ?> :>6=V9 :>>@48=0BV. 

#>EV4=V 2V4 :V=5B8G=>W 5=5@3VW: 

 ø ù ø ù1 2 1 1 1 2 1 1

1

;
d 8T

m m x m a m b
dt 8x

ò
ö ö

ý   ÷ ÷
ø ø

 (2.21) 

 ø ù1 2 1 1 1 1 2 1 1 1 1 1 2 2 2

1

;
d 8T

m m y m a m b m h m h
dt 8y

ñ ñ ÷ ÷
ö ö

ý     ÷ ÷
ø ø

 (2.22) 

 ø ù1 2 1

1

;
d 8T

m m z
dt 8z
ö ö

ý ÷ ÷
ø ø

 (2.23) 

 
2 2 2

2

2 1 1 2 2 2 2 2 2 1 2

2

;
x z x

d 8T
m b y m b J J m b

dt 8
ñ ñ ÷ ÷

ñ
ö ö

ý    ÷ ÷
ø ø

 (2.24) 

 
1 1 1

2

2 1 1 1 1 1 1 1 1 1 1 1

1

;
x z x

d 8T
m a y m a J J m a h

dt 8
ñ ñ ÷ ÷

ñ
ö ö

ý     ÷ ÷
ø ø

 (2.25) 

 ø ù ø ù
1 2

2 2

1 1 2 1 1 1 1 2 1 1

1

;
y y

d 8T
m a m b x J J m a m b

dt 8
ò

ò
ö ö

ý     ÷ ÷
ø ø

 (2.26) 

 
1 1 1

2

1 1 1 1 1 1 1 1 1 1 1 1

1

;
z z x

d 8T
m a h m h y m h J J

dt 8
ñ ÷ ÷ ñ

÷
ö ö

ý    ÷ ÷
ø ø

 (2.27) 

 
2 2 2

2

2 1 2 2 2 2 1 2 2 2 2 2

2

;
z z x

d 8T
m b h m h y m h J J

dt 8
ñ ÷ ÷ ñ

÷
ö ö

ý    ÷ ÷
ø ø

 (2.28) 

#>EV4=V 2V4 ?>B5=FV9=>W 5=5@3VW: 

ø ù ø ù

ø ù ø ù

1 1 1 1 1 1 1 1 1 1

1

1 2 1 1 2 1 2 2 1 2 1 2

2 2

;
2 2

CD ?

CD ?

8# ! !E I t I 4 E I t I 4
8I

! !E I t I b E I t I b m g m g

ò ÷ ò ÷

ò ÷ ò ÷

ù ù ù ùý         ú ú ú úû û û û

ù ù ù ù         ú ú ú úû û û û

 (2.29) 
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1 1

0;
8# 8#
8y 8z

ý ý  (2.30) 

 ø ù3 1 2

1

;
8#

c
8

ñ ñ
ñ

ý   (2.31) 

 ø ù3 1 2

2

;
8#

c
8

ñ ñ
ñ

ý   (2.32) 

ø ù ø ù

ø ù ø ù

1 1 1 1 1 1 1 1 1 1

1

1 2 1 1 2 1 2 1 1 2 1 1 2 1

2 2

;
2 2

CD ?

CD ?

8# ! !E a I t I 4 E 4 I t I 4
8

! !E b I t I b E b I t I b m a g m b g

ò ÷ ò ÷
ò

ò ÷ ò ÷

ù ù ù ùý         ú ú ú úû û û û

ù ù ù ù         ú ú ú úû û û û

(2.33) 

ø ù ø ù1 1 1 1 1 1 1 1 1 1

1

;
2 2 2 2

CD ?
8# H ! H !E I t I 4 E I t I 4
8

ò ÷ ò ÷
÷

ù ù ù ùý       ú ú ú úû û û û
 (2.34) 

ø ù ø ù1 2 1 1 2 1 2 1 1 2

2

.
2 2 2 2

CD ?
8# H ! H !E I t I b E I t I b
8

ò ÷ ò ÷
÷

ù ù ù ùý       ú ú ú úû û û û
 (2.35) 

 

$V2=O==O (2.21) 3 (2.35) 40NBP <>6;82VABP 70?8A0B8 ;V2C G0AB8=C 

HC:0=8E @V2=O=P C D>@<V (2.13). 

�;O 287=0G5==O C7030;P=5=8E A8; Qi @>73;O=5<> 70740;53V4P 28@07, I> 

>?8ACє @>1>BC =5:>=A5@20B82=8E A8; =0 <>6;828E ?5@5<VI5==OE. �> B0:8E 

A8; 2V4=>AOBPAO A8;0 BO38 I =0 :>6=><C :>;V; A8;0 >?>@C @CEC Pf :>;5A0; 

@50:FVO 72’O7:V2 z, ?@8:;045=0 4> :>;5A0 C 1VG=><C =0?@O<:C 2 B>GFV 9>3> 

:>=B0:BC 7 >?>@=>N ?>25@E=5N; #@8@>4C FVєW A8;8 ?>:8 =5 CB>G=Nє<>, B>1B> 

>?5@C20B8<5<> A8;>N z =570;56=> 2V4 B>3>, 7 O:8< ABC?5=5< =01;865==O 2>=0 

>?8A0=0. &>4V 5;5<5=B0@=0 @>1>B0 A8;: 

 

ø ù ø ù ø ù
ø ù ø ù ø ù

ø ù ø ù
ø ù

1 1 2 2 1 1 1 1 2 2 2

1 1 1 1 2 2 1 2 1 1 2 2 1

1 1 2 2 1 1 1 2 2 1

1 1 2 2 1 2

CD ? CD ? CD ? CD ?

CD ? CD ? CD ? CD ?

fCD f? fCD f? CD ? CD ? k

fCD f? fCD f? k kp kp kp

dA x x x x dy z z adc z z bd

x x H d x x H d x x x x dz

P P P P dz x x x x r d

P P P P r d F dz F tg h dx

ñ

÷ ÷

ò

ò ÷

ý          

        

        

        
1
.

iAF dz

 (2.36) 

/:I> 27OB8 4> C2038, I> 
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 .
i

i

8�
Q

8q
ý  (2.37) 

B>, ?V4AB0282H8 28@078 (2.21) 3 (2.35) D>@<C;C (2.13) V 28:>=02H8 

?5@5B2>@5==O, >B@8<0є<> =5>1EV4=C A8AB5<C @V2=O=P. 

#>7=0G8<> @04V0;P=V A8;8 C :>6=><C 7 :>;VA: 

 

ø ù

ø ù

ø ù

ø ù

1 1 1 1 1 1

1 1 1 1 1 1

2 1 2 1 1 2

2 1 2 1 1 2

;
2

;
2

;
2

.
2

CD CD

? ?

CD CD

? ?

!
x E I t I 4

!
x E I t I 4

!
x E I t I b

!
x E I t I b

ò ÷

ò ÷

ò ÷

ò ÷

ù ùý   ú úû û
ù ùý   ú úû û
ù ùý   ú úû û
ù ùý   ú úû û

 (2.38) 

 ><5=B C ?@C6=><C 72’O7:C <5E0=V7<C A:;040==O 

 ø ù3 1 2
.M c ñ ñý   (2.39) 

&5?5@ ?>2=C A8AB5<C @V2=O=P 70?8H5<> O: 28@078 (2.40). 

ø ù
ø ù ø ù ø ù ø ù
ø ù ø ù ø ù

ø ù ø ù ø ù
ø ù

1 2

1 2 1

1 2 1 1 1 2 1 1 1 2

2 2

1 1 2 1 1 1 1 2 1 1

1 1 2 1 1 1 2 2

1 2 1 1 1 1 2 1 2 1 1 1 2 2 2

1

1

f kp VA

kp VA

y y f k

CD ? CD ?

m m z x P F F

m m x m a m b m m g x F tg F

m a m b x J J m a m b x P r

m a m b g x x 4 x x b

m m y m a m b m h m h z

m

ò ÷

ò

ñ ñ ÷ ÷

 ý   

   ý     

     ý  

     

     ý 



õ õ
õ
õ õ

õ
ø ù ø ù ø ù
ø ù ø ù ø ù

ø ù ø ù ø ù ø ù

ø ù ø ù

1 1

2 2

1 1 1

2 2 2

2

1 1 1 1 1 1 1 1 1 1 1 1

2

2 1 1 2 2 2 2 2 1 2 2 2 2

2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2

2 2 1 2 2 2 2 2 2 2

2

x z x CD ?

x z x CD ?

z x z CD ? CD ?

z x z

a y J m a J m a h z z a M

m b y J m b J m b h M z z b

H
m h y J m a h J m h x x H z z

m h y J m b h J m h

ñ ÷

ñ ÷

ñ ÷

ñ ÷

    ý  

     ý  

     ý    

     ø ù ø ù1 1 1 2 2
.

2
CD ? CD ?

H
x x H z zý     (2.40) 

 

->1 7’OAC20B8 AB@C:BC@C 72’O7:V2 C A8AB5<V, @>73;O=5<> >:@5<V 

@>7@0EC=:>2V 28?04:8 @V2=O=P (2.40). �5O:V WE ?@54AB02;ONBP A0<>ABV9=89 

V=B5@5A. 
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�=0;V7 AB@C:BC@8 @V2=O=P ?>:07Cє, I> =5 2AV :>>@48=0B8, I> 287=0G0NBP 

@CE <0H8=8, 270є<>?>2’O70=V. �0 28:>=0==O 45O:8E C<>2 A8AB5<0 (2.40) 

@>7?040єBPAO =0 G>B8@8 =570;56=V ?V4A8AB5<8. *5 4C65 A?@>ICє 4>A;V465==O, 

4>72>;ONG8 284V;8B8 >:@5<V @>7@0EC=:>2V 28?04:8. $>73;O=5<> WE. 

#5@H89 >:@5<89 28?04>: 2V4?>2V40є ?5@H><C @V2=O==N A8AB5<8. �V= 

287=0G0є ?@O<>;V=V9=89 =5CAB0;5=89 ?>ABC?0;P=89 @CE <0H8=8 V є >A=>2=8< 

4;O @>7@0EC=:C BO3>2>-48=0<VG=8E 2;0AB82>AB59 <0H8=8. 

�@C389 >:@5<89 28?04>: 28E>48BP V7 @V2=O==O (2.40), O:I> ?@8 z = const 

?>:;0AB8 @V2=8<8 =C;N 7=0G5==O 2AVE 7<V==8E, :@V< I1 V ³1. &0:8< G8=><, 

>45@6Cє<> @V2=O==O 25@B8:0;P=8E ?>?5@5G=8E :>;820=P <0H8=8. 

/:I> ?5@59B8, O: F5 ?@89=OB> 2 B5>@VW 02B><>1V;O [25], 4> :>>@48=0B x01 

V x02 3 25@B8:0;P=8E ?5@5<VI5=P B>G>: ?5@54=P>W V 704=P>W >A59, B> 22V2H8 2 

@V2=O==O, I> 70;8H8;8AO, 70<V=C 

 01 02

1 01 02 1
; .

b a x x
x x x

a b a b a b
ò 

ý  ý
  

 (2,41) 

?VA;O ?5@5B2>@5=P <0B8<5<>: 

ø ù ø ù ø ù ø ù
ø ùø ù

ø ù ø ù

ø ù ø ù ø ù
1 2

1 2

1 2 1 1 2 1 01 1 2 1 1 2 1 02

1 01 02

2 2

1 1 2 1 1 1 2 1 01 1 1 2 1

2 2 2 2

1 1 2 1 02 1 01 1 02

2 0;

2 2 0.

y y

y y

m m b m a m b x m m a m a m b x

c a b x x

m a m b J J m a m b x m a m b a

J J m a m b x c ab a x c ab b x

ü       ù ù ù ùû û û û 
   ý 

ýù ù       ùûû û 
ù        ý û þ

(2.42) 

/:I> ?><=>68B8 ?5@H5 @V2=O==O A8AB5<8 (2.42) =0 «b» V A:;0AB8 9>3> 7 

4@C38<, 4 ?>BV< ?><=>68B8 ?5@H5 @V2=O==O =0 «a» V 2V4=OB8 2V4 =P>3> 4@C35 

@V2=O==O, B> >B@8<0є<> 

 
1 01 1 01 3 02

2 02 1 02 3 01

2 0;

2 0,

M x c x M x

M x c x M x

  ý ü
ý  ý þ

 (2.43) 

45 

ø ù ø ù
ø ù

1 2

2 2

1 1 2 1

1 2
;

y y
m a b m b b J J

M
a b

    
ý


 



63 

ø ù ø ù
ø ù

1 2

2 2

1 1 2 1

2 2
;

y y
m a a m a b J J

M
a b

    
ý


 

ø ùø ù ø ùø ù
ø ù

1 21 1 1 2 1 1

31 2
;

y y
m a a a b m b b b a J J

M
a b

      
ý


 

' D>@<C;0E (2.43), I> >?8ACNBP 2;0A=V :>;820==O <0H8=8, 28@078 4;O 

 1 V  2 287=0G0NBP <0A8, I> ?@82545=V 4> >A59 <0H8=8, :>5DVFVє=B  3 3 

72’O7>: (270є<>2?;82) :>;820=P ?5@54=P>W B0 704=P>W >A59. �84=>, I> ?@8 

 ø ùø ù ø ùø ù
1 2 1 1 1 2 1 1y y

J J m a a a b m b b b a ý       (2.44) 

 3 4>@V2=Nє =C;N, I> >7=0G0є, I> ?5@54=O B0 704=O G0AB8=8 <0H8=8 

:>;820NBPAO =570;56=>. 

$0=VH5 =0 5B0?V 282545==O @V2=O=P @CEC ?5@5410G0;>AO, I> 2 A8AB5<V 

2V4ACB=V 48A8?0B82=V 2B@0B8, I> =5 2V4?>2V40є 4V9A=>ABV. "4=0: C =0H><C 

28?04:C ;53:> 2@0EC20B8 48A8?0B82=V G;5=8, >A:V;P:8 5;5<5=B8 45<?DC20==O 

2:;NG0NBPAO 2 @>7@0EC=:>2C AE5<C 702648 >4=>G0A=> V ?0@0;5;P=> 7 

?@C6=8<8 5;5<5=B0<8. *5 >7=0G0є, I> 2 @V2=O==OE 48A8?0B82=V A8;8, I> 

70;560BP 2V4 H284:>ABV @CEC, <>6CBP 1CB8 22545=V 2 :V=F52V @V2=O==O O: 45O:V 

G;5=8, ?@>?>@FV9=V H284:>ABV 7 B8<8 A0<8<8 :>5DVFVє=B0<8, I> V A8;8, O:V 

2V4?>2V40NBP ?@C6=8< 5;5<5=B0<. 

&0:8< G8=><, O:I> 225AB8 :>5DVFVє=B 45<?DC20==O 2 H8=0E ϑ, @V2=O==O 

(2.43) <>6CBP 1CB8 ?5@5?8A0=V C 283;O4V 

 
1 01 01 1 01 3 02

2 02 02 1 02 3 01

2 2 0;

2 2 0.

M x x c x M x

M x x c x M x




   ý ü
ý   ý þ

 (2.45) 

�0;56=VABP (104) 71V30єBPAO 7 0=0;>3VG=8<8 @V2=O==O<8 2V4><8<8 7 B5>@VW 

:>;VA=8E <0H8=. � FP>3> 28?;820є, I> 70240==O @>7@0EC=:C 25@B8:0;P=8E 

:>;820=P H0@=V@=>W <0H8=8 71V30єBPAO 7 02B><>1V;P=8< 70240==O<, V B0:8< 

G8=>< =0 28?04>:, I> @>73;O40єBPAO, <>6CBP 1CB8 ?>H8@5=V 2V4><V 

@>7@0EC=:>2V <5B>48. 

�;O ?@0:B8G=8E @>7@0EC=:V2 =091V;PH FV==0 C<>20 (2.44), 5:2V20;5=B=0 

2V4><V9 C<>2V 2 B5>@VW ?V42VA:8 02B><>1V;O [25]: 
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1

2

1 1
,

y
a bò ý  

45 
y

ò  3 @04VCA V=5@FVW, I> 287=0G0єBPAO V7 A?V22V4=>H5==O 

ø ù
1 2

2 2 2

1 1 2 1 1 2
.

y y y
J J m a m b m mò   ý   

&@5BV9 @>7@0EC=:>289 28?04>: 287=0G0є :CB>2V ?>?5@5G=V :>;820==O 

<0H8=8 V 7 >AB0==VE ?’OB8 @V2=O=P A8AB5<8 (2.40). �CB>2V ?>E8BC20==O <0H8=8, 

I> 287=0G0NBPAO :>>@48=0B0<8 ´1 V ´2, C 7030;P=><C 28?04:C ?>2’O70=V 7 

1VG=8<8 7AC20<8 <0H8=8 y1 V 7<V=0<8 :CBV2 A:;040==O α1 V α2. �;O @>72’O70==O 

7040GV =5>1EV4=> 287=0G8B8 ?@8@>4C A8; z. ' FP><C :>@8A=> >1<568B8AO 

E0@0:B5@=8< @>7@0EC=:>28< 28?04:><. $57C;PB0B8 5:A?5@8<5=B0;P=>3> 

0=0;V7C D0:B8G=8E :>;820=P <0H8= [29] ?>:07CNBP, I> V=B5=A82=V ?>?5@5G=V 

:>;820==O B@0:B>@0 2V47=0G0NBPAO =0 @568<0E, I> 2V4?>2V40NBP ?5@V>40< 

@>1>B8 7 28A>:>N H284:VABN. &><C <>6=0 70AB>AC20B8 <>45;P 1VG=8E 

270є<>4V9 H8=8 V 4>@>38. 

&>4V 1VG=V @50:FVW H8= 

 
ø ù
ø ù

21 1 1 1 1

22 1 1 2 2

.
z c y H a

z c y H b

÷ ñ

÷ ñ

ý   ü
ý

ý   þ
 (2.46) 

BCB c21, c22 3 AC<0@=0 1VG=0 6>@AB:VABP ?5@54=VE B0 704=VE ?0@ H8=. 

#5@54 B8<, O: 70?8A0B8 @V2=O==O :>;820=P <0H8=8 2 ?>?5@5G=V9 

?;>I8=V, 4>FV;P=> ?@89=OB8, I> α1=α2. *5 ?@8?CI5==O 2V4?>2V40є 28?04:C, 

:>;8 B@0:B>@ <0є 4>A8BP 28A>:C 6>@AB:VABP 7GV?=>3> ?@8AB@>N V 2V4=>A=> 2VAV 

Z ?>25@B0єBPAO O: є48=5 FV;5. ' FP><C 28?04:C ?’OB5 V H>AB5 @V2=O==O A8AB5<8 

(2.40) <>6=0 A:;0AB8 V, ?V4AB0282H8 (2.46) V (2.38) 2 A8AB5<C (2.40), >B@8<0B8 

@V2=O==O (2.47). 

� 0=0;V7C @V2=O=P (2.47) 28?;820є, I> 1VG=V :CB>2V :>;820==O ?5@54=P>W 

B0 704=P>W G0AB8= B@0:B>@0, 0 B0:>6 1VG=V :>;820==O B0 7<VI5==O B@0:B>@0 2 

FV;><C ?>2’O70=V <V6 A>1>N 4>A8BP A:;04=8< G8=><. �;O >B@8<0==O 

@57C;PB0BV2 A8AB5<C (2.47) =5>1EV4=> @>72’O70B8 A?V;P=> G8A5;P=8<8 

<5B>40<8. 
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+5B25@B89 @>7@0EC=:>289 28?04>: <>6=0 >B@8<0B8 7 >AB0==VE ?’OB8 

@V2=O=P A8AB5<8 (2.40). �V= <0є >A>1;8289 V=B5@5A 7 ?>3;O4C 4>A;V465==O 

ABV9:>ABV @CEC <0H8=8. *59 28?04>: >?8ACє ?;>A:>?0@0;5;P=89 @CE <0H8=8 

2 :>>@48=0B0E y1, α1, α2. &CB 4>FV;P=> ?>:;0AB8 1
z constõý ý  B0 

1 2
0÷ ÷ý ý . 

�VG=V A8;8 z <>6CBP 1CB8 287=0G5=V O: A8;8 1VG=>3> 2V42545==O. /:I> H8=0 

E0@0:B5@87CєBPAO :>5DVFVє=B>< 1VG=>3> 2V42545==O 1/2k, B> 2V4?>2V4=V 1VG=V 

7CA8;;O 4;O :V;P:>E :>;VA >4=VєW >AV <>6CBP 287=0G0B8AO 70;56=>ABO<8: 

1 1

1 1

1 2

2 2

;

.

y a
z k

y b
z k

ñ ñ
õ
ñ ñ

õ

ö öý ÷ ÷
ø ø

ö öý ÷ ÷
ø ø

 

ø ù ø ù ø ù ø ùø ù

ø ù ø ù ø ù ø ù
ø ù ø ù

1 2

2 2 2 2

1 2 1 21 22 1 2 1 1 1 1 21 22 1

1 1 1 21 1 1 2 2 2 22 1 2

2 2 2 2

2 1 1 1 1 21 22 1 1 1 2 1 1 21 22 1

1 1 1 1 21 1 1 2 1 2 2 22 1

0;

x x

z x z x

m m y c c y m b m a c c b a

m h c H m h c H

m b m a y c b c a y J m a J m b c a c b

J m a h c H J m b h c bH

ñ ñ

÷ ÷ ÷ ÷

ñ ñ

÷ ÷ ÷ ÷

        

    ý

         

       

ø ù ø ù
ø ù ø ù

ø ù ø ù
ø ù ø ù

1 1 1

2 2 2

2

2

1 1 1 21 1 1 1 1 1 1 21 1 1 2 1 1

2 2 2

21 1 1 1 1 1

2

2 2 1 22 1 1 2 1 2 1 22 1 1 2 2 2

2 2 2

22 1 1 2 1 2

0;

;

.

z x z

z x z

m h y c H J m a h c aH J m h

c H c H c H x t

m h y c H J m b h c bH J m h

c H c H c H x t

÷ ñ ñ ÷

÷

÷ ñ ñ ÷

÷

ý

       

  ý

      

  ý

(2.47) 

ø ù

ø ù ø ù

ø ù

1

2

1 2 1 2

1 2 1 1 1 1 1 1 1 2 1 2 2 2 2

2

21 1

1 1 1 1 1 1 1 1 3 1 1 3 2

2

22 2

2 1 1 1 3 1 2 1 1 2 3 2

0;

0;

0.

x

x

k k k a k b
m m y y m a k m b k

k a k a
m a y y J m a c k a c

k b k b
m b y y c J m b c

ñ ñ ñ ñ ñ ñ
õ õ õ

ñ ñ ñ ñ
õ õ

ñ ñ ñ ñ
õ õ

 ü        ý 

        ý ý



      ý 
þ

(2.48) 

#V4AB0282H8 FV 7=0G5==O z C 28@07 (2.40) 7 C@0EC20==O< ?@89=OB8E 

?@8?CI5=P, >B@8<0є<> A8AB5<C @V2=O=P, 4>A;V465==O O:>W 4>72>;8BP 28@VH8B8 

?8B0==O ABV9:>ABV @CEC <0H8=8. 

/:I> 2 >B@8<0=8E @V2=O==OE 7@>18B8 A?@>I5==O, ?>:;02H8 

1 2

2 2

1 2 1 1 1 2 1 1 2 1 0
; 0; ;

x x
a b m m m J J m a m b Jñ ñ ñý ý ý ý  ý    ý , I> 2V4?>2V40є 
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?5@5B2>@5==O< AE5<8 <0H8=8 7 H0@=V@=>N @0<>N 2 <0H8=C 7 6>@AB:>N 

@0<>N, B> >B@8<0є<> @V2=O==O 

 

ø ù

ø ù

1 2 1 2

1 1 1 1 2 1

2 2

1 2 1 2

0 1 1 1 2 1 1

0;

0.

k k k a k b
my y k k

k a k b k a k b
J k a k b y

ñ ñ
õ õ

ñ ñ ñ
õ õ

  ü    ý 
ý

      ý
þ

 (2.49) 

I> 71V30NBPAO V7 70;56=>ABO<8, I> 287=0G0NBP H;OE>2C ABV9:VABP [16]. 

 

2.4 �V=V9=0 <>45;ь :>;820;ь=>3> @CEC B@0:B>@0 2 ?>274>26=V9 
?;>щ8=V 

%:;045<> :>;820;P=C <>45;P B@0:B>@0 (@8AC=>: 2.6).  

 

$8AC=>: 2.6 3  >45;P 42>2VA=>W <0H8=8 

 

�815@5<> 2 O:>ABV C7030;P=5=8E B0:V :>>@48=0B8: 

1 0 1
z z lý  ; 2 0 2

z z lý   B0 1 2
( ) /z z L ý  ,  
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72V4:8  
0 1 2 2 1

( ) /z z l z l Lý    (2.50) 

�;O <0A mC, m1 B0 m2 (mn 3 ?>2=0 <0A0 B@0:B>@0) =0?8H5<> @V2=O==O 

@V2=>2038: 

 
0 1 1 1 2 2 2 1 1 1 2 2 2

2 ( ) 2 ( ) 2 ( ) 2 ( ) 0;C a a p pm z k z k z c z c zú ú ú ú        ý  (2.51) 

 
1 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2

2 ( ) 2 ( ) 2 ( ) 2 ( ) 0;
y a a p p

I k l z k l z c l z c l zú ú ú ú        ý  (2.52) 

 
1 1 1 1 1 1 1 1 1 1 1 1 1

2 ( ) 2 ( ) 2 ( ) 2 ( ) 0;
m a mN p

m k q k z c q c zú ú ú ú ú        ý  (2.53) 

 
2 2 2 2 2 2 2 2 2 2 2 2 2

2 ( ) 2 ( ) 2 ( ) 2 ( ) 0.
m a mN p

m k q k z c q c zú ú ú ú ú        ý  (2.54) 

�5;8:89 ?@0:B8G=89 V=B5@5A ?@54AB02;Oє 2AB0=>2;5==O 72’O7:C <V6 

25@B8:0;P=8<8 :>;820==O<8 @0<8 =04 ?5@54=P>N V 704=P>N 2VAAN, B>1B> <V6 

:>>@48=0B0<8 z1 V z2. �;O FP>3> A:>@8AB0є<>AO @V2=O==O<8 (2.51) V (2.52) V 

70<V=8<> 7<V==V z0 V Θ =0 z1 V z2 70 D>@<C;>N (2.50). 

� >3;O4C =0 F5, ?><=>68<> @V2=O==O (2.51) =0 25;8G8=C l1 V 2V4=V<5<> 

@V2=O==O (2.52), ?>BV< ?><=>68<> @V2=O==O (2.51) =0 25;8G8=C l2 V A:;045<> 

>B@8<0=89 28@07 V7 @V2=O==O< (2.52). ' @57C;PB0BV 70<VABP @V2=O=P (2.51), (2.52) 

>B@8<0є<> 

 

2 2 21 2

2 1 2 1 1 1 1 1 1

2 2 22 1

1 1 2 2 2 2 2 2 2

( ) ( ) 2 ( ) 2 ( ) 0;

( ) ( ) 2 ( ) 2 ( ) 0.

n n
y y a p

n n
y y a p

z m z m
t l l k z L c z L

L L

z m z m
t l l k z L c z L

L L

ò ò ú ú

ò ò ú ú

       ý

       ý
  (2.55) 

%?V22V4=>H5==O <V6 :>>@48=0B0<8 l1 V l2 F5=B@C ?V4@5A>@5=>W <0A8 V 

@04VCA>< V=5@FVW ρG 70728G09 >FV=NNBP :>5DVFVє=B>< @>7?>4V;C ?V4@5A>@5=8E 

<0A 2

1 2
/ ( )

y y
l lõ òý . /:I> 1

y
õ ý , B>1B>, 2

1 2
( )

y
l lò ý , B> @V2=O==O (2.55) =01C20NBP 

283;O4C: 

 
2 1 1 1 1 1 1 1

1 2 2 2 2 2 2 2

/ 2 ( ) 2 ( ) 0;

/ 2 ( ) 2 ( ) 0.

n a p

n a p

m l z L k z c z

m l z L k z c z

ú ú

ú ú

    ý

    ý
 (2.56) 

' FP><C @07V A8AB5<0 @V2=O=P (2.51) 3 (2.54) @>7?040єBPAO =0 42V 

42><0A>2V A8AB5<8: ?5@HC 3 7 :>>@48=0B0<8 z1 V ·1, V 4@C3C 3 7 :>>@48=0B0<8 z2 

V ·2. *8< 7=0G=> A?@>ICNBPAO 4>A;V465==O :>;820=P. �>5DVFVє=B8 ?@8 4@C38E 

?>EV4=8E :>>@48=0B ( 1
z  V 2

z ) =01C20NBP DV78G=>3> A5=AC. �>=8 4>@V2=NNBP 
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G0AB8=0< ?V4@5A>@5=>W <0A8, O:V ?@8?040NBP 2V4?>2V4=> =0 ?5@54=V B0 704=V 

:>;5A0 V =07820NBPAO ?@82545=>N ?V4@5A>@5=>N <0A>N 
1 2

/
n

m m l Lý  ?5@54=P>W 

>AV B0 
2 1

/
n

m m l Lý  704=P>W >AV. �0 @0EC=>: A8<5B@VW 
1 2
l lý  B><C 

1 2
0,5

n
m m mý ý . 

#@8 @>7@0EC=:0E A8AB5< ?V4@5A>@N20==O ?@8?CI5==O ?@> B5, I> 
2

1 2
( 1)

y y
l lò õý ý  H8@>:> 28:>@8AB>2CєBPAO. 

�;O 1V;PH>ABV ;53:>28E 02B><>1V;V2, 20=B06=8E 42>2VA=8E 02B><>1V;V2, 

0 B0:>6 B@0:B>@V2 :>5DVFVє=B 
y

õ  ?5@51C20є 2 4V0?07>=V 0,8...1,2, B>1B> 1;87P:89 

4> >48=8FV. ' FP><C @07V 72’O7>: <V6 25@B8:0;P=8<8 :>;820==O<8 ?5@54=P>W V 

704=P>W G0AB8= ?V4@5A>@5=>W <0A8 є =5EBC20=> <0;8< V 9>3> <>6=0 =5 

2@0E>2C20B8. &>4V @V2=O==O :>;820=P <>6CBP 1CB8 70?8A0=V 2 7030;P=><C 

283;O4V B0:8< G8=><: 

 
2 2

0;
i ni i ni i ni i ni i

z h z z h ú  ú    ý
 (2.57) 

2 2

0 0
( ) / / ,

Hi i Hi i H i i H i i mi i mNi i i qi i
h z h z z k q c q m Q mú  ú     ý  ý  

45 

2 / ;
nl nt nl

h k mý  2( ) / ;
Hl al mt l

h k k mý   0
2 /

H l at t
h k mý  

2
2 / ;

ni pi ni
c m ý  2

2( ) / ;!i pi mNi ic E m ý   2

0
2 / .

H i pi i
c m ý  

&0:8< G8=><, >B@8<0=> 48D5@5=FV0;P=V @V2=O==O, I> >?8ACNBP 

:>;820==O :>;VA=>3> B@0:B>@0 C ?>74>26=V9 25@B8:0;P=V9 ?;>I8=V. 

 

2.5 А=0;V7 @>73>=C B5E=>;>3VG=>3> B@0:B>@=>3> 03@530BC 70 7GV?=8<8 
B0 ?>274>26=ь>N ABV9:VABN 

"4=8< 7 3>;>2=8E ?8B0=P 5D5:B82=>3> B0 157?5G=>3> DC=:FV>=C20==O 

B@0:B>@0 є 70157?5G5==O 9>3> ABV9:>ABV. #@8 25;8:8E 7=0G5==OE 30:>2>3> 

=020=B065==O ?8B0==O 2B@0B8 :>=B0:BC ?5@54=VE :>;VA 7 3@C=B>< B0 

70157?5G5==O ?>274>26=P>W ABV9:>ABV є =091V;PH 0:BC0;P=8<. 

�@0E>2CNG8 =5>1EV4=VABP 70157?5G5==O 7G5?;5==O 254CG8E :>;VA 7 

3@C=B>< B0 >1<565==O 1C:AC20==O B@0:B>@0, 287=0G8<> :@8B8G=C H284:VABP 

@CH0==O. 
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#@82545=89 <><5=B 7G5?;5==O 7 3@C=B>< 

 

2

1 1 .& DB5
kp M

G Q v

gP t
ôø ô

ö ö
ý   ÷ ÷÷ ÷

ø ø
 (2.58) 

�>5DVFVє=B 2B@0B 2V4 1C:AC20==O ?V4 G0A @>73>=C:  

 

2

1 1& DB5
kp M

G Q v

gP t
ôø ô

ö ö
ý   ÷ ÷÷ ÷

ø ø
  (2.59) 

 V=V<0;P=0 :CB>20 H284:VABP 4283C=0: 

 

ø ù

ø ù
ø ù

3

3

min 1

3

2

1

!
8 I M

8
8

M

 k
k

J

k
A

k

 ÷ò
ò 

÷ò
÷ò

  
ý ý






  (2.60) 

�>5DVFVє=B 28:>@8AB0==O 70?0AC <CDB8 7G5?;5==O: 

 3 .
# c

! ! k

 k J u dv

  r dt
 ÷

ò ò ò
ó      (2.61) 

&>4V, 2@0E>2CNG8 70;56=>ABV (2.58) B0 (2.61) 70;56=VABP 4;O 287=0G5==O 

:@8B8G=>W H284:>ABV @CH0==O <0B8<5 283;O4: 

 
ø ù

ø ùø ù

22

31
.

9,3 /

H8CB6
kp

CB6 M B5

J n ka
v

a k Q G G

ò
ò ò ô


 

 
  (2.62) 

 

2.6 $57C;ьB0B8 0=0;VB8G=>3> 4>A;V465==O ?>274>26=ь>W ABV9:>ABV 
B@0:B>@0 ?@8 @>73>=V B@0=A?>@B=>-B5E=>;>3VG=>3> 03@530BC 

!0 >A=>2V A?V;P=>3> @>72’O70==O @V2=O==O BO3>2>3> 10;0=AC B@0:B>@0 B0 

@V25=P 9>3> @V2=>2038 2 ?>274>26=V9 ?;>I8=V >B@8<0=> 70;56=VABP 70;56=VABP 

25@B8:0;P=8E @50:FV9 =0 ?5@54=VE Y1 B0 704=VE Y2 :>;5A0E B@0:B>@0 2V4 30:>2>3> 

=020=B065==O Fkp (=0 ?@8:;04V B@0:B>@0 John Deere 8310R) 
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$8AC=>: 2.7 3 �0;56=VABP 25@B8:0;P=8E @50:FV9 =0 ?5@54=VE Y1 B0 704=VE Y2 

:>;5A0E B@0:B>@0 2V4 30:>2>3> =020=B065==O Fkp (=0 ?@8:;04V B@0:B>@0 John 

Deere 8310R) 

 

� 0=0;V7C =02545=>W 70;56=>ABV <>6=0 7@>18B8 28A=>2>:, I> 7V 

71V;PH5==O< 30:>2>3> =020=B065==O 
kp

F   A?>AB5@V30єBPAO 7<V=0 

25@B8:0;P=8E @50:FV9 =0 :>;5A0E B@0:B>@0 ?V4 G0A @>73>=C. #@8G><C, =0 704=V9 

2VAV 7=0G5==O Y2 7@>AB0є 7 E0@0:B5@=>N @V7:>N 7<V=>N 70;56=>ABV =0 @V2=V 

60
kp

F >!ý , I> ?>OA=NєBPAO =54>AB0B=VABN <8BBє2>3> 7=0G5==O ?>BC6=>ABV 

4283C=0 Ne ?V4 G0A @>73>=C 4;O AB@81:>?>4V1=>3> ?>4>;0==O A8; B5@BO, O:V 4;O 

03@530BC є 7>2=VH=V<8 3 A8;8 >?>@C ?5@5:>GC20==O :>;VA B@0:B>@0 B0 ?@8G5?0. 

!0 ?5@54=V9 2VAV A?>AB5@V30єBPAO 7<5=H5==O 25@B8:0;P=>W @50:FVW Y1 , O:0 

?@8 110
kp

F >!ý  =01;860єBPAO 4> =C;O. &0:8< G8=><, <>6=0 3>2>@8B8, I> ?@8 

110
kp

F >!þ  1C45 A?>AB5@V30B8AP 2B@0B0 ?>274>26=P>W ABV9:>ABV B@0:B>@0. 

&><C, V=B5@20;  0;110
kp

F >!ý  1C45<> 22060B8 @0FV>=0;P=8< 70 

?>274>26=P>N ABV9:VABN 4;O B@0:B>@0 John Deere 8310R. 
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2.7 $57C;ьB0B8 0=0;VB8G=>3> 4>A;V465==O @>73>=C B@0:B>@0 C A:;04V 
B@0:B>@=>-B@0=A?>@B=>3> 03@530BC 

�V4?>2V4=> 4> ?@89=OB8E ?@8?CI5=P, 25@B8:0;P=0 :>>@48=0B0 45O:>W 

B>G:8 :C7>20 � 287=0G8BPAO =0ABC?=8< G8=><: 

 E C E E
z z a bý  ù  . (2.63) 

�;O A?5:B@0;P=>W IV;P=>ABV 25@B8:0;P=8E ?@8A:>@5=P B>G:8 � 

>B@8<0є<> 

 ø ù ø ù ø ù ø ù ø ù2
.

E C Cz E E z E z E E
K 4 K 4 K 4 K a b Kù ù ù ù ý         (2.64) 

 

$8AC=>: 2.8 3 %?5:B@0;P=V IV;P=>ABV :>;820=P >AB>20 B@0:B>@0 C A:;04V 

B@0=A?>@B=>3> 03@530BC John Deere 8310R +  �&-16: 

0 3 =0?V2AC<8 V =0?V2@V7=8FV 25@B8:0;P=8E ?@8A:>@5=P F5=B@V2 2038 V 

274>26=VE :CB>28E ?@8A:>@5=P >AB>20; 1 3 =0?V2AC<8 V =0?V2@V7=8FV 

25@B8:0;P=8E ?@8A:>@5=P F5=B@V2 2038 V H284:>AB59 ?>274>26=VE :CB>28E 

?5@5<VI5=P :C7>20; - - - 0AD0;PB>20=5 H>A5, 0 /4 >@ 7B8õ ý ; 33333 1@C:V2:0 2 

704>2V;P=><C AB0=V, 20 /4 >@ 7B8õ ý ;  

1 3 ø ù0, 5 Cz
K

ù
; 2 3 ø ù0, 5 Cz

K
ù

; 3 3 ø ù0, 5 Cz
K

ù
; 4 3 ø ù0, 5 Cz

K
ù

. 
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#V4 G0A <>45;N20==O B@0:B>@0 7 ?@8G5?>< 287=0G0;8 270є<=V A?5:B@0;P=V 

IV;P=>ABV ø ùa
K ù  , ø ùa

K ù  , ø ù
Cz

K ù  , ø ù
Cz

K ù   ?@>F5AV2 ,
C

zù  V C
z . 

�=0;V7 @57C;PB0BV2 (@8AC=>: 2.8, 4 V 5) ?>:07Cє, I> 7 B>G=VABN 4> 5% 

4V9A=V B0 CO2=V G0AB8=8 F8E A?5:B@V2 4>@V2=NNBP =C;N. &><C D>@<C;C (2.64) 

<>6=0 70?8A0B8 B0:: 

 ø ù ø ù ø ù2
2 Re

E Cz E E z
K a K a Kù ù ý    , (2.65) 

�V4?>2V4=> 4> D>@<C;8 (2.58) 4;O 48A?5@AVW 25@B8:0;P=8E ?@8A:>@5=P 

4>2V;P=>W B>G:8 :C7>20 >B@8<0є<> 

 2
2

E C Cz z E E z
D D a D a Dù ùý   . (2.66) 

�>=0 :><D>@BC, B>1B> 7>=0, 45 A5@54=є :204@0B8G=5 ?@8A:>@5=P B>G>: 

:C7>20 =5 ?5@528ICє 4B, 287=0G8BPAO 7 (2.66), O:I> ?@89=OB8 2

0Ez
D a . 

 

0)    1) 

$8AC=>: 2.9 3 %?5:B@0;P=V IV;P=>ABV ?>74>26=VE :CB>28E ?@8A:>@5=P 

B@0=A?>@B=>3> 03@530BC John Deere 8310R +  �&-16 ?V4 G0A @>73>=C @V7=8<8 

4>@>30<8: 0 3 ?>@>6=V9 ?@8GV?; 1 3 V7 7020=B065=8< ?@8GV?><; 333333 

1@C:V2:0 4>@>30 2 704>2V;P=><C AB0=V; - - - - 0AD0;PB>20=5 H>A5; 1 3 

0 /4 >@ 7B8õ ý ; 2 3 20 /4 >@ 7B8õ ý ; 3 3 30 /4 >@ 7B8õ ý . 
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/:I> 2 O:>ABV C7030;P=5=8E :>>@48=0B8, I> E0@0:B5@87CNBP ?>;>65==O 

:C7>20 2 ?>74>26=V9 ?;>I8=V, C7OBV =5 4 V zC, 0 z1 V z2 3 :>>@48=0B8 :V=FV2 >AB>2C 

B@0:B>@0, >B@8<0є<>: 

 ø ù ø ù ø ù ø ù ø ù ø ù
1 2 1 2

2 2
1 2 1 Re

Dz z z z z
K K K K ý ò  ò   ò ò  ; (2.67) 

 ø ù ø ù
1 2 1 2

2 2
1 2 1

Dz z z z z
D D D Dý ò ò  ò ò , (2.68) 

45 /
D

l Lò ý ; D
l  - 2V4AB0=P 2V4 >AV ?5@54=P>W ?V42VA:8 4> B>G:8 D. 

$>73;O40NG8 
Dz

D  O: DC=:FVN ?0@0<5B@0 ò , I> E0@0:B5@87Cє ?>;>65==O 

B>G:8 D ?> 4>268=V B@0:B>@0, @>18<> 28A=>2>:, I> @>7?>4V; 48A?5@AVW 

25@B8:0;P=8E ?@8A:>@5=P B>G>: >AB>20, O:V ;560BP C ?>74>26=V9 ?;>I8=V, 

1C45 :204@0B8G=8< (@8AC=>: 2.10).  V=V<0;P=V ?@8A:>@5==O <0є B>G:0 >AB>20, 

4;O O:>W 287=0G8BPAO 70 D>@<C;>N 

 1 1 2

1 2 1 2

min
2

Cz z z z

C

z z z z

D D D

aD D D D

ù

ù


ò ý ò  ý

 
, (2.69) 

45 /
C

a Lò ý  - ?0@0<5B@, I> E0@0:B5@87Cє ?>;>65==O F5=B@C 2038 >AB>20 ?> 

107V B@0:B>@0. 

�=0;V7CNG8 (2.69), <>6=0 ?>:070B8, I> B>G:0 D, O:0 <0є <V=V<0;P=5 
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:@V?;5==O =0 D5@><03=VB=8E ?>25@E=OE, 2 B><C G8A;V B@C10E. �>268=0 1078 150 

<<. �06;82>N ?5@5203>N 40=>3> ?@8;04C є =04V9=89 :>@?CA V7 :;0A>< 70E8ABC 

�P65. �CB><V@ <0є ?V4A2VB:C 48A?;5O, I> 02B><0B8G=> 28<8:0єBPAO G5@57 30 

A5:C=4. �2B>28<:=5==O ?@8;04C G5@57 5 E28;8= 1574VO;P=>ABV.  

&5E=VG=V E0@0:B5@8AB8:8 [114]: 

�V0?07>= 28<V@N20=P, ° 

- <</< 

- % 

4 E 90 

0 - 1000 

0 - 100 

!09<5=H0 FV=0 ?>4V;:8, ° 0,05 

#>E81:0 28<V@N20=P, ° ±0,15 

�>268=0 1078, << 150 

#0@0<5B@8 5;5:B@>682;5==O 10B0@5O 1,5 B8?C ��� - 2 HB 

�010@8B=V @>7<V@8, << 151 E 60 E 32 
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4.1.4  5B>48:0 4>A;V465==O ?@8A:>@5==O :01V=8 B@0:B>@0 C A:;04V 
B@0=A?>@B=>-B5E=>;>3VG=>3> 03@530BC 

"1’є:B 5:A?5@8<5=B0;P=8E 4>A;V465=P 3 B@0:B>@ John Deere 8310R 2 

03@530BV 7 B@0=A?>@B=> B5E=>;>3VG=>N <0H8=>N  �& 16 =0 ґ@C=B>2V9 4>@>7V 3 

@8AC=>: 4.7.

$8AC=>: 4.7 3 "1’є:B 5:A?5@8<5=B0;P=8E 4>A;V465=P 

 

#>@O4>: ?@>2545==O 5:A?5@8<5=B0;P=8E @>1VB: 

1.  >=BC20==O 28<V@N20;P=8E ?@8;04V2 =0 >1’є:B 4>A;V465==O; 

2. &@0=A?>@B=>-B5E=>;>3VG=89 03@530B ?5@52>78BPAO 4> <VAFO 

?@>2545==O 5:A?5@8<5=BC, 0 B@0:B>@ ?5@52>48BPAO 2 @>1>G89 @568< 

5:A?;C0B0FVW 9>3> A:;04>28E; 

3. !0 B@0=A?>@B=>-B5E=>;>3VG=89 03@530B 2AB0=>2;NNBP G>B8@8 40BG8:8 

?@8A:>@5=P (?> 420 =0 B@0:B>@, =0 ?V4;>3C :01V=8, V =0 B@0=A?>@B=>-

B5E=>;>3VG=C <0H8=C), 28<V@NєBPAO 2V4AB0=P 2V4 F5=B@C <0A B@0:B>@0 B0 

<0H8=8 (73V4=> 7 WE B5E=VG=8<8 E0@0:B5@8AB8:0<8) 4> :>6=>3> 40BG8:0. !0E8; 

>AB>2C 287=0G0єBPAO V=:;V=><5B@><, 70:@V?;5=8< =0 @0<V B@0:B>@0 1V;O 9>3> 

F5=B@C <0A. �8:>=CєBPAO :0;V1@C20==O V A0<>4V03=>AB8:0 40BG8:V2 70 

4>?><>3>N 21C4>20=8E 0;3>@8B<V2; 

4. �V4<VG0єBPAO 4V;O=:0 ґ@C=B>2>W 4>@>38 4>268=>N 100 < 7 CE8;>< 

=5ACG>W ?>25@E=V, I> =5 ?5@528ICє 2%; 

5. !0 ?>G0B:C 70W74C B@0=A?>@B=>-B5E=>;>3VG=0 <0H8=0 70?>2=NєBPAO 4> 

<0:A8<0;P=> 4>?CAB8<>3> @V2=O; 
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6. �8:>=CєBPAO @>73V= B@0=A?>@B=>-B5E=>;>3VG=>3> 03@530BC 7 =C;P>2>W 

H284:>ABV 70 ?@0FNNG>W B0 701;>:>20=>W A8AB5<8 0<>@B870FVW :01V=8; 

7. �0 4>?><>3>N @5єAB@0FV9=>-28<V@N20;P=>3> :><?;5:AC DV:ACNBPAO 

B0:V ?0@0<5B@8: 

0) :><?>=5=B8 25:B>@V2 ?@8A:>@5=P 70 :>6=8< 40BG8:><, </A²; 

1) D0:B8G=0 H284:VABP @CEC 03@530BC, </A; 

2) B5<?5@0BC@0 40BG8:V2 B0 =02:>;8H=P>3> A5@54>28I0 (4;O >FV=:8 

B>G=>ABV 28<V@N20=P), °%; 

8. "?5@0FVW, >?8A0=V 2 ?C=:BV 6, ?>2B>@NNBPAO =5 <5=H5 ?’OB8 @07V2 =0 

@V7=8E B8?0E >?>@=8E ?>25@E>=P (ґ@C=B>20 B0 0AD0;PB>20=0 4>@>30); 

9. #> 7025@H5==N >A=>2=8E 4>A;V465=P ?@>2>48BPAO 45B0;P=89 0=0;V7 

>B@8<0=8E 5:A?5@8<5=B0;P=8E 40=8E. 

 

4.2 $57C;ьB0B8 5:A?5@8<5=B0;ь=8E 4>A;V465=ь 
�0 @57C;PB0B0<8 5:A?5@8<5=B0;P=8E 4>A;V465=P ?>1C4>20=V A?5:B@0;P=V 

IV;P=>ABV 25@B8:0;P=8E ?@8A:>@5=P ?V4;>38 :01V=8 B@0:B>@0 ohn Deere C 

A:;04V B@0=A?>@B=>-B5E=>;>3VG=>3> 03@530BC ohn Deere 8310R+ �&-16 ?@8 

@>73>=V =0 @V7=8E >?>@=8E ?>25@E=OE (@8AC=>: 4.8). 

�AB0=>2;5=>, I> ?@8 @>71;>:>20=V9 ?V42VAFV A?>AB5@V30єBPAO 71V;PH5==O 

25@B8:0;P=8E ?@8A:>@5=P ?V4;>38 :01V=8 4> 0,43&0,44 </A2 2 70;56=>ABV 2V4 

B8?C >?>@=>W ?>25@E=V. 

�;>:C20==O ?V42VA:8 :01V=8 ?@8 @>73>=V 03@530BC 4>72>;Oє 7=878B8 40=V 

7=0G5==O 4> 0,12 </A2, ?V4B25@46Cє @57C;PB0B8 0=0;VB8G=8E 4>A;V465=P. 

#@8 28:>=0==V ?>;P>28E 4>A;V465=P 2AB0=>2;5=> <0:A8<0;P=5 7=0G5==O 

:CB0 =0E8;C >AB>2C B@0:B>@0 2 2,25 3@04. 
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$8AC=>: 4.8 3 %?5:B@0;P=V IV;P=>ABV 25@B8:0;P=8E ?@8A:>@5=P B>G:8 � 

:01V=8 B@0:B>@0 John Deere C A:;04V B@0=A?>@B=>3> 03@530BC John Deere 8310R 

+  �&-16 ?@8 @>73>=V =0 @V7=8E >?>@=8E ?>25@E=OE 7 @V7=>N ?>G0B:>2>N 

H284:VABN 7 1;>:>20=8< B0 =5701;>:>20=8< <>AB><;  

1 3 3@C=B>20 4>@>3>, 2 3 0AD0;PB>20=0 4>@>3> 
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�8A=>2:8 4> @>74V;C 4 
1. ' ?@>F5AV 28:>=0==O 5:A?5@8<5=B0;P=8E 4>A;V465=P, O:V ?@>2>48;8AP 

C @50;P=8E ?>;P>28E C<>20E 73V4=> 7 ?>?5@54=P> @>7@>1;5=8<8 <5B>48:0<8, 

1C;0 ?V4B25@465=0 2V4?>2V4=VABP ?>1C4>20=>W <0B5<0B8G=>W B0 DV78G=>W 

<>45;59. �>:@5<0, @57C;PB0B8 ?V4B25@48;8 045:20B=VABP <>45;V, I> >?8ACє 

?@>F5A8 D>@<C20==O 25@B8:0;P=8E @50:FV9 =0 :>;5A0E AV;PAP:>3>A?>40@AP:>3> 

B@0:B>@0 7030;P=>3> ?@87=0G5==O, 0 B0:>6 0<?;VBC4=>-G0AB>B=8E 

E0@0:B5@8AB8: >:@5<8E 2C7;V2 V :>=AB@C:B82=8E 5;5<5=BV2 40=>3> 

5=5@35B8G=>3> 70A>1C. 

2. ' E>4V 4>A;V465=P 2AB0=>2;5=>, I> ?@8 5:A?;C0B0FVW B@0:B>@0 7 

@>71;>:>20=>N ?V42VA:>N :01V=8 A?>AB5@V30єBPAO 7@>AB0==O @V2=O 

25@B8:0;P=8E ?@8A:>@5=P =0 ?>25@E=V ?V4;>38 :01V=8 4> 7=0G5=P, O:V 

:>;820NBPAO 2 <560E 2V4 0,43 4> 0,44 </A2, ?@8G><C FV 7=0G5==O 7<V=NNBPAO 

70;56=> 2V4 B8?C >?>@=>W ?>25@E=V, ?> O:V9 @CE0єBPAO B@0=A?>@B=>-

B5E=>;>3VG=89 03@530B. 

3. �>40B:>2> 7’OA>20=>, I> C 28?04:C 70AB>AC20==O 1;>:C20==O ?V42VA:8 

:01V=8 2 ?@>F5AV @>73>=C 03@530BC, @V25=P 25@B8:0;P=8E ?@8A:>@5=P 7=0G=> 

7=86CєBPAO 3 4> 25;8G8=8, I> 4>@V2=Nє 0,12 </A². &0:89 @57C;PB0B FV;:>< 

A?V2?040є 7 40=8<8, >B@8<0=8<8 2 ?@>F5AV ?@>2545==O 0=0;VB8G=>3> 

<>45;N20==O, I> A;C3Cє ?V4B25@465==O< 4>AB>2V@=>ABV 70AB>A>20=8E <5B>4V2 

4>A;V465==O. 

4. $>71V6=VABP @>7@0EC=:>28E V 5:A?5@8<5=B0;P=8E @57C;PB0BV2, O:0 

>FV=5=0 70 A5@54=V< B0 <0:A8<0;P=8< 7=0G5==O<, є 704>2V;P=>N B0 =5 

?5@528ICє 10%. 
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��%!"��� 

 

� 48A5@B0FVW =02545=> B5>@5B8G=5 C7030;P=5==O V =>25 28@VH5==O 

=0C:>2>3> 70240==O, I> 28O2;OєBPAO 2 <>45;N20==V ?@>F5AV2 D>@<C20==O 

:>;820;P=>3> @CEC 5;5<5=BV2 ?@8 @>73>=V :>;VA=>3> B@0:B>@0 7030;P=>3> 

?@87=0G5==O C A:;04V B@0:B>@=>-B@0=A?>@B=>3> 03@530BC, O: ?@>F5AC 

=5;V=V9=>W 48=0<V:8 1030B><0A>2>W <5E0=VG=>W A8AB5<8 7 E0@0:B5@8AB8:0<8, 

O:V 70;560BP 2V4 30:>2>3> =020=B065==O =0 B@0:B>@ B0 48D5@5=BC 9>3> >AB>20. 

*5 4>72>;8;> ?V428I8B8 48=0<VG=V B0 5@3>=><VG=V ?>:07=8:8 B@0:B>@=>-

B@0=A?>@B=>3> 03@530BC =0 107V B@0:B>@C 7030;P=>3> ?@87=0G5==O. 

1. #@>2545=8< 0=0;V7>< @57C;PB0BV2 2V4><8E 4>A;V465=P 2AB0=>2;5=>, 

I> =0 ACG0A=><C 5B0?V @>728B:C 28@>1=8FB20 ?@>4C:FVW @>A;8==8FB20 

B@0=A?>@B=V 03@530B8 =0 107V :>;VA=8E B@0:B>@V2 є =091V;PH 70B@51C20=8<8. 

#@8 FP><C 5:A?;C0B0FVO B0:8E 03@530BV2 ?5@5410G0є 28A>:V :>;820;P=V 

=020=B065==O, I> 28:;8:0=V ACBBє28<8 30:>28<8 7CA8;;O<8, =5@V2=VABN 

>?>@=>W ?>25@E=V B>I>. �;O ?>:@0I5==O 48=0<VG=8E ?>:07=8:V2 :>;VA=8E 

B@0:B>@V2 2 ?@>F5AV 5:A?;C0B0FVW ?5@5410G5=> 28:>@8AB0==O ?V42VA>: <>ABV2 B0 

:01V=, I> 7=0G=> ?>:@0ICNBP 5@3>=><VG=V ?>:07=8:8. "4=0:, =0O2=VABP 

25;8:8E =020=B065=P =0 30:C B@0:B>@0 ?@872>48BP 4> ?5@5@>7?>4V;C 

25@B8:0;P=8E @50:FV9 70 <>AB0<8 B@0:B>@0 B0 28=8:=5==O 48D5@5=BC >AB>2C, 

I> ACBBє2> 7<V=Nє 48=0<VG=C :0@B8=C @CEC 03@530BC, >A>1;82> ?V4 G0A @>73>=C. 

2. �8@VH5=0 =>20 =0C:>20 7040G0, A?@O<>20=0 =0 ?V428I5==O 48=0<VG=8E 

B0 5@3>=><VG=8E ?>:07=8:V2 B@0:B>@=>-B@0=A?>@B=>3> 03@530BC ?V4 G0A 

@>73>=C. �0 4>?><>3>N 24>A:>=0;5=>W B5>@VW D>@<C20==O 25@B8:0;P=8E 

=020=B065=P ?@8 ?5@5@>7?>4V;V 7GV?=>W 2038 B@0:B>@0 >1ґ@C=B>20=89 (=0 

?@8:;04V B@0:B>@0 John Deere 8310R) @0FV>=0;P=89 V=B5@20; 30:>2>3> 

=020=B065==O, ?@8 O:><C A?>AB5@V30єBPAO 715@565==O 7G5?;5==O ?5@54=P>3> 

<>ABC 7 >?>@=>N ?>25@E=5N. �AB0=>2;5=V 70;56=>ABV 7<V=8 25@B8:0;P=8E 

=020=B065=P B0 48D5@5=B0 >AB>20 B@0:B>@0 2V4 30:>2>3> =020=B065==O. 
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' @57C;PB0BV 0=0;VB8G=>3> <>45;N20==O >1ґ@C=B>20=> @0FV>=0;P=89 

V=B5@20; 30:>2>3> =020=B065==O  0;110
kp

F >!ý , I> 70157?5GCє 715@565==O 

7G5?;5==O ?5@54=P>3> <>ABC 7 >?>@=>N ?>25@E=5N B0 ?>274>26=N ABV9:VABP 

<0H8=8. 

�AB0=>2;5=>, I> ?@8 
kp

F  A?>AB5@V30єBPAO 7=0G=0 7<V=0 

25@B8:0;P=8E @50:FV9 =0 :>;5A0E. #@8 FP><C 7=0G5==O Y2 @V7:> 7@>AB0є =0 @V2=V 

60
kp

F >!ý , I> ?>2’O70=> 7 =54>AB0B=P>N <8BBє2>N ?>BC6=VABN 4283C=0 Ne, 2 

B>9 G0A O: 25@B8:0;P=0 @50:FVO Y1 =0 ?5@54=V9 2VAV ?@8 110
kp

F >!ý

=01;860єBPAO 4> =C;O, 0 ?@8 110
kp

F >!þ  <>6;820 2B@0B0 ?>274>26=P>W 

ABV9:>ABV B@0:B>@0. #@8 55
kp

F >!þ  :CB ?>2>@>BC B@0:B>@0 ñ  2V4=>A=> 

?>?5@5G=>W >AV 71V;PHCєBPAO <0965 C 1,25 @078, 0 ?@8 @CH0==V 7 <VAFO 

25@B8:0;P=5 ?@8A:>@5==O ?5@528ICє 0,4 </A2, I> 1V;PH5 70 3@0=8G=>-

4>?CAB8<5 7=0G5==O 0,15 </A2 C ?>=04 2 @078. 

�0=V 70:>=><V@=>ABV 2V4@V7=ONBPAO 2V4 2V4><8E 2@0EC20==O< 3@0=8G=8E 

7=0G5=P 30:>2>3> =020=B065==O B0 WE 2?;82C =0 @>73V==V E0@0:B5@8AB8:8 03@530BC. 

3. �0 24>A:>=0;5=>N B5>@VєN D>@<C20==O 25@B8:0;P=>3> ?5@5<VI5==O B0 

25@B8:0;P=>3> ?@8A:>@5==O >AB>20 B@0:B>@0, O:0 2@0E>2Cє 3@0=8G=5 7=0G5==O 

30:>2>3> =020=B065==O, 287=0G5=>, I> ?@8 @>1>BV B@0:B>@0 28=8:0NBP 

=87P:>G0AB>B=V :>;820==O :01V=8 (2&3 �F), 7 25@B8:0;P=8<8 ?@8A:>@5==O<8 4> 

0,45 </A2, I> ?5@528ICNBP 3@0=8G=V 7=0G5==O (0,15 </A2) 1V;PH5 =V6 2 420 @078. 

4. $>7@>1;5=> 48=0<VG=C :>;820;P=C <>45;P ?V42VA:8 :01V=8 B@0:B>@0 

John Deere, O:0 2@0E>2Cє 48D5@5=B >AB>2C ?@8 @>73>=V 7 <VAFO 7 7020=B065=8< 

?@8G5?><. �0 24>A:>=0;5=>N <>45;;N >B@8<0=> 0<?;VBC4=>-G0AB>B=V 

E0@0:B5@8AB8:8 :01V=8 B@0:B>@0 John Deere 8310R, O:V ?>:07CNBP, I> ?@8 

@>71;>:>20=V9 ?V42VAFV :>;820==O >AB>2C ?5@540NBPAO =0 :01V=C B0 G0AB:>2> 

30AOBPAO, 0;5 2=0A;V4>: 2?;82C 48D5@5=BC 0<?;VBC40 25@B8:0;P=8E ?@8A:>@5=P 

7=>2C 4>AO30є 0,42 </A2, I> ?5@528ICє 4>?CAB8<V <56V. 
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�;>:C20==O ?V42VA:8 ?V4 G0A @>73>=C 4>72>;Oє 7=878B8 25@B8:0;P=V 

:>;820==O 4> 0,12 </A2, I> 2V4?>2V40є 5@3>=><VG=8< 28<>30< 4;O :><D>@B=>W 

@>1>B8 >?5@0B>@0. 

5. #@>2545=V ?> @>7@>1;5=8E <5B>48:0E 5:A?5@8<5=B0;P=V 4>A;V465==O 

2 ?>;P>28E C<>20E ?V4B25@48;8 045:20B=VABP <0B5<0B8G=>W <>45;V D>@<C20==O 

25@B8:0;P=8E @50:FV9 =0 :>;5A0E B@0:B>@0 B0 0<?;VBC4=>-G0AB>B=8E :>;820=P 

>:@5<8E 9>3> 5;5<5=BV2. $>71V6=VABP @>7@0EC=:>28E V 5:A?5@8<5=B0;P=8E 

@57C;PB0BV2, O:0 >FV=5=0 70 A5@54=V< B0 <0:A8<0;P=8< 7=0G5==O<, є 

704>2V;P=>N B0 =5 ?5@528ICє 10%. 

7. !0 >A=>2V ?@>2545=8E 4>A;V465=P @>7@>1;5=V @5:><5=40FVW ?> 

5:A?;C0B0FVW B@0:B>@V2 7030;P=>3> ?@87=0G5==O, >1;04=0=8E 0:B82=>N 

?V42VA:>N :01V=8, I> ?@89=OBV 4;O ?@0:B8G=>3> 28:>@8AB0==O.  

$57C;PB0B8 5:A?;C0B0FV9=>-B5E=>;>3VG=8E 4>A;V465=P 2 #@820B=V9 

=0C:>2>-4>A;V4=V9 B0 :><5@FV9=>-:>=AC;PB0B82=V9 DV@<V «�"!�"$�-���» 

B@0:B>@0 7030;P=>3> ?@87=0G5==O John Deere 8310R 2 03@530BV 7 

AV;PAP:>3>A?>40@AP:>N <0H8=>N 4;O 2=5A5==O 4>1@82  �&-16 ?>:070;8 

7<5=H5==O 2B><;N20=>ABV >?5@0B>@0 70 @0EC=>: 1;>:C20==O ?V42VA:8 :01V=8 

?V4 G0A @>73>=C 03@530BC =0 23,8% (70 3>48=0<8 =0@>1VB:C). *5 4>72>;8;> 

>B@8<0B8 @VG=89 5:>=><VG=89 5D5:B ?@8 28:>=0==V @>1VB 2 @>7<V@V 15014,23 

7DA. =0 >48= 03@530B 2 2024 @. 

8. &5>@5B8G=V @57C;PB0B8 4>A;V465==O 28:>@8AB>2CNBPAO )0@:V2AP:>N 

DV;VєN �5@602=>3> ?V4?@8є<AB20 «':@0W=AP:89 =0C:>2>-4>A;V4=89 V=AB8BCB 

?@>3=>7C20==O B0 28?@>1C20==O B5E=V:8 V B5E=>;>3V9 AV;PAP:>3>A?>40@AP:>3> 

28@>1=8FB20 V<5=V �5>=V40 #>3>@V;>3>» C =0?@O<:C >FV=:8 BO3>2>-48=0<VG=8E 

B0 5=5@35B8G=8E ?>:07=8:V2 B@0:B>@V2 7030;P=>3> ?@87=0G5==O ?@8 WE 

70B25@465==O B8?C. 
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