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0'9<7#$&(;9$ :7B(9-: >;" C#"'9:2%";'2" =>2879"#2 D(;#" 2E8(9(>#"&2F =(#G&- D:(/92 2;D-97&2F &7 &78:">7&2" !"9(=(! 
!"?7&2%";'(8( &78:<G"&2F D:2 D:(=(#G29"#$&(!, ':79'(>:"!"&&(!, D(>9(:&(-':79'(>:"!"&&(! :"G2!7?. �(D(#&29"#$&( =#F 
:"8<#2:<"!-? C#"'9:(D:2>(=(> D:(>(=F9;F 2;D-97&2F =#F ;&F92F :7B(%2? ?7:7'9":2;92' =>2879"#"/ D:2 &(!2&7#$&(/, D(>--
I"&&(/ 2 D(&2G"&&(/ ;'(:(;9F? >:7J"&2F. A;D-97&2F =#F =>2879"#"/ D(;9(F&&(8( 9('7 2 7;2&?:(&&-? =>2879"#"/, 2;D(#$E<-
"!-? > D:(!-I#"&&(;92, >-D(#&FK9;F &7 2;D-979"#$&-? ;9"&=7? !(J&(;9$K 1619 2 B(#$I". 1:"!F 2;D-97&2F '7G=(8( =>2-
879"#F ;(;97>#F"9 &";'(#$'( %7;(>, D(C9(!< ;&2G"&2" C#"'9:2%";'2? D(9":$ 2 D(>-I"&2" C&":8(CLL"'92>&(;92 2;D-979"#$-
&-? ;9"&=(> F>#F"9;F 7'9<7#$&(/ &7<%&(-D:7'92%";'(/ E7=7%"/. M"#$K F>#F"9;F 2E<%"&2" :7B(9- 2;D-979"#$&-? ;9"&=(> D( 
;2;9"!7! NO-� 2 OP-0�, >->(= <:7>&"&2/ =#F :7E#2%&-? :"G2!(> :7B(9-, 7&7#2E C#"'9:2%";'2? D(9":$ 2 C&":8(CLL"'92>&(-
;92 ;9"&=(>. A;D(#$E<"!-" !"9(=-: 9"(:"92%";'2" 2;;#"=(>7&2F >-D(#&"&- ; D:2>#"%"&2"! !"9(=(> 9"(:"92%";'2? (;&(> 
C#"'9:(9"?&2'2, 9"(:22 C#"'9:2%";'2? !7I2&, 9"(:22 7>9(!792%";'(8( <D:7>#"&2F 2 7>9(!792E2:(>7&&(8( C#"'9:(D:2>(=7. 
O:2 :7;%"9" ?7:7'9":2;92' 2;D-979"#$&-? ;9"&=(> 2;D(#$E(>7#;F D:(8:7!!&-/ D7'"9 Microsoft Office Excel. 5(>2E&7: ;L(:-
!<#2:(>7&- D('7E79"#2 :"8<#2:(>7&2F 2;D-979"#$&-? ;9"&=(>, =#F (Q"&'2 C&":8(CLL"'92>&(;92 >>"="&- D(&F92F '(CLL2Q2-
"&9(> 7'92>&(/ 2 :"7'92>&(/ !(J&(;92 > L<&'Q22 (9 !"?7&2%";'(/ &78:<E'2 2;D-979"#$&(8( ;9"&=7. O(#<%"&&-" <:7>&"&2F 
D(E>(#FK9 (Q"&29$ C&":8(CLL"'92>&(;9$ 2;D-979"#$&-? ;9"&=(> > E7>2;2!(;92 (9 &(!2&7#$&(/ !(J&(;92 =>2879"#"/ 2 2? 
!"?7&2%";'(/ &78:<E'2. R"E<#$979: > ;9792%";'2? :"G2!7? :7B(9- >->"="&- <:7>&"&2F =#F :7;%"97 '(CLL2Q2"&9(> 7'92>&(/ 2 
:"7'92>&(/ !(J&(;92 2;D-979"#$&-? ;9"&=(> D( ;2;9"!" NO-� 2 OP-0�, :7;;%297&- E&7%"&2F '(CLL2Q2"&9(> > :"G2!7? B"E 
:"'<D":7Q22 2 ; :"'<D":7Q2"/ C&":822, (Q"&"&- (9&(;29"#$&-" '7D297#$&-" E79:79- D( ;9"&=7!. O:7'92%";'7F E&7%2!(;9$: 
D:2 &(!2&7#$&(/ !"?7&2%";'(/ &78:<E'" 2;D-9<"!(8( =>2879"#F �818 185 '19 > ;2;9"!" NO-� D:2!"&"&2" :"'<D":7Q22 C#"'-
9:2%";'(/ !(J&(;92 ;&2G7"9 D(9:"B#"&2" 7'92>&(/ !(J&(;92 ;9"&=7 > 4,1 :7E7 D( ;:7>&"&2K ;( ;?"!(/ B"E :"'<D":7Q22, 7 
=#F 2;D-9<"!(8( =>2879"#F 4033566�3 200 '19 > ;2;9"!" OP-0� > 5,4 :7E7. O(#<%"&&-" 7&7#292%";'2" E7>2;2!(;92 D(E>(-
#FK9 &7 ;97=22 D:("'92:(>7&2F (Q"&29$ C&":8(CLL"'92>&(;9$ 2;D-979"#$&-? ;9"&=(> > E7>2;2!(;92 (9 ;2;9"!- C#"'9:(D:2-
>(=7, !(J&(;92 =>2879"#F, :"G2!7 :7B(9- 2 !"?7&2%";'(/ &78:<E'2. 

������ � "�#�$: C#"'9:2%";'2" =>2879"#2, 2;D-979"#$&-" ;9"&=-, C&":8(CLL"'92>&(;9$. 

11*�*5A*1 

3(>:"!"&&-" 9"&="&Q22 :7E>292F 9"?&2'2 ;>FE7&- 
;( ;&2G"&2"! C&":8"92%";'2? E79:79 >( >;"? ;L":7? 
="F9"#$&(;92, '(!D#"';&(/ 7>9(!792E7Q2"/, &7D:7>#"&-
&(/ &7 =278&(;92'< (B(:<=(>7&2F 2 D(>-I"&2" '7%"-
;9>7 9"?&(#(82%";'2? D:(Q";;(> 2 (8:7&2%"&2F <%7;92F 
%"#(>"'7 > <D:7>#"&22 C9(8( D:(Q";;7 [1]. 1 (9"%"-
;9>"&&(/ D:(!-I#"&&(;92 (;97"9;F 7'9<7#$&(/ ;2;9"!7 
«92:2;9(:&-/ D:"(B:7E(>79"#$-=>2879"#$» (NO-�) =#F 
C#"'9:(D:2>(=(> D:('79&-? ;97&(>, C';'7>79(:(> [2] 2 
=:. T=";$ 2;D(#$E<K9;F =>2879"#2 D(;9(F&&(8( 9('7 
!(J&(;9$K (9 750 '19 2 B(#"". 32;9"!7 «D:"(B:7E(>7-
9"#$ %7;9(9--7;2&?:(&&-/ =>2879"#$» (OP-0�) &7%2&7-
"9 E7&2!79$ >"=<J2" D(E2Q22 > C#"'9:(D:2>(=7? (;&(>-
&-? 78:"879(> (9"%";9>"&&(/ D:(!-I#"&&(;92 [1, 3]. 
�#F '7:$":&-? ;7!(;>7#(> 2;D(#$E<"9;F ;2;9"!7 «!(-
9(:-'(#";(». O:2 8:<E(D(=U"!&(;92 90, 136 2 240 9 
D:2!"&FK9;F 7;2&?:(&&-" =>2879"#2 450, 500 2 700 '19 
;((9>"9;9>"&&( [4].  57 '7:$":&(! C';'7>79(:" V�@-35 
2;D(#$E<"9;F ;2;9"!7 OP-0� :7E:7B(9'2 «32#(>-" !7-
I2&-» (8. 37&'9-O"9":B<:8) ; 7;2&?:(&&-!2 =>2879"-
#F!2 !(J&(;9$K 400, 500 2 1100 '19. 57 B<:(>-? ;97&-
'7? 2 B<:(>-? <;97&(>'7? =#F ;2;9"!- OP-0� D:2!"-
&FK9;F 7;2&?:(&&-" '(:(9'(E7!'&<9-" =>2879"#2 
!(J&(;9$K (9 50 =( 1000 '19 [6]. 

1;" =>2879"#2 D(;#" 2E8(9(>#"&2F =(#G&- D:(/92 
2;D-97&2F [7] &7 &78:">7&2" !"9(=(! !"?7&2%";'(8( 
&78:<G"&2F D:2 D:(=(#G29"#$&(!, ':79'(>:"!"&&(! 2 
D(>9(:&(-':79'(>:"!"&&(! :"G2!7?. �(D(#&29"#$&( 
=#F :"8<#2:<"!-? C#"'9:(D:2>(=(> D:(>(=F9;F 2;D--
97&2F =#F ;&F92F :7B(%2? ?7:7'9":2;92' =>2879"#"/ D:2 
&(!2&7#$&(/, D(>-I"&&(/ 2 D(&2G"&&(/ ;'(:(;9F? 
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>:7J"&2F. V92 2;D-97&2F =#F =>2879"#"/ D(;9(F&&(8( 
9('7 2 7;2&?:(&&-? =>2879"#"/ >-D(#&FK9;F &7 2;D--
979"#$&-? ;9"&=7? !(J&(;9$K 1 619 2 B(#$I". 1:"!F 
2;D-97&2F ;(;97>#F"9 &";'(#$'( %7;(>, D(C9(!< D(>--
I"&2" C&":8(CLL"'92>&(;92 2;D-979"#$&-? ;9"&=(> 
F>#F"9;F 7'9<7#$&(/ &7<%&(-D:7'92%";'(/ E7=7%"/. 

M"#$K F>#F"9;F 2E<%"&2" :7B(9- 2;D-979"#$&-? 
;9"&=(> D( ;2;9"!7! NO-� 2 OP-0�, >->(= <:7>&"&2/ 
=#F :7E#2%&-? :"G2!(> :7B(9-, 7&7#2E C#"'9:2%";'2? 
D(9":$ 2 C&":8(CLL"'92>&(;92 ;9"&=(>. 

A3OWN0N*XY5W* 3N*5�W �X+ A33X*� 105A+ 
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A;D-979"#$&-/ ;9"&= (A3) >'#K%7"9 > ;"BF 2;D--
9<"!-/ =>2879"#$, &78:<E(%&-/ =>2879"#$ 2 =(D(#&2-
9"#$&(" C#"'9:((B(:<=(>7&2" =#F :"7#2E7Q22 9:"B(>7-
&2/ ' A3. A;D-9<"!-/ 2 &78:<E(%&-/ =>2879"#2 ;(-
B2:7K9;F > C#"'9:(!7I2&&-/ 78:"879. 1(E!(G&( D(-
;#"=(>79"#$&(" ;("=2&"&2" >-?(=&-? >7#(> =>2879"-
#"/, D7:7##"#$&(" ; '#2&(:"!"&&(/ D":"=7%"/ 2#2 
%":"E :"=<'9(:. 57 819. 1 D:2>"="&7 ;?"!7 >E72!(="/-
;9>2F 2;;#"=<"!-? D":"!"&&-? 2;D-9<"!(8( 2 &78:<-
E(%&(8( =>2879"#"/. �#F D(==":G7&2F E7=7&&(/ ;'(:(-
;92 >:7J"&2F \ =>2879"#$ 61 =(#G"& :7E>2>79$ C#"'-
9:(!78&29&-/ !(!"&9 �1, :7>&-/ !(!"&9< ;(D:(92>-
#"&2F �2 &78:<E(%&(8( =>2879"#F 62 2 !(!"&9< D(9":$ 
C#"'9:(!7I2&&(8( 78:"8797 ]�12. 6(!"&9 �1 E7=7"9;F 
;2;9"!(/ :"8<#2:(>7&2F 2;D-9<"!(8( =>2879"#F 2 !(-
G"9 E7=7>79$;F >( >:"!"&2 2#2 E7>2;"9$ (9 <8#(>(/ 
;'(:(;92 78:"8797. 6(!"&9 &78:<E'2 �2 E7=7"9;F ;2-
;9"!(/ C#"'9:(D:2>(=7 &78:<E(%&(8( =>2879"#F 2 
(D:"="#F"9;F ;((9>"9;9><KJ"/ !"?7&2%";'(/ ?7:7'9"-
:2;92'(/. 6(!"&9 D(9":$ ]�12 (D:"="#F"9;F D(9":F!2 
&7 9:"&2" 2 >"&92#FQ2K C#"'9:(!7I2&&(8( 78:"8797 2 
E7>2;29 (9 "8( <8#(>(/ ;'(:(;92. 
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"19. 1. 0:;<= >?=1<@A;B9C>1D E;8;<;FFG:  

> HI;JC8@<=K1FF@< =L8;L=C; 

1 '7%";9>" 2;D-9<"!(8( =>2879"#F 61 D:2!"&F"9-
;F =>2879"#$, (D:"="#FKJ2/ &7E&7%"&2" &78:<E(%&(8( 
78:"8797. V9( !(8<9 B-9$ =>2879"#2 >&<9:"&&"8( ;8(-
:7&2F (B"&E2&(>-", =2E"#$&-"), 87E(9<:B2&&-" <;97-
&(>'2 2 C#"'9:2%";'2" =>2879"#2 D(;9(F&&(8( 2#2 D"-
:"!"&&(8( 9('7 ;( ;>(2!2 ;2;9"!7!2 :"8<#2:(>7&2F 
;'(:(;92. 578:<E(%&-!2 =>2879"#F!2 (B-%&( >-B2-
:7K9;F C#"'9:(=>2879"#2 D(;9(F&&(8( 2#2 D":"!"&&(-
8( 9('7. 32;9"!7 C#"'9:(D:2>(=7 &78:<E(%&(8( =>287-
9"#F >-B2:7"9;F > E7>2;2!(;92 (9 !"?7&2%";'2? ?7-
:7'9":2;92' 2;D-9<"!(8( =>2879"#F 2 9"?&2%";'2? 
9:"B(>7&2/ ' &78:<E(%&(!< 78:"879<. 

V#"'9:2%";'7F !(J&(;9$  11, D(9:"B#F"!7F =>287-
9"#"! �1 2E ;"92 2#2 ;2;9"!- :"8<#2:(>7&2F (=>287-
9"#$&-/ :"G2!), E7 >-%"9(! ;<!!7:&-? D(9":$ ] 1 
D:"(B:7E<"9;F > !"?7&2%";'<K !(J&(;9$ R12 &7 >7#< 
=>2879"#F, '(9(:7F, > ;>(K (%":"=$, :7;?(=<"9;F &7 
!(J&(;9$ D(9":$ ] 6*Z 2 !"?7&2%";'<K !(J&(;9$ =>2-
879"#F 62. V#"'9:(=>2879"#$ 62 :7B(97"9 > (;&(>&(! > 
8"&":79(:&(! :"G2!" 2 D:"(B:7E<"9 !"?7&2%";'<K 
!(J&(;9$  22 E7 >-%"9(! ;<!!7:&-? D(9":$ ] 2 > C#"'-
9:2%";'<K !(J&(;9$  21, '(9(:7F !(G"9 D":"=7>79$;F > 
;"9$ (:"G2! :"'<D":7Q22 C&":822) 2#2 :7;?(=<"9;F > 
;2;9"!" C#"'9:(D:2>(=7 &78:<E(%&(8( =>2879"#F.  

V#"'9:2%";'2" !7I2&- D(;9(F&&(8( 9('7 (B#7=7K9 
;>(/;9>(! (B:792!(;92, 9.". ";9";9>"&&-! 2E!"&"&2"! 
&7D:7>#"&2F !(J&(;92 2 :"G2!(! :7B(9- B"E D:2!"&"-
&2F =(D(#&29"#$&-? C#"!"&9(>. V#"'9:(!7I2&&-/ 
78:"879 &7 (;&(>" C#"'9:(=>2879"#"/ 97'G" (B#7=7"9 
;>(/;9>(! (B:792!(;92. ,<="9 #2 (B#7=79$ C92! ;>(/-
;9>(! &78:<E(%&-/ 78:"879 > Q"#(!, E7>2;29 (9 '(&-
;9:<'Q22 ;2;9"! C#"'9:(D:2>(=(> !7I2& 61 2 62. 

�2LL":"&Q27#$&(" <:7>&"&2" =>2G"&2F 78:"8797 
D:2&2!7"9 >2= 

1 2 1 2 12( ) ( , ) ( ) ( ),
d

J J M t M M
dt

 (1) 

8=" J1 2 J2 – !(!"&9- 2&":Q22 =>2879"#"/ �1 2 �2. 
1 ;((9>"9;9>22 ; (1) :"8<#2:(>7&2" ;'(:(;92 > D"-

:"?(=&-? D:(Q";;7? =(;979(%&( >(E#(G29$ &7 =>287-
9"#$ 61, 2E!"&FF >( >:"!"&2 ;((9>"9;9><KJ2! (B:7-
E(! C#"'9:(!78&29&-/ !(!"&9 �1. ,(#"" G";9'2" 9:"-
B(>7&2F D:"=UF>#FK9;F ' =2&7!2%&-! A3, '(8=7 =>2-
879"#$ 61 <D:7>#F"9;F (9 '(&':"9&(/ ;2;9"!- C#"'-
9:(D:2>(=7 2 &"(B?(=2!( 2;;#"=(>79$ "8( =2&7!2%"-
;'2" ?7:7'9":2;92'2 > D<;'(-9(:!(E&-? :"G2!7? 2#2 
> :"G2!7? &7B:(;7-;B:(;7 &78:<E'2. 578:<E(%&-/ =>2-
879"#$ =(#G"& > =2&7!2'" L(:!2:(>79$ !(!"&9 ;(D:(-
92>#"&2F, 2!292:<KJ2/ !(!"&9 ;(D:(92>#"&2F :7B(-
%"8( !"?7&2E!7.  

1 <;97&(>2>I"!;F :"G2!", D:2 (9;<9;9>22 =2&7-
!2%";'(8( !(!"&97, !(!"&9 =>2879"#F 61 <:7>&(>"-
I2>7"9;F !(!"&9(! &78:<E(%&(8( =>2879"#F 62 2 !(-
!"&9(! D(9":$ C#"'9:(!7I2&&(8( 78:"8797 

1 2 12( ) ( ) ( ),M M M  (2) 

D:2%"! >;" ;(;97>#FKJ2" <:7>&"&2F (2) 2&=2>2=<7#$-
&( E7>2;F9 (9 <8#(>(/ ;'(:(;92 >:7J"&2F 78:"8797. 

O:(Q";; 2;;#"=(>7&2F !"?7&2%";'2? ?7:7'9":2-

;92' 2;D-9<"!(8( =>2879"#F E7'#K%7"9;F > :"8<#2:(-

>7&22 C#"'9:(!78&29&(8( !(!"&97 �2(\) 2 2E!":"&22 

<;97&(>2>I2?;F ;'(:(;92 \ 2 !(!"&97 �1. AE!":"&2" 
<8#(>(/ ;'(:(;92 78:"8797 >-D(#&F"9;F ; D(!(J$K 

97?(8"&":79(:7 2#2 2&':"!"&97#$&(8( C&'(=":7 (2!-
D<#$;&-/ =79%2' <8#7 D(>(:(97). 

AE!":"&2" C#"'9:(!78&29&(8( !(!"&97 �1 !(G&( 

>-D(#&29$:  
– '(;>"&&-! ;D(;(B(! D( <:7>&"&2K (2), ";#2 2E-

>";9&- !(!"&9 �2 2 E7>2;2!(;9$ !(!"&97 D(9":$ (9 
;'(:(;92 78:"8797; 

– :7;%"9&-! ;D(;(B(! D( 2E!":"&&-! D":"!"&-

&-! =>2879"#F �1; 

– D:F!-! ;D(;(B(! ; 2;D(#$E(>7&2"! ;2#(!(-

!"&9&(8( =79%2'7 !"G=< =>2879"#F!2 �1 2 �2. 

A;D-979"#$&-" ;9"&=- ;( ;>(2!2 ;2;9"!7!2 

&78:<G"&2F !(8<9 B-9$ (?7:7'9":2E(>7&- D( D('7E7-
9"#F! :"8<#2:(>7&2F: 

1. �27D7E(& &78:<G"&2F D( ;'(:(;92.  D:"="#F"9 
!2&2!7#$&<K 2 !7';2!7#$&<K ;'(:(;92 D( (9&(I"-
&2K ' &(!2&7#$&(/ ;'(:(;92 2;D-9<"!(8( =>2879"#F, 
D:2 '(9(:-? >(E!(G&( &78:<G"&2". �(D(#&29"#$&( 

(9!"%7"9;F >(E!(G&(;9$ :">":;7 <8#(>(/ ;'(:(;92. 

2. �27D7E(& &78:<G"&2F D( !(!"&9<.  D:"="#F"9 
!2&2!7#$&-/ 2 !7';2!7#$&-/ !(!"&9- D( (9&(I"&2K 

' &(!2&7#$&(!< !(!"&9< 2;D-9<"!(8( =>2879"#F, D:2 

'(9(:-? >(E!(G&( &78:<G"&2". �(D(#&29"#$&( (9!"%7-
"9;F >(E!(G&(;9$ 2E!"&"&2F &7D:7>#"&2F !(!"&97. 

3. 39792%";'7F <;9(/%2>(;9$ 2;D-979"#$&(8( 

;9"&=7.  Q"&2>7"9;F >(E!(G&(;9$ 2;;#"=(>7&2F !"?7-
&2%";'2? ?7:7'9":2;92' 2;D-9<"!(8( =>2879"#F &7 "8( 

<;9(/%2>-? 2 &"<;9(/%2>-? <%7;9'7? ?7:7'9":2;92'. 

4. O#7>&(;9$ :"8<#2:(>7&2F &78:<E'2.  Q"&2>7-
"9;F '(#2%";9>(! 9(%"' 2E!":"&2F &7 2;;#"=<"!(/ 

!"?7&2%";'(/ ?7:7'9":2;92'". 
5. V&":8(CLL"'92>&(;9$ :7B(9- 2;D-979"#$&(8( 

;9"&=7. �(CLL2Q2"&9 7'92>&(/ !(J&(;92 p (D:"="#F-
"9;F (9&(I"&2"! 7'92>&(/ !(J&(;92, D(9:"B#F"!(/ 

2E ;"92, ' !"?7&2%";'(/ !(J&(;92 &7 >7#< 2;D-9<"!(-

8( =>2879"#F. �(CLL2Q2"&9 :"7'92>&(/ !(J&(;92 q 
(D:"="#F"9;F (9&(I"&2"! :"7'92>&(/ !(J&(;92, D(-
9:"B#F"!(/ 2E ;"92, ' !"?7&2%";'(/ !(J&(;92 &7 >7#< 
2;D-9<"!(8( =>2879"#F.  

6. �7D297#$&-" E79:79-.  Q"&2>7K9;F E79:79- &7 
2E8(9(>#"&2" A3 > (9&(;29"#$&-? "=2&2Q7? D( (9&(-

I"&2K ' ;9(2!(;92 2;D-9<"!(8( =>2879"#F. 
7. O(8:"I&(;9$ 2E!":"&2F.  Q"&2>7"9;F 9(%&(;9$ 

2E!":"&2F !"?7&2%";'(/ ?7:7'9":2;92'2 > E7>2;2!(-

;92 (9 !"9(=7 2E!":"&2F 2 '#7;;7 9(%&(;92 D:2B(:(>. 
8. �2&7!2%&(;9$.  D:"="#F"9;F >(E!(G&(;9$ :"-

8<#2:(>7&2F &78:<G"&2F > D<;'(-9(:!(E&-? :"G2!7? 
2/2#2 > :"G2!" &7B:(;7-;B:(;7 &78:<E'2. 

A3OWN0N*XY5W[ 3N*5� NO-�51-�51-NO 

O:"=#787"!-/ 2;D-979"#$&-/ ;9"&= =#F =>2879"-
#"/ D(;9(F&&(8( 9('7 >'#K%7"9 > ;"BF =>7 =>2879"#F 
D(;9(F&&(8( 9('7 &"E7>2;2!(8( >(EB<G="&2F �1 2 �2, 

=>7 :">":;2>&-? 92:2;9(:&-? D:"(B:7E(>79"#F UZ1  
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2 UZ2 2 C#"'9:2%";'<K ;?"!< D(='#K%"&2F (B!(9(' 

>(EB<G="&2F =>2879"#"/ (819.  2). +'(:&-" (B!(9'2 

=>2879"#"/ �1 2 �2 D297K9;F (9 92:2;9(:&-? D:"(B:7-
E(>79"#"/, 7 ;7!2 F'(:F ;(B:7&- > C#"'9:(!7I2&&-/ 

78:"879 D(;9(F&&(8( 9('7. N2:2;9(:&-" D:"(B:7E(>7-
9"#2 D(='#K%"&- ' 9:"?L7E&(/ ;"92 %":"E 9('((8:7&2-

%2>7KJ2" :"7'9(:- LR1 2 LR2. 

O:"(B:7E(>79"#$ UZ1 <D:7>#F"9;F (9 ;2;9"!- 

7>9(!792%";'(8( :"8<#2:(>7&2F ;'(:(;92, &7 >?(= 
'(9(:(/ D(;9<D7K9 ;28&7# E7=7&2F ;'(:(;92 UT1 2 (9 
=79%2'7 ;'(:(;92 BI ;28&7# (B:79&(/ ;>FE2 D( ;'(-

:(;92 U 3.  �7' >7:27&9,  30R ;'(:(;92 !(G"9 B-9$ 

:"7#2E(>7&7 > >2=" ;2;9"!- D(=%2&"&&(8( :"8<#2-

:(>7&2F '((:=2&79 ; >&<9:"&&2! '(&9<:(! :"8<#2-

:(>7&2F F'(:&(8( 9('7 61 2 >&"I&2! '(&9<:(! :"-
8<#2:(>7&2F ;'(:(;92. *;#2 30R ;'(:(;92 2;D(#$-
E<"9;F >( >9(:(/ E(&" :"8<#2:(>7&2F D:2 ;'(:(;92 

>-I" &(!2&7#$&(/, 9( (B!(9'7 >(EB<G="&2F LM1 

B<="9 >?(=29$ > ;(;97> ;2;9"!- :"8<#2:(>7&2F >(E-
B<G="&2F, >'#K%7KJ"/ > ;"BF 92:2;9(:&-/ >(EB<-
=29"#$, >&<9:"&&2/ '(&9<: :"8<#2:(>7&2F 9('7 >(E-
B<G="&2F 2 >&"I&2/ '(&9<: :"8<#2:(>7&2F V�3 

F'(:&(/ (B!(9'2 61 [8]. R">":;2>&-/ 92:2;9(:&-/ 

D:"(B:7E(>79"#$ UZ1 (B";D"%2>7"9 :"8<#2:(>7&2" 
'7' D(#(G29"#$&(/, 97' 2 (9:2Q79"#$&(/ ;'(:(;92. 

O:"(B:7E(>79"#$ UZ2 <D:7>#F"9;F (9 ;2;9"!- 7>9(-

!792%";'(8( :"8<#2:(>7&2F !(!"&97, &7 >?(= '(9(-

:(/ D(;9<D7"9 ;28&7# E7=7&2F !(!"&97 UT2. �7' >7-
:27&9, 30R !(!"&97 !(G"9 B-9$ :"7#2E(>7&7 > >2=" 
E7!'&<9(8( '(&9<:7 :"8<#2:(>7&2F F'(:&(8( 9('7 

(!(!"&97) 62.  B!(9'7 >(EB<G="&2F LM2 B<="9 
>?(=29$ > ;(;97> ;2;9"!- :"8<#2:(>7&2F >(EB<G="-
&2F, >'#K%7KJ"/ > ;"BF 92:2;9(:&-/ >(EB<=29"#$, 
<D:7>#F"!-/ (9 :"8<#F9(:7 9('7 >(EB<G="&2F =>287-

9"#F 62 [5, 8]. R">":;2>&-/ 92:2;9(:&-/ D:"(B:7-
E(>79"#$ UZ2 (B";D"%2>7"9 :"8<#2:(>7&2" '7' D(-

#(G29"#$&(8(, 97' 2 (9:2Q79"#$&(8( !(!"&97. T7 
;%"9 (B:792!(;92 !7I2& 2 D:2!"&"&2F :">":;2>&-? 

D:"(B:7E(>79"#"/ !(G&( :"8<#2:(>79$ ;'(:(;9$ 2 

&78:<E'< &7 >7#< 62 > 4 '>7=:7&97?. 

 
"19. 2. %81FM1E1=INF=D 9:;<= 

19EGC=C;INF@L@ 9C;FA= �%-/+(-/+(-�% 

6"?7&2%";'2" ?7:7'9":2;92'2 =>2879"#F 61 (D2-
;->7K9;F <:7>&"&2"! 

2

T1 OC 1 +1 1 1 �/ ( ) / ( ),ZU K M R R c K  (3) 

8=" RZ1 – >&<9:"&&"" ;(D:(92>#"&2" D:"(B:7E(>79"#F UZ1; 
K� – '(CLL2Q2"&9 '(::"'Q22 ;9792E!7, E7=7"9;F > D:"="-
#7? (9 1 (;9792%";'7F 30R) =(  ̀(7;9792%";'7F 30R). 

6"?7&2%";'2" ?7:7'9":2;92'2 =>2879"#F �2 (D2-
;->7K9;F <:7>&"&2"! 

2 T2 OM 1 12/ .M U K M M  (4) 

6"?7&2%";'2" ?7:7'9":2;92'2 30R ;'(:(;92 D:2 
:7E#2%&-? &7D:FG"&2F? E7=7&2F UT1 :7;;%297&- D( 
<:7>&"&2K (3) 2 D:"=;97>#"&- &7 819.  3 ;>"9#-!2 #2-
&2F!2 (;9792%";'7F ;2;9"!7 :"8<#2:(>7&2F) 2 ;>"9#(/ 
D<&'92:&(/ #2&2"/ (7;9792%";'7F ;2;9"!7 :"8<#2:(>7-
&2F). 6"?7&2%";'2" ?7:7'9":2;92'2 30R !(!"&97 D:2 
:7E#2%&-? &7D:FG"&2F? E7=7&2F UT2 :7;;%297&- D( 
<:7>&"&2K (4) 2 D:"=;97>#"&- &7 819.  3 9"!&-!2 #2-
&2F!2. 0&7#2E <:7>&"&2/ (3) 2 (4) D('7E->7"9, %9( > 
7;9792%";'(/ ;2;9"!" :"8<#2:(>7&2F =(;9287"9;F &"E7-
>2;2!(" :"8<#2:(>7&2" <8#(>(/ ;'(:(;92 >:7J"&2F 
2;D-9<"!(8( =>2879"#F 2 "8( !"?7&2%";'(/ &78:<E'2. 

0'92>&7F !(J&(;9$ PZ1, D(9:"B#F"!7F D:"(B:7E(-
>79"#"! UZ1 2E ;"92, :7;?(=<"9;F &7 D(9":2 92:2;9(:-
&(8( D:"(B:7E(>79"#F ]PZ1, D(9":2 =>2879"#F D(;9(F&-
&(8( 9('7 �1 ]PM1 2 D:"(B:7E<"9;F > !"?7&2%";'<K 
!(J&(;9$ =>2879"#F  12. �7#"" C97 !(J&(;9$ :7;?(=<-
"9;F &7 !(J&(;9$ !"?7&2%";'2? D(9":$ 78:"8797 ]P12, 
&7 C#"'9:2%";'2" D(9":2 �2 ]PM2 2 D:"(B:7E<"9;F > 
C#"'9:2%";'<K !(J&(;9$ R21, '(9(:7F E7 >-%"9(! D(-
9":$ D:"(B:7E(>79"#F UZ2 ]PZ2 >(E>:7J7"9;F > >2=" 
7'92>&(/ !(J&(;92 PZ2 > ;"9$.  O:2 C9(! D:"(B:7E(>7-
9"#$ UZ1 :7B(97"9 > >-D:F!29"#$&(! :"G2!", =>287-
9"#$ �1 > =>2879"#$&(!, =>2879"#$ �2 > 8"&":79(:&(!, 
7 D:"(B:7E(>79"#$ UZ2 :7B(97"9 > 2&>":9(:&(! :"G2-
!" :7B(9-. A;D-979"#$&-/ ;9"&= :7B(97"9 > :"G2!" 
:"'<D":7Q22 C#"'9:2%";'(/ C&":822. 

�(CLL2Q2"&9- 7'92>&(/ 2 :"7'92>&(/ !(J&(;92 2;-
D-979"#$&(8( ;9"&=7 D:2 (9;<9;9>22 :"'<D":7Q22 :7>&- 

11 1 2 1 1

1 1

11 1 1

1
/ / ;

sin / ,

B B

Z

p P P M

q

 (5) 

8=" <8(# <D:7>#"&2F 92:2;9(:&(8( D:"(B:7E(>79"#F 
UZ1 a1=arccos((\1·c1+M1·RA/c1)/Ud0). 

 
"19. 3. );:=F1P;9J1; :=8=JC;819C1J1 

9C;FA= �%-/+(-/+(-�% 
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�(CLL2Q2"&9- 7'92>&(/ 2 :"7'92>&(/ !(J&(;92 

D:2 :"'<D":7Q22  

12 2 2

1 1

12 2 2 1 2 1 1

12 1 1

1
( )

( ) / / ;

2 sin / .

Z

Z

Z B B

p

P P P M

q

 (6) 

%81<;8 1. R7;;%2979$ C&":8(CLL"'92>&(;9$ 2;D--

979"#$&(8( ;9"&=7 &7 (;&(>" 92?(?(=&-? =>2879"#"/ 

�818, UN=440 1, P2N=185 '19, b1=91,9 %,  1=0,01 2N, 

] 12=0,03 2N. 

";K;F1;: O:2&2!7"! bZ1=bZ2=97 %. O( L(:!<#7! 

(5), (6) D:2 &(!2&7#$&(/ &78:<E'" �1·\1= 2N :7;;%2-

9->7"! =#F =><? :"G2!(> :7B(9- (B"E :"'<D":7Q22 2 ; 
:"'<D":7Q2"/) '(CLL2Q2"&9- 7'92>&(/ !(J&(;92 

!11=1,142, !12=0,277 2 '(CLL2Q2"&9- :"7'92>&(/ !(J-

&(;92 q11=0,544, q12=1,088.  1->(=: D:2!"&"&2" :"'<-
D":7Q22 =#F 2;D-979"#$&(8( ;9"&=7 NO-�51-�51-NO 
!(J&(;9$K 185 '19 ;&2G7"9 D(9:"B#"&2" 7'92>&(/ 

!(J&(;92 > 4,1 :7E7, &( <>"#2%2>7"9 D(9:"B#"&2" :"-
7'92>&(/ !(J&(;92 > 2 :7E7. 

O( 2;D-979"#$&(!< ;9"&=< NO-�51-�51-NO 

!(G&( ;="#79$ >->(=-:  

– 78:"879 ?7:7'9":2E<"9;F B(#$I2!2 =27D7E(&7!2 

&78:<G"&2F D( ;'(:(;92 2 !(!"&9<, >-;('(/ C'(&(-
!2%&(;9$K 2 !(G"9 B-9$ :"'(!"&=(>7& =#F 2;D-97&2F 

=>2879"#"/ !7#(/,  ;:"=&"/ 2 B(#$I(/ !(J&(;92 ;( 

;9792%";'2!2 2 =2&7!2%";'2!2 :"G2!7!2 &78:<G"&2F 

D:2 >-;('(/ D#7>&(;92 D( ;'(:(;92 2 !(!"&9<. 1 '7-
%";9>" 2;D-9<"!-? !(8<9 B-9$ 2;D(#$E(>7&- =>2879"-
#2 D(;9(F&&(8( 9('7 &"E7>2;2!(8(, D7:7##"#$&(8(, 
D(;#"=(>79"#$&(8( 2 ;!"I7&&(8( >(EB<G="&2F; 

– '(CLL2Q2"&9 7'92>&(/ !(J&(;92 !"&$I" "=2-

&2Q-, D(9(!< %9( !"?7&2%";'7F !(J&(;9$ =>2879"#F 

�2 D":"=7"9;F > ;"9$; 
– '(CLL2Q2"&9 :"7'92>&(/ !(J&(;92 <>"#2%2>7-

"9;F ; <!"&$I"&2"! :7B(%"/ ;'(:(;92 2 D:">-I7"9 
"=2&2Q<, 9.'. (B7 D:"(B:7E(>79"#F D(9:"B#FK9 :"7'-
92>&<K !(J&(;9$;  

– '7D297#$&-" E79:79- (Q"&2>7K9;F (9&(;29"#$-
&-! '(CLL2Q2"&9(! 6, '(9(:-/ >'#K%7"9 > ;"BF '7D2-
97#$&-" E79:79- &7 92:2;9(:&-" D:"(B:7E(>79"#2 UZ1 

2 UZ2 (4) D#K; E79:79- &7 =>2879"#$ �2 2 ;2;9"!- 

:"8<#2:(>7&2F 9('(> >(EB<G="&2F �1, �2 (2,0). 

�(D(#&29"#$&(, 2;D(#$E<F >-;('(" B-;9:(="/-

;9>2" 92:2;9(:&-? D:"(B:7E(>79"#"/ [2], !(G&( ; D(-
!(J$K ;2;9"!- :"8<#2:(>7&2F D:"(B:7E(>79"#F UZ2 

:"7#2E(>79$ 2!2979(: !"?7&2%";'(/ &78:<E'2 (=&(-

!7;;(>(/ ;2;9"!- ; D":"!"&&-! !(!"&9(! 2&":Q22 

[9], =><?!7;;(>(/ C#"'9:(!"?7&2%";'(/ ;2;9"!- [10] 2 

!&(8(!7;;(>(/ ;2;9"!- [11]. 

A3OWN0N*XY5W[ 3N*5� OP-0�-0�-OP 

A;D-979"#$&-/ ;9"&= =#F =>2879"#"/ D":"!"&&(8( 
9('7 >'#K%7"9 > ;"BF =>7 7;2&?:(&&-? =>2879"#F ; '(-
:(9'(E7!'&<9-! :(9(:(! 61 2 62, =>7 9:7&E2;9(:&-? 

D:"(B:7E(>79"#F %7;9(9- 01 2 02 [18] 2 C#"'9:2%"-
;'<K ;?"!< D(='#K%"&2F (819. 4). 3979(:&-" (B!(9'2 

=>2879"#"/ 61 2 62 D297K9;F (9 >-?(=&-? Q"D"/ 

D:"(B:7E(>79"#"/ %7;9(9-, 7 :(9(:- =>2879"#"/ ;(B:7-
&- > C#"'9:(!7I2&&-/ 78:"879 D":"!"&&(8( 9('7. 32-

#(>-" >?(=&-" Q"D2 9:7&E2;9(:&-? D:"(B:7E(>79"#"/ 

D(='#K%7K9;F ' 9:"?L7E&(/ ;"92 '(&97'9(:7!2 �61 2 

�62 %":"E 9('((8:7&2%2>7KJ2" :"7'9(:- LR1 2 LR2. 

1 ;(;97> ;2#(>(/ ;?"!- D:"(B:7E(>79"#"/ >?(=F9 
9:"?L7E&-" =2(=&-" >-D:F!29"#2 UD1 2 UD2, 9:7&-

E2;9(:&-" 2&>":9(:- &7D:FG"&2F UF1 2 UF2, C#"'-
9:(#292%";'2" '(&="&;79(:- 31 2 32, 9(:!(E&-" 
9:7&E2;9(:- VT1 2 VT2, D(='#K%"&&-" ' '(&="&;79(-
:7! %":"E 9(:!(E&-" ;(D:(92>#"&2F RD1 2 RD2. 

O:"(B:7E(>79"#$ UF1 <D:7>#F"9;F (9 ;2;9"!- 7>-
9(!792%";'(8( :"8<#2:(>7&2F ;'(:(;92, &7 >?(= '(9(-
:(/ D(;9<D7K9 ;28&7# E7=7&2F ;'(:(;92 UT1 2 ;28&7# 

(B:79&(/ ;>FE2 D( ;'(:(;92 U 3. 30R ;'(:(;92 !(G"9 
B-9$ :"7#2E(>7&7 > >2=" ;2;9"!- >"'9(:&(8( :"8<#2-

:(>7&2F ; >&<9:"&&2!2 '(&9<:7!2 :"8<#2:(>7&2F 9('7 
;979(:7 D( (;F! d 2 q, 2 >&"I&2!2 '(&9<:7!2 :"8<#2-

:(>7&2F <8#(>(/ ;'(:(;92 2 D(9('(;Q"D#"&2F :(9(-

:7 [9]. ,(#"" D:(;9(/ ;D(;(B :"8<#2:(>7&2F ;'(:(;92 

=>2879"#F 61 ;>FE7& ; D:2!"&"&2"! D:"(B:7E(>79"#F 
%7;9(9- ; ;2;9"!(/ ;'7#F:&(8( :"8<#2:(>7&2F. O:"(B-

:7E(>79"#$ UF1 (B";D"%2>7"9 :"8<#2:(>7&2" '7' D(#(-
G29"#$&(/, 97' 2 (9:2Q79"#$&(/ ;'(:(;92.  

O:"(B:7E(>79"#$ UF2 <D:7>#F"9;F (9 ;2;9"!- 7>-
9(!792%";'(8( :"8<#2:(>7&2F !(!"&97, &7 >?(= '(9(-

:(/ D(;9<D7"9 ;28&7# E7=7&2F !(!"&97 UT2.  30R !(-
!"&97 :"7#2E(>7&7 > >2=" ;2;9"!- >"'9(:&(8( :"8<-

#2:(>7&2F ; >&<9:"&&2!2 '(&9<:7!2 :"8<#2:(>7&2F 
9('7 ;979(:7 D( (;F! d 2 q 2 >&"I&2! '(&9<:(! :"8<-
#2:(>7&2F D(9('(;Q"D#"&2F :(9(:7 [8]. N:7&E2;9(:-

&-/ D:"(B:7E(>79"#$ UF2 (B";D"%2>7"9 :"8<#2:(>7-
&2" '7' D(#(G29"#$&(8(, 97' 2 (9:2Q79"#$&(8( !(-
!"&97 [15,  17].  32;9"!7 OP-0� ; >"'9(:&-! :"8<#2-
:(>7&2"! 2!""9 !"?7&2%";'2" ?7:7'9":2;92'2, B#2E-
'2" ' ;2;9"!" NO-�. O(C9(!< !"?7&2%";'2" ?7:7'9"-
:2;92'2 =>2879"#F 61 !(8<9 B-9$ (D2;7&- #2&"/&-! 

<:7>&"&2"! D( 7&7#(822 ; (3), 7 !"?7&2%";'2" ?7:7'-
9":2;92'2 =>2879"#F 62 !(8<9 B-9$ (D2;7&- <:7>&"-
&2"! (4). 6"?7&2%";'2" ?7:7'9":2;92'2 =>2879"#"/ 

61 2 62 78:"8797 OP-0�-0�-OP D(>9(:FK9 !"?7&2-

%";'2" ?7:7'9":2;92'2 &7 819. 3. 

0'92>&7F !(J&(;9$ PA1, D(9:"B#F"!7F D:"(B:7E(-
>79"#"! A1 2E ;"92, :7;?(=<"9;F &7 D(9":2 =2(=&(8( 

>-D:F!29"#F UD1 ]PD1, !(J&(;9$ ;(B;9>"&&-? &<G= 
D:"(B:7E(>79"#F R351,  D(9":2 2&>":9(:7 UF1 ]PF1, D(-
9":2 7;2&?:(&&(8( =>2879"#F 61 ]PM1 2 D:"(B:7E<"9;F 
> !"?7&2%";'<K !(J&(;9$ =>2879"#F  12. 

�7#"" C97 !(J&(;9$ :7;?(=<"9;F &7 !(J&(;9$ !"-
?7&2%";'2? D(9":$ 78:"8797 ]P12, &7 C#"'9:2%";'2" 
D(9":2 �2 ]PM2 2 D:"(B:7E<"9;F > C#"'9:2%";'<K 

!(J&(;9$  21, '(9(:7F E7 >-%"9(! D(9":$ D:"(B:7E(>7-
9"#F UF2 ]PF2 2 !(J&(;92 ;(B;9>"&&-? &<G=  352 

D":"=7"9;F > >2=" C#"'9:2%";'(/ !(J&(;92 PF2 &7 :7E-
:F=&(" ;(D:(92>#"&2" RD2. O:2 C9(! 2&>":9(: 

&7D:FG"&2F UF1 :7B(97"9 > 2&>":9(:&(! :"G2!", =>2-

879"#$ �1 – > =>2879"#$&(!, =>2879"#$ �2 –  > 8"&":7-
9(:&(!, 7 2&>":9(: UF2 :7B(97"9 > >-D:F!29"#$&(! 

:"G2!" :7B(9-. 

�(CLL2Q2"&9 7'92>&(;92 !(J&(;92 ;9"&=7 > C9(! 

:"G2!" B(#$I" "=2&2Q- 2 :7>"& 

CH1
21

1 1 1 1 1

1 1
.A

D F

PP
p

M M
 (7) 
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O:2&Q2D27#$&7F ;?"!7 ;9"&=7 (819.  4) ;(=":G29 
#2&"/&-/ '(&97'9(: �63, '(9(:-/ (BU"=2&F"9 E>"&$F 
D(;9(F&&(8( &7D:FG"&2F D:"(B:7E(>79"#"/. O:2 C9(! 

>(E!(G"& :"G2! :"'<D":7Q22 C&":822 !"G=< D:"(B:7-
E(>79"#F!2 %7;9(9-. 0'92>&7F !(J&(;9$ PA1, D(9:"B-

#F"!7F D:"(B:7E(>79"#"! A1 2E ;"92, D:"(B:7E<"9;F ; 
<%"9(! D(9":$ =2(=&(8( >-D:F!29"#F UD1 ]PD1 > 
C#"'9:2%";'<K !(J&(;9$ PD1. � &"/ =(B7>#F"9;F C#"'-
9:2%";'7F !(J&(;9$ PF2 2 >-%297K9;F !(J&(;92 ;(B-

;9>"&&-? &<G= D:"(B:7E(>79"#"/ P351 2 P352. �7#"" 
:"E<#$92:<KJ7F !(J&(;9$ PF1 ; <%"9(! D(9":$ 2&>":-

9(:7 UF1  ]PF1 2 D(9":$ 7;2&?:(&&(8( =>2879"#F �1 

]PM1 D:"(B:7E<"9;F > !"?7&2%";'<K !(J&(;9$ =>287-
9"#F  12. V97 !(J&(;9$ :7;?(=<"9;F &7 !(J&(;9$ !"-
?7&2%";'2? D(9":$ 78:"8797 ]P12, &7 C#"'9:2%";'2" 
D(9":2 �2 ]PM2 2 D:"(B:7E<"9;F > 7'92>&<K !(J&(;9$ 
 21, '(9(:7F E7 >-%"9(! D(9":$ D:"(B:7E(>79"#F UF2 

]PF2 >(E>:7J7"9;F > >2=" C#"'9:2%";'(/ !(J&(;92 PF2 

> E>"&( D(;9(F&&(8( &7D:FG"&2F &7 '(&97'9(: �63. 

�(CLL2Q2"&9 7'92>&(;92 !(J&(;92 ;9"&=7 ; <%"-
9(! :"G2!7 :"'<D":7Q22 
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�(CLL2Q2"&9 :"7'92>&(/ !(J&(;92 ;>FE7& ; :"-
G2!(! :7B(9- >-D:F!29"#F UD1 2 :7;;%29->7"9;F D( 

<:7>&"&2K 

2 2 tg( / 2),q p  (9) 

8=" <8(# '(!!<97Q22 =2(=&(8( >-D:F!29"#F d :7>"& 

11,5 2#2 16,3° =#F 9('((8:7&2%2>7KJ2? :"7'9(:(> ; 
2&=<'92>&-! D7="&2"! &7D:FG"&2F 2 2#2 4% ;((9>"9-
;9>"&&(.  

 
"19. 4. %81FM1E1=INF=D 9:;<= 

19EGC=C;INF@L@ 9C;FA= %Q-&/-&/-%Q 

%81<;8 2. R7;;%2979$ C&":8(CLL"'92>&(;9$ 2;D--

979"#$&(8( ;9"&=7 &7 (;&(>" 7;2&?:(&&-? '(:(9'(E7-
!'&<9-? =>2879"#"/ 4033566�3, U1N=380 1, P2N=200 

'19, b1=94 %, ] 12=0,03 2N. 

";K;F1;: O:2&2!7"! bF1=bF2=98%, bD1=99 %, 

P351=0,005R2N. O( L(:!<#7! (7) - (9) D:2 &(!2&7#$&(/ 

&78:<E'" �1·\1= 2N :7;;%29->7"! =#F =><? :"G2!(> 

:7B(9- (B"E :"'<D":7Q22 2 ; :"'<D":7Q2"/) '(CLL2Q2-

"&9- 7'92>&(/ !(J&(;92 !21=1,102, !22=0,204 2 '(CL-

L2Q2"&9- :"7'92>&(/ !(J&(;92 q21=0,155, q22=0,029. 

1->(=: D:2!"&"&2" :"'<D":7Q22 =#F 2;D-979"#$&(8( 

;9"&7 OP-0�-0�-OP !(J&(;9$K 200 '19 ;&2G7"9 D(-
9:"B#"&2" 7'92>&(/ 2 :"7'92>&(/ !(J&(;92 > 5,4 :7E7. 

39"&= OP-0�-0�-OP ?7:7'9":2E<"9;F B(#$I2! 

=27D7E(&(! &78:<G"&2F D( ;'(:(;92 2 !(!"&9<, >--

;('(/ C&":8(CLL"'92>&(;9$K D:2 2;D(#$E(>7&22 

;?"!- ; :"'<D":7Q2"/ 2 !(G"9 B-9$ :"'(!"&=(>7& 

=#F 2;D-97&2F =>2879"#"/ !7#(/, ;:"=&"/ 2 B(#$I(/ 

!(J&(;92 ;( ;9792%";'2!2 2 =2&7!2%";'2!2 :"G2-

!7!2 &78:<G"&2F D:2 >-;('(/ D#7>&(;92 D( ;'(:(;92 

2 !(!"&9<. 1 '7%";9>" 2;D-9<"!-? 2 &78:<E(%&-? 

!(8<9 B-9$ 2;D(#$E(>7&- 7;2&?:(&&-" 2 ;2&?:(&&-" 
=>2879"#2 [16]. 

�(CLL2Q2"&9 7'92>&(/ !(J&(;92 > ;?"!" ; :"'<-

D":7Q2"/ !"&$I" "=2&2Q-, 9.'. !"?7&2%";'7F !(J-

&(;9$ =>2879"#F �2, ; <%"9(! D(9":$ D:"(B:7E(>79"#$ 
UF2, >(E>:7J7"9;F > E>"&( D(;9(F&&(8( &7D:FG"&2F. 
�(CLL2Q2"&9- :"7'92>&(/ !(J&(;92 E&7%29"#$&( 

!"&$I" "=2&2Q- 2E-E7 (;(B"&&(;9"/ :7B(9- =2(=&-? 

>-D:F!29"#"/ UD1 2 UD2. 

�7D297#$&-" E79:79- (Q"&2>7K9;F (9&(;29"#$-
&-! '(CLL2Q2"&9(! 6, '(9(:-/ >'#K%7"9 > ;"BF '7-
D297#$&-" E79:79- &7 D:"(B:7E(>79"#2 %7;9(9- A1 2 

A2 (5), D#K; E79:79- &7 =>2879"#$ 62 (1,0). �#F D:(-

>"="&2F 2;D-97&2/ !(J&-? =>2879"#"/ ;7!(;>7#(> 2 

C';'7>79(:(> &7 D:(2E>(=;9>"&&-? (BU"=2&"&2F? 

«32#(>-" !7I2&-» 2 «R<;C#D:(!» 2;D(#$E<K9 > '7-
%";9>" 2;D-979"#$&-? ;9"&=(> ;2#(>(" C#"'9:((B(-

:<=(>7&2", '(9(:(" :7E:7B(97&( =#F C#"'9:(D:2>(=7 
C9(8( 78:"8797 [3, 4].  

O( ;2;9"!" OP-0�-0�-OP ; :"'<D":7Q2"/ :7E:7-
B(97&- 2 <;D"I&( C';D#<792:<K9;F <&2>":;7#$&-" 
#7B(:79(:&-" ;9"&=- =#F 2;;#"=(>7&2F :7B(9- 7>9(-
!792E2:(>7&&-? C#"'9:(D:2>(=(> D":"!"&&(8( 9('7. 
V92 2;D-979"#$&-" ;9"&=- ; !(J&(;9$K =>2879"#"/ 

2,2 '19 2;D(#$E<K9;F > <%"B&(! D:(Q";;" [19]. A!"F 
>-;('(" B-;9:(="/;9>2" D:"(B:7E(>79"#F %7;9(9- ; 
>"'9(:&-! :"8<#2:(>7&2"! D( 7&7#(822 ; 92:2;9(:-

&-! D:"(B:7E(>79"#"!, !(G&( ; D(!(J$K D:(8:7!!-

&(8( (B";D"%"&2F D:"(B:7E(>79"#F UF2 :"7#2E(>79$ 
2!2979(:- ; D":"!"&&-! !(!"&9(! 2&":Q22, =><?-

!7;;(>(/ 2 !&(8(!7;;(>(/ C#"'9:(!"?7&2%";'2? ;2-

;9"! [9–11]. 

N7'G" !(G"9 B-9$ :"7#2E(>7& A3 !(=<#$&(8( 92-

D7,  > '(9(:(! >!";9( :"7'9(:7 LR2,  >-D:F!29"#$&-? 

!(;9(> UD1 2 UD2, 9:7&E2;9(:7 VT2 2 '(&97'9(:7 
�63 &7 !";9( UD1 <;97&7>#2>7"9;F 7'92>&-/ >-D:F-
!29"#$ [6, 12, 13] (7>9(&(!&-/ 2&>":9(:, >"=(!-/ ;"-
9$K).  1 C9(! ;#<%7" A3 B<="9 (B#7=79$ >-;('2!2 =2-

&7!2%";'2!2 ?7:7'9":2;92'7!2 > D<;'(-9(:!(E&-? 

:"G2!7?. 

LR2

P2A

UD2

UC, fC

PC, QC

LR1

P1A UD1

C0R 

;'(:(;92

U32

C0R 

!(!"&97

62

U31

A2

KM2KM1

A1

KM3
RD1 RD2

VT1 UF1 UF2 VT2
C2C1

P2FP1F

P21P11

P12 P22

UOC

BI
61



��  !!""##$$  ##  %%""&&''��##''&&  &&((��!!))&&��##**##""!!((&&++++!!,,!!  --..  ''��""!!%%""##((!!//&& 
 

-01'. 23(40). 2018 17 
 

*;#2 =#F A3 &" 9:"B<"9;F !2&2!7#$&(" >:"!F 
9(:!(G"&2F [14] 2 >-;('7F =2&7!2'7 (A3 =#F 2;;#"-
=(>7&2F 9"D#(>-? :"G2!(> 2 ;&F92F ?7:7'9":2;92'), 
9( 2E ;?"!- 819.  4 !(G&( <B:79$ '(&97'9(:- �62 2 

�63, :"7'9(: LR2 2 >-D:F!29"#$&-/ !(;9 UD2, 7 
UD1 (;97>29$.  

T7 ;%"9 (B:792!(;92 !7I2& 2 D:2!"&"&2F D:"(B-

:7E(>79"#"/ %7;9(9- ; :"'<D":7Q2"/ 2 7'92>&-? >--

D:F!29"#"/ !(G&( CLL"'92>&( :"8<#2:(>79$ ;'(:(;9$ 
2 &78:<E'< &7 >7#< 61 > 4 '>7=:7&97?. 

e2:('( 2;D(#$E<K9;F '(!B2&2:(>7&&-" 2;D-97-
9"#$&-" ;9"&=- =#F 2;;#"=(>7&2F :7B(9- 7;2&?:(&-

&-? =>2879"#"/ D( ;2;9"!" OP-0�-�ON-NO, 9.'. ;2-

;9"!7 NO-� %7;9( B":"9;F 2E ;<J";9><KJ2? 78:"879(>. 

V92 ;9"&=- &7I#2 I2:('(" D:2!"&"&2" > <%"B&(! 

D:(Q";;" [20], 9.'. &7 &2? (=2&7'(>( <;D"I&( !(G&( 

2;;#"=(>79$ ?7:7'9":2;92'2 =>2879"#"/ D(;9(F&&(8( 

9('7, ";#2 > '7%";9>" &78:<E(%&(8( 2;D(#$E(>79$ 7;2&-

?:(&&-/ =>2879"#$. �#F D(>-I"&2F C&":8(CLL"'92>-
&(;92 > 8"&":79(:&(! :"G2!" D:"(B:7E(>79"#$ %7;9(-
9- 01 =(#G"& >'#K%79$ > ;"BF 7'92>&-/ >-D:F!29"#$ 
2 7>9(&(!&-/ 2&>":9(: &7D:FG"&2F. 

T0�XfP*5A* 

R7;;!(9:"&&-" 2;D-979"#$&-" ;9"&=- =#F !"?7-
&2%";'(8( &78:<G"&2F =>2879"#"/ D(;9(F&&(8( 2#2 

D":"!"&&(8( 9('7 ; D:2!"&"&2"! :"'<D":7Q22 C#"'-
9:2%";'(/ C&":822 > &";'(#$'( :7E ;&2G7K9 D(9:"B#"-
&2" 7'92>&(/ !(J&(;92 2E ;"92, (B#7=7K9 >-;('(/ 

D#7>&(;9$K :"8<#2:(>7&2F 2 B(#$I2!2 =27D7E(&7!2 

&78:<G"&2F. 
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Relevance: All manufactured electric motors must undergo 
heating tests by the method of mechanical loading with 

continuous, short-term, repeated-short-time regimes. Variable 
electric drive tests are performed to define the performance of the 
engines at nominal, high and low speeds. DC motor and induction 
motor tests are performed on test benches with a power of 1000 
kW and higher. Reducing of electrical losses and improving of 
energy efficiency of test stands is an urgent scientific and 
practical task so test time may take several hours. Objectives: The 
purpose of the article is the study of the test facility for thyristor 

rectifier – DC motor and transistor frequency converter – 
induction motor systems as well as a static equation derivation for 
a different operation regime and electrical losses and energy 
efficiency analysis. Methods Applied: The theoretical research 
was conducted with the help of methods of electrical engineering 
theory, electric machine theory, automatic control and automated 
electric drive theories. The calculation of the bench 
characteristics was carried out in Microsoft Office Excel 

software. Originality: Regulation parameters of the test stand 
were defined and coefficients of active and reactive power as a 
function of mechanical load were introduced to estimate energy 
efficiency. The derived equations make it possible to calculate 
energy efficiency of test facility depending on the rated power 
and mechanical load. Findings: the static mode equations were 
derived to calculate the active and reactive power coefficients of 
the test stand with and without energy recovery system for 

thyristor rectifier – DC motor and transistor frequency 
converter – induction motor systems. Practical Relevance: 
electrical power consumption of the test facility with thyristor 
rectifier  – DC motor system with test  motor rated power of 185 
kW with energy recovery is reduced by 4.1 times as compared 
with the system without energy recovery. Electrical power 
consumption of the test facility with transistor frequency 
converter – induction motor system with test motor rated power 
of 200 kW with energy recovery is reduced by 5.4 times as 

compared with the system without energy recovery. The obtained 
analytical equations give the opportunity at the design stage to 
estimate the test bench energy efficiency as a function of the 
drive system type, motor power, operating regime and 
mechanical load. 

Keywords: electric motors, test benches, energy efficiency. 
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