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 !"#$%&'( *.+. 1,  !"#$%&'(# ,.*. 2, �#$!"%- /.,. 1, 01%-2'( �.3. 1 

1  #"-%4'"'567%8 "'6!1#564(9--:8 49;-%<967%8 !-%(956%494 %&. +.=. >'6'(# 
2 OOO « +?� – 3-95"'6@959A9-%9 +» 

�-# )"&* )"*%! +#"&" " ")-!#"5"&*6"" !-"+7$*0! +#-8  .� # & *+"!9$ !! %  

)0"%*#-'1 0 $-:"�- -%  5/!&6" !"$ 0*!"1 

B 64#4C9 (:D'$-9- '@E'5 &94'1'( 1%#"-'64%7% -9%6D5#(-'6498 #6%-;5'--:; 1(%"#49$98. ># '6-'(9 '@E'5# %64'<-%7'( %--
F'5&#2%% D'7#E#-', <4' '46!46(!G4 &94'1%7%, #DD#5#4-:9 % D5'"5#&&-:9 7'&D$976:, D'E('$HGI%9 'D5919$H4C -9%6D5#(-'-
64% '@&'4'7 #6%-;5'--:; 1(%"#49$98 ( 59A%&9 %; F!-72%'-%5'(#-%H. B 5#@'49 D591$#"#946H &94'1%7#, D'E('$HGI#H 'D5919-
$H4C &964' -9%6D5#(-'6498 '@&'4'7 ,�, # 4#7A9 D59167#E:(#4C 5#E(%4%9 -9%6D5#(-'6498. B 1#--'8 5#@'49 1#946H -#!<-'9 
'@'6-'(#-%9 &94'1%7% 1%#"-'64%5'(#-%H 5#E(%4%H % %19-4%F%7#2%% -9%6D5#(-'6498 '@&'4'7 ,�, '6-'(#--'9 -# 59"%645#2%% 
59#$C-:; F#E-:; -#D5HA9-%8 D%4#-%H, D'459@$H9&:; 4'7'( % &'19$%5'(#-%% -# %; '6-'(9 59E!$C4%5!GI9"' (5#I#GI9"'6H 
&#"-%4-'"' D'$H 1(%"#49$H, # 4#7A9 J-95"94%<967%9 ;#5#7495%64%7% % D'6$91!GI9"' %; 65#(-9-%H 6 59E!$C4%5!GI%& (5#I#-
GI%&6H &#"-%4-:& D'$9& 1(%"#49$H 6 E#(91'&' %6D5#(-:&% % -9%6D5#(-:&% '@&'47#&% D' D5%E-#7#&, 'D5919$HGI%& %67#-
A9-%H (5#I#GI9"'6H &#"-%4-'"' D'$H 64#4'5#, % %19-4%F%7#4'5#&% -9%6D5#(-'6498 '@&'4'7. KF'5&!$%5'(#-# D'64#-'(7# 
E#1#<%. L#1#<# E#7$G<#946H ( 5#E5#@'479 1%#"-'64%<967%; D5%E-#7'( -9%6D5#(-'6498 '@&'4'7 64#4'5# % 5'4'5# ,� D' '62%$$'-
"5#&&#& F#E-:; -#D5HA9-%8 % 4'7'(, E#59"%645%5'(#--:; D5% 5#@'49 ( 59A%&#; -'5&#$C-'"' F!-72%'-%5'(#-%H J$9745'D5%-

('1#. �5%495%9& 59M9-%H E#1#<% H($H946H D'$!<9-%9 %19-4%F%7#4'5'( (D5%E-#7'() (%47'(:; 7'5'47%; E#&:7#-%8 % '@5:(# 
D5'('1-%7'( i-; F#E '@&'47% 64#4'5#, '@5:(# 6495A-98 7'5'47'E#&7-!4'"' 5'4'5# % !;!1M9-%H &#"-%4-'8 6%649&: 1(%"#49$H. 
B 7#<964(9 %19-4%F%7#4'5'( D5%-H4:: 7''51%-#4: (974'5# &#"-%4-'"' D'4'7# 64#4'5# -# 7'&D$976-'8 D$'67'64%, 'D5919$HG-

I%9 F'5&! 9"' "'1'"5#F#; 19864(!GI%9 E-#<9-%H F#E-:; 4'7'(, D'$-'8, #74%(-'8, 59#74%(-'8 &'I-'6498, (9$%<%-: �O� % 
cos P. L#1#<# 59M#946H &94'1'& &#49&#4%<967'"' &'19$%5'(#-%H 59E!$C4%5!GI9"' (5#I#GI9"'6H &#"-%4-'"' D'$H % 9"' 6'-
64#($HGI%; D' (9$%<%-#& F#E-:; 4'7'( 64#4'5#,  4'7'( -#&#"-%<%(#-%H % 4'7'( 5'4'5#,  # 4#7A9 (9$%<%- �O� % cos P #6%--
;5'--'"' 1(%"#49$H, 5#@'4#GI9"' ( 6%&&945%<-:; % -96%&&945%<-:; 59A%&#;. O5%('1%46H D5%&95 59M9-%H E#1#<% 6 D5%&9-
-%9& D591$'A9--'8 &94'1%7% % 5#E5#@'4#--'"' D5'"5#&&-'"' 7'&D$976#. 

������ � "�#�$: #6%-;5'--:8 1(%"#49$C, 1%#"-'64%7#, '@&'47% 1(%"#49$H, -9%6D5#(-'64% '@&'4'7 1(%"#49$H, 
&'19$%5'(#-%9, %19-4%F%7#2%H, D5'"5#&&-:8 7'&D$976. 

BBQ�Q>=Q  

O5% J76D$!#4#2%% #6%-;5'--:; J$9745'1(%"#49$98 

(,�) '-% #(#5%8-' '47$G<#G46H '4 %64'<-%7# J$97-
45'D%4#-%H, -#D5%&95, %E-E# D959"5!E'7 D' 4'7! %$% 

(5#I#GI9&! &'&9-4!, D'(59A19-%H '@&'4'7 64#4'5# 
%$% 5'4'5#, 5#E5!M9-%H D'1M%D-%7'( %$% %E-E# 7'&-

@%-#2%% D959<%6$9--:; D5%<%-. ,(#5%8-'9 '47$G<9-
-%9 J$9745'D5%('1# %E-E# D'(59A19-%H '@&'4'7 %$% 

5#E5!M9-%H D'1M%D-%7'( ,� <#64' (9194 7 -#5!M9-
-%G 59#$%E!9&'"' 49;-'$'"%<967'"' D5'2966#, D5'-
64'G '@'5!1'(#-%H, !45#49 &#495%#$C-:; 596!56'( % 

E-#<%49$C-:& J7'-'&%<967%& D'495H&. �5'&9 4'"', 
7#7 D5#(%$', D5% D'(59A19-%% '@&'4'7 J$9745'1(%"#-
49$C (:;'1%4 %E 645'H % -#D5#($H946H -# 7#D%4#$C-:8 

59&'-4, <4' !(9$%<%(#94 J76D$!#4#2%'--:9 5#6;'1: 

D591D5%H4%H. B %4'"9 6-%A#946H 7'-7!59-4-#H 6D'6'@-
-'64C (:D!67#9&'8 D5'1!72%%. �$H 6-%A9-%H <%6$# 
#(#5%8-:; 6%4!#2%8 ( #6%-;5'--:; J$9745'D5%('1#; 
D5%&9-HG46H 5#E$%<-:9 &94'1: 7'-45'$H % 1%#"-'-
64%7% J$9745%<967%; % &9;#-%<967%; D#5#&945'(, 6'-
64'H-%8 '@&'4'7 % D'1M%D-%7'(, # 4#7A9 59A%&'( 
-#"59(# J$9745'1(%"#49$98. 
B 1#--'8 5#@'49 D591$#"#946H &94'1%7# % 1#S46H 9S 

-#!<-'9 '@'6-'(#-%9. *#E5#@'4#-# D5'"5#&&# 1%#"-'-

                                                
©   !"#$%&'( *.+.,  !"#$%&'(# ,.*.,  

�#$!"%- /.,., 01%-2'( �.3., 2018 

64%5'(#-%H % %19-4%F%7#2%% -9%6D5#(-'6498 '@&'4'7 
#6%-;5'--'"' 1(%"#49$H D!49& 59"%645#2%% 59#$C-:; 
6%"-#$'( F#E-:; -#D5HA9-%8, 4'7'( % -# %; '6-'(9 
&'19$%5'(#-%H F'5&: % 7''51%-#4 (5#I#GI9"'6H 
&#"-%4-'"' D'$H, 19864(!GI%; E-#<9-%8 F#E-:; 4'-
7'(, &'I-'6498, �O� % cos P ( 59A%&9 F!-72%'-%5'-
(#-%H 1(%"#49$H, E#49& 65#(-9-%H D'$!<9--:; D#5#-
&945'( 6 #-#$'"%<-:&% D#5#&945#&% E#(91'&' %6-
D5#(-'"' 1(%"#49$H % 6 D#5#&945#&%-

%19-4%F%7#4'5#&% 4964'(:; -9%6D5#(-'6498 '@&'4'7 
64#4'5# % 5'4'5#. 

%$&�'#-(�)'*��"+$, ./#0��1$ * �2 $+(&$�3'#"(3 

O' J76D954-:& '29-7#& ( 59#$C-'& 6974'59 J7'-
-'&%7% *T J76D$!#4%5!946H 1' 180 &$- 91%-%2 459;-
F#E-:; #6%-;5'--:; J$9745'1(%"#49$98 [1]. O' '29--
7#& 6D92%#$%64'( J$9745'59&'-4-:; D591D5%H4%8, 

29;'( % !<#647'(, 9A9"'1-' '7'$' 1,3% (1' 1,36 &$- 
91%-%2) D#57# ,� (:;'1%4 %; 645'H D' D5%<%-9 5#E5!-
M9-%H '@&'4'7, %E-E# -96('9(59&9--'"' (:H($9-%H 5#E-
5!M#GI%; F#74'5'( % D'64!D#94 -# 7#D%4#$C-:8 59-
&'-4. *#E!&9946H, 1%#"-'64%5'(#4C 49;-%<967'9 6'64'H-
-%9 7#A1'"' ,� -9 D59164#($H946H ('E&'A-:& 7#7 D' 
&94'1%<967%&, %-645!&9-4#$C-'&, 7#15'(:&, 4#7 % D' 
J7'-'&%<967%& 6''@5#A9-%H&. 01-#7' -#%@'$99 E-#<%-
&:9 % &'I-:9 #6%-;5'--:9 J$9745'D5%('1:, D5%&9-H-
9&:9 1$H 59#$%E#2%% -9D595:(-:; 49;-'$'"%<967%; 
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D5'2966'(, -#D5%&95 ( &94#$$!5"%<967'8, -9F49"#E'-
('8, ;%&%<967'8 % 15!"%; '45#6$H; D5'%E('164(#, # 
4#7A9 ( 49;-'$'"%H;, '@96D9<%(#GI%; A%E-919H49$C-
-'64C $G198, 1'$A-: 1%#"-'64%5'(#4C6H. 
=E(964-: &94'1: % 659164(# 1%#"-'64%7% 49;-%<9-

67'"' 6'64'H-%H ,�, '6-'(#--:9 -# %E&959-%% (9$%-

<%- %$% 4'7'(, %$% 49&D95#4!5:, %$% (%@5#2%%, %$% 

#7!64%<967%; ;#5#7495%64%7 J$9745%<967%; &#M%-. 

>#D5%&95, &94'1%7# 1%#"-'64%7%, '6-'(#--#H -# -9-
D595:(-'& 7'-45'$9 49&D95#4!5: 7'-7594-'8 4'<7% 

'@&'47% 64#4'5#, 65#(-9-%9 9S 6 49&D95#4!5'8 '75!-
A#GI98 6591:, 'D5919$9-%H D59(:M9-%H 49&D95#4!5: 

-#1 '75!A#GI98 6591'8 % (:5#@'47% 6%"-#$# -# '4-
7$G<9-%9 1(%"#49$H '4 %64'<-%7# J$9745'D%4#-%H  

[2, 3]. 01-#7' J4# &94'1%7# -9 %19-4%F%2%5!94 D5%<%-

-! D959"59(# '@&'47%,  4.9.  -9 5#E$%<#94 %E-E# 7#7'"' 
F#74'5# '@&'47# D959"59(#946H: %E-E# 49;-'$'"%<967'8 

D959"5!E7%, %E-E# (%47'(:; E#&:7#-%8 %$% '@5:(# F#E 
'@&'47% 64#4'5# (5'4'5#) %$% %E-E# %E-'6# D'1M%D-%-
7'(, %$% 15!"%; D5%<%-. 
=E(964-# 4#7A9 &94'1%7#, '6-'(#--#H -# %E&959-

-%% F#E-:; 4'7'( % 9"' 6D9745#$C-'"' #-#$%E#, D'E('-
$HGI#H 1%#"-'64%5'(#4C 6'64'H-%9 D'1M%D-%7'(:; 

!E$'( [4–7]. K!I-'64C &94'1%7% E#7$G<#946H ( D95%'-
1%<967'8 59"%645#2%% % (:D'$-9-%% 6D9745#$C-'"' 
#-#$%E# D'459@$H9&:; 4'7'( % D'$!<9-%% 6D9745#$C-
-'8 ;#5#7495%64%7% 4'7'( ,�. 0-# 65#(-%(#946H 6 #-#-
$'"%<-:&% 6D9745#$C-:&% ;#5#7495%64%7#&% 4'7'( 
,�, D'$!<9--:&% D5% 5#@'49 6 E#(91'&' %6D5#(-:&% 

D'1M%D-%7#&%. 
=19-4%F%2%5'(#4C -9%6D5#(-'64% '@&'4'7 64#4'-

5# (5'4'5#) D'E('$H94 &94'1%7#, '6-'(#--#H -# 59"%-
645#2%% 4'7'( ,� % %66$91'(#-%% %; 6D9745# 6 D5%&9-
-9-%9& (98($94-D59'@5#E'(#-%8 [8]. =E(964-# &94'1%-
7# '29-7% D#5#&945'( ,� D!49& 7'6(9--'"' %E&959-%H 
6'D5'4%($9-%H '@&'47% 64#4'5# ( 59A%&9 F!-72%'-%-

5'(#-%H, '6-'(#--#H -# F'5&%5'(#-%% 6%"-#$#, D5'-
D'52%'-#$C-'"' D#19-%G -#D5HA9-%H ( &91% '@&'47% 

64#4'5# [9]. 01-#7' J4# &94'1%7# D'E('$H94 7'-45'$%-
5'(#4C %E&9-9-%9 (9$%<%-: 6'D5'4%($9-%H ( F!-72%% 

49&D95#4!5: % -9 D'E('$H94 1%#"-'64%5'(#4C (%1 -9-
%6D5#(-'64% '@&'4'7 ,�. =E(964-: &94'1%7# % D5%-

@'5 1$H 7'-45'$H J-95"94%<967%; ;#5#7495%64%7 #6%--
;5'--:; J$9745'D5%('1'( ( 59A%&9 %; F!-72%'-%5'-
(#-%H [10]. 01-#7' '-% -9 (:H($HG4 -9%6D5#(-'64% 

J$9745'&#"-%4-'8 6%649&: ,�. 

O5%(919--:9 &94'1%7% 1%#"-'64%5'(#-%H ,� D' 
D'459@$H9&:& 4'7#& '6-'(#-: -# D5%&9-9-%% 6D92%-

#$C-:; 7'&DCG495-:; D5'"5#&& % 459@!G4 1'64#4'<-
-' 6$'A-'"' &#49&#4%<967'"' '@96D9<9-%H. 
B 1#--'8 5#@'49 1#946H -#!<-'9 '@'6-'(#-%9 &9-

4'1%7% 1%#"-'64%5'(#-%H 5#E(%4%H % %19-4%F%7#2%% 

-9%6D5#(-'6498 '@&'4'7 ,�, '6-'(#--'9 -# 59"%645#-
2%% 59#$C-:; F#E-:; -#D5HA9-%8 D%4#-%H, D'459@$H-
9&:; 4'7'( % &'19$%5'(#-%% -# %; '6-'(9 59E!$C4%-

5!GI9"' (5#I#GI9"'6H &#"-%4-'"' D'$H 1(%"#49$H, # 
4#7A9 9"' J-95"94%<967%; ;#5#7495%64%7 % D'6$91!G-

I9"' %; 65#(-9-%H 6 59E!$C4%5!GI%& (5#I#GI%&6H 
&#"-%4-:& D'$9& % J-95"94%<967%&% ;#5#7495%64%7#-
&% 1(%"#49$H 6 E#(91'&' %6D5#(-:&% % -9%6D5#(-:&% 

'@&'47#&% D' D5%E-#7#&, 'D5919$HGI%& %67#A9-%H 
(5#I#GI9"'6H &#"-%4-'"' D'$H 64#4'5#, % %19-4%F%-
7#4'5#&% -9%6D5#(-'6498 '@&'4'7. 

O0K?,>0B�, L,�,U= 

L#1#<# E#7$G<#946H ( 5#E5#@'479 1%#"-'64%<967%; 
D5%E-#7'( -9%6D5#(-'6498 '@&'4'7 64#4'5# % 5'4'5# 
,� D' '62%$$'"5#&&#& F#E-:; -#D5HA9-%8 % 4'7'(, 
E#59"%645%5'(#--:; D5% 5#@'49 ( 59A%&#; -'5&#$C-'-
"' F!-72%'-%5'(#-%H J$9745'D5%('1#. 

�*=?Q*=V *QWQ>=X L,�,U= 

�5%495%9& 59M9-%H E#1#<% H($H946H D'$!<9-%9 
%19-4%F%7#4'5'( (D5%E-#7'() (%47'(:; 7'5'47%; E#&:-
7#-%8 % '@5:(# D5'('1-%7'( i-; F#E '@&'47% 64#4'5#, 
'@&'47% F#E-'"' 5'4'5#, '@5:(# 6495A-98 7'5'47'E#-
&7-!4'"' 5'4'5# % !;!1M9-%H &#"-%4-'8 6%649&: 1(%-
"#49$H. B 7#<964(9 %19-4%F%7#4'5'( D5%-H4:: 7''51%-
-#4: (974'5# &#"-%4-'"' D'4'7# 64#4'5# -# 7'&D$976-
-'8 D$'67'64%, 'D5919$HGI%9 F'5&! 9"' "'1'"5#F#; 
19864(!GI%9 E-#<9-%H F#E-:; 4'7'(, D'$-'8, #74%(-'8, 
59#74%(-'8 &'I-'6498, (9$%<%-: �O� % cos P. 

4"�#�*,, 5#.&6�'*, * #7/$'*��'*, 

1. 062%$$'"5#F%5'(#-%9 F#E-:; -#D5HA9-%8 % 

4'7'( '6!I964($H946H 6 %6D'$CE'(#-%9& M4#4-:; 1#4-
<%7'( -#D5HA9-%8 % 4'7'( ( !64#-'(%(M%;6H 59A%&#; 
D5% ;'$'64'& ;'19 @9E '46'91%-9-%H (#$# ,� '4 (#$# 
5#@'<98 &#M%-: % D5% 5#@'49 6 -#"5!E7'8.  

2. O5'1'$A%49$C-'64C '62%$$'"5#F%5'(#-%H J$97-
45%<967%; 6%"-#$'( '4 180 1' 300 6. O5% %6D'$CE'(#-%% 
#-#$'"'(:; 1#4<%7'( %; 6%"-#$: '2%F5'(:(#G46H. 

3. =6D'$CE!G46H D#6D'54-:9 (7#4#$'A-:9) 1#--
-:9, D#5#&945: &#"-%4-'8 6%649&: 4964%5!9&'"' ,� 

% 9"' 459;F#E-#H ?-'@5#E-#H J$9745%<967#H 6;9&# E#-
&9I9-%H. 

4. O5% %66$91'(#-%% !<%4:(#946H D95(#H "#5&'-
-%7# 6%-!6'%1#$C-'"' 459;F#E-'"' -#D5HA9-%H, &'-
1!$C,  F#E# % <#64'4# 7'4'5'"' &'"!4 %E&9-H46H ( D59-
19$#;, 'D5919$H9&:; +0K? 9630-80. 

5. ?59;F#E-:8 %64'<-%7 D%4#-%H '@$#1#94 @'$C-
M'8 &'I-'64CG, 9"' (-!459--99 6'D5'4%($9-%9 @96-
7'-9<-' &#$9-C7'9. 
L#1#<# 59M#946H &94'1'& &#49&#4%<967'"' &'19-

$%5'(#-%H 59E!$C4%5!GI9"' (5#I#GI9"'6H &#"-%4-'-
"' D'$H % 9"' 6'64#($HGI%; D' (9$%<%-#& F#E-:; 4'-
7'( 64#4'5#, 4'7'( -#&#"-%<%(#-%H % 4'7'( 5'4'5#, # 
4#7A9 F#E-:; &'I-'6498, (9$%<%- �O� % cos P #6%--
;5'--'"' 1(%"#49$H, 5#@'4#GI9"' ( 6%&&945%<-:; % 
-96%&&945%<-:; 59A%&#;. 

>,�U>0Q 0Y0K>0B,>=Q  Q?0�, 

=E 7$#66%<967'8 49'5%% ,� %E(964-',  <4' D5% D'-
1#<9 -# 9"' 459;F#E-!G '@&'47! 6%&&945%<-'"' 459;-

F#E-'"' -#D5HA9-%H U!
1=U1"ejZ1, U!

2=U2"ej(Z1-120°), 

U!
3=U3"ej(Z1+120°)  D5% %19-4%<-:; J7(%(#$9-4-:; F#E-
-:; 6'D5'4%($9-%H; ZJ1=ZJ2=ZJ3=ZJ"e

ZZJ  ( '@&'479 
D5'497#G4 '1%-#7'(:9 D' &'1!$G, -' 61(%-!4:9 D' 
-#<#$C-'8 F#E9 -# 120° ����: 

1

1 1 ;zj
I I e   

1 120

2 2 ;zj
I I e  

1 120

3 3 .zj
I I e  
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! "#�$%�&�&'�(#) *+,�-$( *$.��/ 01 #�--+�-

*�2%$) �*+(3$4%$) #�#�+-$ 3$4%/( ����& #�$��*$, 5*� 

*$#5�6�,+%�� & 5*�#�*$%#�&+ -$7%��%/( �#+8 3$4 �.-

-���� #�$��*$ #� #9&�7�- %$ 120 :6+��*�2+#��( 7*$9"-

#�& ��%�#��+6;%� 9*"7 9*"7$, &�4.",9$+� �*"7�&�+ 

&*$<$=<++#) -$7%��%�+ 5�6+ #�$��*$. >*� %$*"'+%�� 

#�--+�*�� �#��2%��$ 5��$%�) �6� #�--+�*�� 5$*$-

-+�*�& �.-���� 01,  �.+.  5*� Z:1@Z:2@Z:3, 2�� �-++� 

-+#�� 5*� %+�#5*$&%�#�)( :6+��*�-$7%��%�8 #�#�+-/, 

�*+(3$4%$) #�#�+-$ ����& #�$��*$ #�$%�&��#) %+#�--

-+�*�2%�8, $ �*"7�&�+ &*$<$=<++#) -$7%��%�+ 5�6+ 

#�$��*$ �#�$,$+�#) & :66�5#��9%�+ &*$<$=<++#) 5�-

6+, ����*�+ ($*$��+*�4"+�#) ���*9�%$�$-� – .�6;'�- 

� -$6+%;��- 9�$-+�*$-� � "76�- %$�6�%$ �#� .�6;'�-

7� 9�$-+�*$ ��%�#��+6;%� &+<+#�&+%%�8 �#� ��--

56+�#%�8 56�#��#��. 

A9+) 5*+96$7$+-�7� -+��9$ 9�$7%�#��*�&$%�) � 

�9+%��3��$B�� %+�#5*$&%�#�+8 �.-���� 01 �#%�&$%$ 

%$ 3�*-�*�&$%�� 7�9�7*$3$ &+���*$ &*$<$=<+7�#) 

-$7%��%�7� 5�6) � +7� ���*9�%$�, 5�6"2+%%/( -+��-

9�- -�9+6�*�&$%�) 5� *+$6;%/- 3$4%/- ���$-, � 

#*$&%+%�� # 7�9�7*$3$-� &+���*�& &*$<$=<�(#) -$7-

%��%/( 5�6+8, �( ���*9�%$� � :%+*7+��2+#��( 5��$4$-

�+6+8 4$&+9�-� �#5*$&%�7� 01 � :��7� ,+ 9&�7$�+6) # 

-�9+6�*"+-/-� �+#��&/-� %+�#5*$&%�#�)-�, 2�#6� 

����*/( N=2k, 79+ k=2�; � – 2�#6� $*7"-+%��&, �5*+9+-

6)=<�( -+#�� � &�9 %+�#5*$&%�#�� �.-����. 

C.�#%�&$%�+ -+��9��� 9�$7%�#��*�&$%�) %+�#-

5*$&%�#�+8 �.-���� 01 �#%�&$%� %$ $%$6�4+ 5$*$-+�-

*�& :6+��*�2+#��8 D-�.*$4%�8 #(+-/ 4$-+<+%�) 

(425. 1), � �( #&)4� # *+$6;%/-� 5$*$-+�*$-� �.-���� 

#�$��*$, *���*$ � 5$*$-+�*$-� -$7%��%�8 #�#�+-/ 

:6+��*�2+#��8 -$'�%/. 
F$ 425. 1 &&+9+%/ �.�4%$2+%�): 

U�
i – %$5*),+%�+ i-8 3$4/ �#��2%��$ 5��$%�);  

Zsi
=ksi Rs1+j ksi

2
Xs1 – ��-56+�#%�+ #�5*���&6+%�+ 

3$4/ �.-���� #�$��*$; 

Zmi=kmi Rmi+j ksi Xmi – ��-56+�#%�+ #�5*���&6+%�+ 

3$4/ &+�&� %$-$7%�2�&$%�) (76$&%�+ #�5*���&6+%�+ 

9&�7$�+6)); 

Zri
' =kri Rr2 

' +j Xr2
'  – ��-56+�#%�+ #�5*���&6+%�+ 3$-

4/ �.-���� *���*$, 5*�&+9+%%�+ � �.-���+ #�$��*$;  

R%i=Rri
'  !1/si-1" – $���&%�+ #�5*���&6+%�+, 5*�5�*-

B��%$6;%�+ -+($%�2+#��8 %$7*"4�+ 01, si – #��6;,+-

%�+ 01; 

ksi, kri, kmi – ��:33�B�+%�/, ($*$��+*�4"=<�+ %+-

�#5*$&%�#��, #���&+�#�&+%%� & �.-���$( #�$��*$, *�-

��*$ � &+�&� %$-$7%�2�&$%�). 

 
$25. 1. #-7849:;9< 5>?@9 :9@?A?;2< i-7B C9:D *) 

G#�$%�&�- #&)4� -+,9" &+6�2�%$-� #�5*���&6+-

%�8 #(+-/ 4$-+<+%�) # *+$6;%/-� 3�4�2+#��-� 5$-

*$-+�*$-� �.-���� #�$��*$ # "2+��- &�4-�,%/( +H 

%+�#5*$&%�#�+8. 0���&%�+ #�5*���&6+%�+ R1 3$4/ & 

C- �#5*$&%�8 �.-���� #�$��*$ �5*+9+6)+�#) �4&+#�-

%/- #���%�'+%�+- [11] 

1#*

1 1 3

1 1

,
10

l
R w

a c q
  (1) 

79+ w1 – 2�#6� :33+���&%/( &����& 3$4/ �.-���� #�$-

��*$; l1#* – #*+9%)) 96�%$ &���$, --; J
K
 – "9+6;%$) 5*�-

&�9�-�#�; -$�+*�$6$ 5*�&�9%��$ (-+9�) 5*� *$.�2+8 

�+-5+*$�"*+ K, L-/-�-; a1 – 2�#6� 5$*$66+6;%/( &+�-

&+8 �.-���� #�$��*$; c1 – 2�#6� :6+-+%�$*%/( 5*�&�9-

%���& & �9%�- :33+���&%�- 5*�&�9%��+; q – 56�<$9; 

5�5+*+2%�7� #+2+%�) :6+-+%�$*%�7� 5*�&�9%��$. 

G9+6;%$) 5*�&�9�-�#�; -$�+*�$6$ 5*�&�9%��$ 

(-+9�) & C- 5*� *$.�2+8 �+-5+*$�"*+ K �5*+9+6)+�#) 

5� �4&+#�%�8 3�*-"6+ 

20

1 1
1 20 C , 

v

 

79+ J
20

 – "9+6;%$) :6+��*�2+#�$) 5*�&�9�-�#�; -$�+-

*�$6$ 5*�&�9%��$ 5*� 20°C, L-/-�-; O – �+-5+*$�"*-

%/8 ��:33�B�+%� #�5*���&6+%�), °C
-1

, 96) -+9� � 

$6=-�%�) O=0,004°C
-1

; K – �+-5+*$�"*$ �.-���� 01. 
A4 &/*$,+%�) (1) &�9%�, 2�� $���&%�+ #�5*���&6+-

%�+ R1 3$4/ �.-���� #�$��*$ 4$&�#�� �� :6+��*�2+#��8 

5*�&�9�-�#�� -$�+*�$6$, �4 ����*�7� �47���&6+%$ �.-

-���$, 2�#6$ :33+���&%/( &����&, #*+9%+8 96�%/ &��-

�$,  2�#6$ :6+-+%�$*%/( 5*�&�9%���& & �9%�- :33+�-

��&%�- 5*�&�9%��+, 2�#6$ 5$*$66+6;%/( &+�&+8 � �� 

�+-5+*$�"*/ 01.  >*� &����&/( 4$-/�$%�)( �.-���� 

$���&%�+ #�5*���&6+%�+ R1 "-+%;'$+�#), $ 5*� �.*/&+ 

:6+-+%�$*%/( 5*�&�9%���& �6� 5$*$66+6;%/( &+�&+8 – 

"&+6�2�&$+�#). >*� -$�+-$��2+#��- -�9+6�*�&$%�� 
�+#��&/( %+�#5*$&%�#�+8 :�� 5*�4%$�� %+�#5*$&%�-

#�+8 �.-���� #�$��*$ "2��/&$=�#) ��:33�B�+%��- 

1

1 1

,
w i

si

c i a i

k
k

k k
  (2) 

79+ kw1i= $1-
w1i

w1
%, kc1i= $1-

c1i

c1
%, ka1i= $1-

a1i

a1
%; w1i –  2�#6� 

��*����4$-�%"�/( &����& �.-���� #�$��*$; c1i – 2�#6� 

*$4�-�%"�/( (�.�*&$%%/() :6+-+%�$*%/( 5*�&�9%�-

��&; a1i – 2�#6� *$4�-�%"�/( 5$*$66+6;%/( &+�&+8. 
>*� *+'+%�� 5�#�$&6+%%�8 4$9$2�, �#5�6;4") &/-

*$,+%�+ (2), 5*+9#�$&6)+�#) &�4-�,%/- -�9+6�*�&$�; 

�+#��&/+ ��*����+ 4$-/�$%�) &����&, �.*/&/ :6+-+%-

�$*%/( 5*�&�9%���& � 5$*$66+6;%/( &+�&+8 �.-���� 

#�$��*$. >�:��-" 5*� -�9+6�*�&$%�� %+�#5*$&%�#�+8 

�.-���� #�$��*$ $���&%�+ #�5*���&6+%�+ �.-���� �4-

-+%)+�#) 5� 3�*-"6+ 

1.si siR k R  

A%9"���&%�+ #�5*���&6+%�+ �#5*$&%�8 �.-���� 

#�$��*$ X1, C-, �."#6�&6+%%�+ 5����$-� *$##+)%�) 

-$7%��%�7� 5�6), �5*+9+6)+�#) �4&+#�%/- #���%�'+-
%�+- [11] 

Zsi

Z'ri

m

n

Ui

·

·
Isi ·

Imi

Zmi

·
Iri

R%
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2

1 1 1 1
1 8

1

1,58
,

10

f l w
X

p q
  (3) 

79+ f
1
 – 2$#���$ ���$, PB; l1 – 96�%$ #+*9+2%��$ #�$��*$, 

--; w1 –  2�#6� :33+���&%/( &����& 3$4/ �.-���� 

#�$��*$; p – 2�#6� 5$* 5�6=#�& 01; q
1
 – 2�#6� 5$4�& %$ 

5�6=# � 3$4"; Q1 – ��:33�B�+%� 5*�&�9�-�#�� *$##+)-

%�) �.-���� #�$��*$, 96) 01 #*+9%+8 � .�6;'�8 -�<-

%�#�� Q1=3,5÷4,3. 

A4 5*�&+9+%%�7� ��%�'+%�) (3) &�9%�, 2�� �%9"�-

��&%�+ #�5*���&6+%�+ �.-���� #�$��*$ 5*� &����&/( 

4$-/�$%�)( �.-����, �.+. "-+%;'+%�� 2�#6$ :33+�-

��&%/( &����&, "-+%;'$+�#) & �&$9*$��2%�8 4$&�#�-

-�#��. >�:��-" 5*� -�9+6�*�&$%�� ��*����( 4$-/�$-

%�8 &����&, �.+. 5*� kw1�1 !"#$%$%!$ !%&'()!*%+,+ 

-+./+)!*0$%!1 +2#+)(! -)3)+/3 * 4# '5!)6*3$)-1 *6-

/37$%!$# *!&3 

1

2

1
.

si w i
X k X   (4) 

8 '5$)+# !"0+7$%%+,+ (+#.0$(-%+$ -+./+)!*0$-

%!$ i-: ;3"6 +2#+)(! -)3)+/3 * 4#,  ./! #+&$0!/+*3-

%!! %$!-./3*%+-)$: +2#+)(!, ./$&-)3*01$)-1 *$()+/-

%+: -'##+: 

1

2

1 1
, 

si si w i
Z k R jk X   (5) 

,&$ R1,X1 – .3/3#$)/6 +2#+)(! -)3)+/3, +./$&$01$#6$ 

.+ (3)30+7%6#! &3%%6# !0! !" -./3*+5%!(+* .+ <=.  

>/! /$?$%!! "3&35! (+@;;!A!$%) ksi +./$&$01$)-1 

+)%+?$%!$# (2) ! "3&3$)-1 !--0$&+*3)$0$# * "3*!-!#+-

-)! +) #+&$0!/+*3%!1 *!&3 %$!-./3*%+-)$:: "3#6(3-

%!1 *!)(+*, 5!-03 /3"+#(%')6B @0$#$%)3/%6B ./+*+&-

%!(+*, 5!-03 /3"+#(%')6B .3/300$0C%6B *$)*$:. 

D$0!5!%3 ,03*%+,+ !%&'()!*%+,+ -+./+)!*0$%!1 

<=, 4#, +./$&$01$)-1 +)%+?$%!$# [11] 

1 ,si e �

m

m m

E k U
X

I I
  (6) 

,&$ ke –  (+@;;!A!$%) +2#+)(! -)3)+/3 .+ E=8;  

ke=0,95÷0,97; U1% – %+#!%30C%+$ ;3"%+$ %3./17$%!$ 

<=, D; Im – %3#3,%!5!*3GH!: )+( i-: ;3"6 +2#+)(! 

-)3)+/3, <. 

I3#3,%!5!*3GH!: )+( (<), %3 +&!% .+0G- +2#+)-

(! -)3)+/3 +./$&$01$)-1 *6/37$%!$# [11]: 

1 1

2,22
, mi

F p
I

m w
  (7) 

,&$ F –  J=8 +2#+)(! -)3)+/3 !0! -'##3/%+$ #3,%!)-

%+$ %3./17$%!$ '53-)(+* #3,%!)%+: -!-)$#6 <= (*+"-

&'?%6: "3"+/, "'2A6 -)3)+/3, "'2A6 /+)+/3, -.!%(3 

/+)+/3, -.!%(3 -)3)+/3); m1 – 5!-0+ ;3" &*!,3)$01. 

>+-0$ .+&-)3%+*(! *6/37$%!1 (7) * (6) .+0'5!#: 

1% 1 1 .
2,22

e
m

k U m w
X

F p
  (8) 

K" 3%30!"3 *6/37$%!1 (8) -0$&'$), 5)+ *$0!5!%3 

,03*%+,+ !%&'()!*%+,+ -+./+)!*0$%!1 <=, ./! %$!"-

#$%%6B ,$+#$)/!5$-(!B .3/3#$)/3B #3,%!)%+: -!-)$-

#6, ./1#+ ./+.+/A!+%30C%3 5!-0' *!)(+* +2#+)(! 

-)3)+/3. >+@)+#' ./! /$?$%!! .+-)3*0$%%+: "3&35! 

*$0!5!%3 ,03*%+,+ !%&'()!*%+,+ -+./+)!*0$%!1 i-: 

;3"6 <= (4#) +./$&$01$)-1 ./+!"*$&$%!$# 

1
,mi w mX k X   (9) 

,&$ Xm –  %3B+&!)-1 .+ (3)30+7%6# !0! -./3*+5%6# 
&3%%6# !--0$&'$#+,+ <=. 

L+#.0$(- ,03*%+,+ -+./+)!*0$%!1, Zm, &*!,3)$01 

-+&$/7!) *$H$-)*$%%'G -+-)3*01GH'G Rm. E)3 *$0!-

5!%3 ./+.+/A!+%30C%3 #3,%!)%6# .+)$/1# * @0$()/+-

)$B%!5$-(+: -)30! – .+)$/1# 3()!*%+: #+H%+-)! * 

-.!%($ ! "'2A3B ;$//+#3,%!)%+,+ -$/&$5%!(3 -)3)+/3. 

>/! "3&3%%6B 53-)+)$ )+(3, )$B%+0+,!! !",+)+*0$%!1 

-$/&$5%!(3, ,$+#$)/!5$-(!B /3"#$/3B -$/&$5%!(3 ! 

5!-03 .3"+* -)3)+/3 #3,%!)%6$ .+)$/! ./+.+/A!+-

%30C%6 (*3&/3)' #3,%!)%+: !%&'(A!!, �, !0! (*3&/3)' 

;3"%+,+ %3./17$%!1, ).$. P-NB2 NU1%
2 . >/! -/$&%$# (+-

@;;!A!$%)$ %3-6H$%!1 #3,%!)%+: -!-)$#6, /3*%+,+ 

+)%+?$%!G F/F2=1,35÷1,77, ,&$ F2 – #3,%!)%+$ %3./1-

7$%!$ * *+"&'?%+# "3"+/$ <= ! %+#!%30C%+# %3./1-

7$%!! .!)3%!1, #3,%!)%6$ .+)$/! #+7%+ -5!)3)C 

%$!"#$%%6#!. >+@)+#' ./! /$?$%!! .+-)3*0$%%+: 

"3&35! *$H$-)*$%%'G -+-)3*01GH'G (+#.0$(-3 ,03*-

%+,+ -+./+)!*0$%!1 <= ./!%1)+ -5!)3)C %$ "3*!-!#+: 

+) 5!-03 *!)(+* +2#+)(! -)3)+/3. 8 '5$)+# !"0+7$%%+-

,+ (+#.0$(-%+$ -+./+)!*0$%!$ *$)*! %3#3,%!5!*3%!1 

i-: ;3"6 <= * 4# *6/373G)-1 *$()+/%+: -'##+: 

1
,mi mi w miZ R j k X  (10) 

,&$ 
- - 2%

2 2

1 1

;m

m m

P k P
R

m I m I
 k- – (+@;;!A!$%) .+)$/C 

3()!*%+: #+H%+-)! * -)30! <=; k-=0,01÷0,025. 

E0$()/!5$-(31 P-+2/3"%31 -B$#3 "3#$H$%!1 <= 

(���.  1) -+&$/7!) *$)*C +2#+)(! /+)+/3. L+#.0$(-%+$ 

-+./+)!*0$%!$ /+)+/3, ./!*$&$%%+$ ( +2#+)($ -)3)+/3, 
!#$$) *!&: 

' ' '

2 2 ,rZ R jX
 

,&$ R2
' , X2

'  – 3()!*%+$ ! /$3()!*%+$ -+./+)!*0$%!1 /+-

)+/3, ./!*$&$%%6$ ( +2#+)($ -)3)+/3. 

<-!%B/+%%6: &*!,3)$0C #+7$) !",+)3*0!*3)C-1 - 

(+/+)(+"3#(%')+: +2#+)(+: !0! - ;3"%+: +2#+)(+: 

/+)+/3. D$H$-)*$%%31 -+-)3*01GH31 -+./+)!*0$%!1 

+2#+)(! /+)+/3 R2
'  "3*!-!) +) @0$()/!5$-(+: ./+*+&!-

#+-)! #3)$/!303, 5!-03 .3"+*, 5!-03 @;;$()!*%6B 

*!)(+* w2, &0!%6 *!)(3 l2, 5!-03 .3/300$0C%6B *$)*$: 

a2, 5!-03 @0$#$%)3/%6B ./+*+&%!(+* c2, $-0! +2#+)(3 
;3"%31, ! +) 5!-03 (+/+)(+"3#(%')6B -)$/7%$:, ,$+-

#$)/!5$-(!B /3"#$/+* -$/&$5%!(3 ! $,+ .3"+*, $-0! 

+2#+)(3 (+/+)(+"3#(%')31. 

>/! *!)(+*6B "3#6(3%!1B ;3"%+: +2#+)(! /+)+/3 

$,+ 3()!*%+$ -+./+)!*0$%!$ '#$%C?3$)-1 - '*$0!5$%!-

$# 5!-03 "3#(%')6B *!)(+* ! '*$0!5!*3$)-1 ./! +2/6-

*$ @0$#$%)3/%6B ./+*+&%!(+* ! /3"#6(3%!! .3/30-

0$0C%6B *$)*$:. 8+./+)!*0$%!$ (4#) +./$&$01$)-1 

./+!"*$&$%!$# 

' '

2 2 , ri rR k R   (11) 



  !!""##$$!!%%##""&&,,  ''!!""$$%%!!(()�      !!  ""##$$%%&&''  ((""  ))**++(('',,%%%%--%%,,..!!%%//""$$  00 
 

74 )&1(. 23(40). 2018 
 

��� 

2

2

2 2

,iw

r i

c i a i

k
k

k k
  (12) 

��� kw2i= �1-
w2i

w2
 , kc2i= �1-

c2i

c2
 , ka2i= �1-

a2i

a2
 ; w2i –   !"#$ 

%$&$'%$()*%+,'-. 0!'%$0 $1*$'%! &$'$&); c2i –  !"#$ 

&)($*%+,'-. ($1$&0)++-.) 2#�*�+')&+-. 3&$0$�+!-

%$0; a2i –  !"#$ &)($*%+,'-. 3)&)##�#4+-. 0�'0�5. 

6&! &�7�+!! ()�) ! kr2 $3&���#8�'"8 ,"#$0!8*! *$��-

#!&$0)+!8 +�!"3&)0+$"'�5 &$'$&+$5 $1*$'%! 9:, '.�. 

0�#! !+)*! %$2<<!=!�+'$0 kw2
, kc2

, ka2
. 

:#8 9: " %$&$'%$()*%+,'-* &$'$&$* 0$(*$>+- 

$1&-0- "'�&>+�5 %$&$'%$()*%+,'$5 $1*$'%!. ? ,0�-

#! �+!�*  !"#) $1$&0)++-. "'�&>+�5 )%'!0+$� "$3&$-

'!0#�+!� R2
'  ,0�#! !0)�'"8. 6&! 2'$* 0�#! !+) Rr2

'  
(A*) $3&���#8�'"8 $'+$7�+!�* 

'
' 2
2

2

, 
r

�

R
R

k
  (13) 

��� k�2= �1-
 2i

 2
  – �$#8 !"3&)0+-. "'�&>+�5; c2i –  !"#$ 

&)($*%+,'-. "'�&>+�5 %$&$'%$()*%+,'$�$ &$'$&). 

B+�,%'!0+$� "$3&$'!0#�+!� $1*$'%! &$'$&), 3&!-

0���++$� % $1*$'%� "')'$&), X2
'  (A*) 3&$3$&=!$+)#4+$ 

%0)�&)',  !"#) 0!'%$0 ("'�&>+�5) !  )"'$'� '$%) &$'$-

&), $3&���#8�*$� "%$#4>�+!�* si: 

2

2 '

2
.

ri w i i
X k X s   (14) 

6&! &)1$'� 9: 0 &�>!*� &�)#4+$�$ .$#$"'$�$ .$�) 

"%$#4>�+!� si=sxx=0,005÷0,009,  ) 3&! &)1$'� 9: " 

+)�&,(%$5 0 �!)3)($+� (0,75÷1,0)�P2�,  !"#$%&�'& 

si=s�=0,025÷0,03. (  *+,-".�'!,/ *" 01, '#' - !,3,#"-

4,/, X2
'  "*+&5&#6&3 6 5#6 �"7'�,#$�"4"  !"#$%&�'6. 

8"93"7: *+' 7"5&#'+"-,�'' 7,4�'3�"4" *"#6 01 *+' 

+,;"3& ;&< �,4+:<!', 3.&. *+' /"#" 3"7 /"5&, '�5:!3'--

�"&  "*+"3'-#&�'& Xri (>7)  �'%,&3 6 5" -&#'.'�?, 

"*+&5&#6&7"@ -?+,%&�'&7: 

2

' 2 ' xx
2xx 2

�

, ri w i

s
X X k X

s
  (15) 

, *+' +,;"3&   �"7'�,#$�"@ �,4+:<!"@ 

2

' 2 '

2xx 2
.

ri w i
X X k X   (16) 

8+' +&A&�'' *" 3,-#&��"@ <,5,.' !"7*#&! �"& 

 "*+"3'-#&�'& i-@ C,<? ";7"3!' +"3"+, - >7 "*+&5&-

#6&3 6 -&!3"+�"@  :77"@ 

2

' ' 2 '

2 2 2
.

ri r w i
Z k R j k X   (17) 

8+' 7"5&#'+"-,�'' !"9CC'D'&�3 kr2 <,5,&3 6 ' -

 #&5"-,3&#&7. 

1#6 :.&3, 7&/,�'.& !"@ 7"E�" 3', *+'#"%&��"@ 

! -,#: 01, *" #&5"-,3&#$�"    "*+"3'-#&�'&7 Zri
'  

-!#F.&�" ,!3'-�"&  "*+"3'-#&�'& R�i ( 7. ���. 1). (&-

#'.'�, 93"4"  "*+"3'-#&�'6 - >7 *+"*"+D'"�,#$�, 

7&/,�'.& !"@ 7"E�" 3' ' "*+&5&#63 6 '<-& 3�"@ 
C"+7:#"@ [11] 

'

� 2

1
.i i

i

R R s
s

  (18) 

8+' 7"5&#'+"-,�'' +&<:#$3'+:FE&4" 7,4�'3�"4" 

*"#6 :.'3?-,&3 6, .3" *+' +&,#$�"7 /"#" 3"7 /"5& 

5-'4,3&#$ *+&"5"#&-,&3 7&/,�'.& !:F 7"E�" 3$ 3+&-

�'6 - *"5A'*�'!,/ ' 7"E�" 3$, <,3+,.'-,&7:F �, 

-&�3'#6D'F. G< "*?3, 9! *#:,3,D'' 01 7&/,�'.& !,6 

7"E�" 3$ +&,#$�"4" /"#" 3"4" /"5, �,/"5'3 6 - 5',-

*,<"�& (0,005÷0,009)�P2�. 

G< '<#"%&��"4" '   :.&3"7 ���.  1 9!-'-,#&�3�"& 

 "*+"3'-#&�'& i-@ C,<? 01 - >7 -?+,%,&3 6 +,-&�-

 3-"7 

'

�

9 '

�

.
mi ri i

i si

mi ri i

Z Z R
Z Z

Z Z R
  (19) 

8"93"7: '< *+'-&5&��"4" ,�,#'<, -&#'.'�  "*+"-

3'-#&�'@ 9#&!3+'.& !"@ H-";+,<�"@  /&7? <,7&E&�'6 

' '/  -6<'   +&,#$�?7' C'<'.& !'7' *,+,7&3+,7' 

";7"3"!  3,3"+,, +"3"+, ' *,+,7&3+,7' 7,4�'3�"@ 

 ' 3&7? 9#&!3+'.& !"@ 7,A'�? 3+&/C,<�?@ , '�-

/+"��?@ 5-'4,3&#$ *+' +,;"3& -  '77&3+'.�?/ ' �& 

 '77&3+'.�?/ (,-,+'@�?/) +&%'7,/ 7"%&3 ;?3$ 

*+&5 3,-#&� 3+&/C,<�"@ 9#&!3+'.& !"@  /&7"@ <,7&-

E&�'6 (���. 2). 

1#6 7"5&#'+"-,�'6 3& 3"-?/ +&%'7"- +,;"3? 

5-'4,3&#6 +, .&3 *+'-&5&��"@ 9#&!3+'.& !"@  /&7? 

( 7. ���.  2), " :E& 3-#6&3 6 *" '<-& 3�?7 -?+,%&�'-

67,  #&5:FE'7 '< <,!"�, >7,: 

1

1

91

;NnU U
I

Z
 

2

2

92

;NnU U
I

Z
 

3

3

93

;NnU U
I

Z
 

1 2 3

91 92 93

91 92 93

1 1 1

.
1 1 1Nn

U U U
Z Z Z

U

Z Z Z

 

(&#'.'�? 9!-'-,#&�3�?/  "*+"3'-#&�'@ i-/ C,< 

";7"3"! 01 "*+&5&#6F3 6 *" C"+7:#& (19). 
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������ �!"#��  �%&�'(� &)*�+� ! "*")*�+�,- 
."+#�(#�+� /�(�0" 12 �,#�!"#� #" �%!�,(#�. / �#3�-
/� !�0(� #�+� ,��4�#�- ."+#�(#56 /�(�0�!, !�%7&4-
��##56 (�0".� 8"% �7.�(�0 ,("(� ", �,� 0�(� 56 
,.�*�#5 ! / �,( "#,(!� �(#�,�(��'#� � &+ � &+" #" 
&+�� 120 9��0( �:�,0�6 + "�&,�!, (�0".�  �(� " � (�-
0".� #"."+#�:�!"#�- [12]. ; � 9(�. &:�(5!"�(,-, :(� 

!�0(�  ."+#�(#�+� /�(�0" <���  �/ ����-�(,- /�(�0�. 

!�0(� " ."+#�(#�= �#�&03�� B��  :� �% /��*"�' S� : 

< .
S

BdS  

�"+#�(#"- �#�&03�- -!�-�(,- 8&#03��= �( !�0(�-

 " #"/ -4�##�,(� ."+#�(#�+� /��- H�� , �(#�,�(��'#56 

."+#�(#56 / �#�3"�.�,(�= !"0&&." >
0
 � 8�  �."+-

#�(#�+� !�*�,(!" >
r
: 

0 .rB H
 

?"!�,�.�,(' B(H) ��- 8�  �."+#�(#�+� !�*�,(!" 
#���#�=#"-. @" / "0(�0� �#" / ��,("!�-�(,- ("0 #"%5-
!"�.�= 0 �!�= #"."+#�:�!"#�- [12]. 

@"/ -4�##�,(' ."+#�(#�+� /��- ,!-%"#" , !�%7&4-

�")*�.� �+� (�0".� Ii
! , �%!�,(#5. %"0�#�. /��#�+� 

(�0": 

.i i

l

I w Hdl

 

��� ������� !"#$%&'���"( )%*%+� ,"*�'��"&%��� 
��)-'.$��-/0�1" &�%0%/0�1"#2 ,%1��$�"1" !"'2 � �1" 
#"#$%&'2/0�3 "#-0�#$&'2�$#2 &")4-5*%/0�,� �3 $"-
6%,� &�$&�( #3�,7 )%,�0���2 i-3 9%) :; (#,. ���.  1). 
<"6� 9%) i-3 &�$&�( #3�,7 )%,�0���2 :; "!��*�'2/$#2 
!" )%6"�- =,%: 

>

;i

si

i

U
I

Z

 

;mn

mi

mi

U
I

Z

 

'

?

;mn

ri

ri

U
I

Z R

 

.mn i i siU U I Z
 

@"�,��"&%��� !��)�%6"& ���#!�%&�"#$�( "4,"$"6 
:; "#-0�#$&'2�$#2 6",!./$���7, ,"*�'��"&%���, 
!" !�"1�%,,� �##'�*"&%��2.  

��"1�%,,% ,"*�'��"&%��2 +�#'% N, $�#$"&73 ��-
�#!�%&�"#$�( "4,"$"6 :; 9"�,��-�$#2 # -+�$", +�#'% 
%�1-,��$"&, &'�2/0�3 �% ���#!�%&�"#$�. =!��*�'�, 
+�#'" %�1-,��$"&, &7)7&%/0�3 ��#�,,�$��+�7( ��-
5�, �%4"$7 :;. ;'2 >$"1" &#� %�1-,��$7 �%)*�'�, �% 
*&� 1�-!!7. 

A�-!!% B 1 – %�1-,��$7, "!��*�'2/0�� ,�#$" ��-
�#!�%&�"#$�: "4,"$6% #$%$"�% s; "4,"$6% �"$"�% r; 9%)% 
#$%$"�% s1, 9%)% #$%$"�% s2, 9%)% #$%$"�% s3; 9%)% �"$"�% 
r1, 9%)% �"$"�% r2, 9%)% �"$"�% r3; )%,76%��� &�$6"& 
"4,"$6� #$%$"�% w1i; "4�7& >'�,��$%��"1" !�"&"*��6% 
"4,"$6� #$%$"�% �1i; �%),76%��� ("4�7&) !%�%''�'.�"( 

&�$&� "4,"$6� #$%$"�% a1i; )%,76%��� &�$6"& "4,"$6% 
�"$"�% w2i; """4�7& >'�,��$%��"1" !�"&"*��6% "4,"$-
6� �"$"�% �2i; �%),76%��� ("4�7&) !%�%''�'.�"( &�$&� 
"4,"$6� �"$"�% a2i.  A�-!!% B 1  #"*��5�$ +�#'" %�1--
,��$"& A1=14. 

A�-!!% B 2 – %�1-,��$7, "!��*�'2/0�� �%)&�$�2 
���#!�%&�"#$�( & "4,"$6%3 :;: Cw1i, C�1i, Ca1i, Cw2i, 
C�2i, Ca2i. D$% 1�-!!% %�1-,��$"& #"*��5�$ +�#'" A2=6. 
���+�, %�1-,��$7 !�� ,"*�'��"&%��� $�#$"&73 ���#-
!�%&�"#$�( ,"1-$ )%*%&%$.#2 �##'�*"&%$�'�, # �%1",: 
Cw1i=(0,1÷0,25)w1; Cc1i=(1÷7); Ca1i=(1÷4); 
Cw2i=(0,1÷0,25)w2; Cc2i=(1÷7); Ca2i=(1÷4). E%6#�-
,%'.�7� )�%+���2 %�1-,��$"& c1, c2, a1, a2 "!��*�'2-
/$#2 "4,"$"+�7,� *%��7,� :;. F�'�+��% �%1% %�1--
,��$"& "!��*�'2�$ $"+�"#$. *�%1�"#$��"&%��2 �%)&�-
$�2 ���#!�%&�"#$�( "4,"$"6 :;. 

<%6�, "4�%)",, ,�#$" ���#!�%&�"#$�( "4,"$"6 :; 

"!��*�'2�$#2 +�#'", $�#$"& NA1
=2A1=216=65536. E�-

��,%'.�"� +�#'" $�#$"&, "!��*�'2/0�3 �%)&�$�� ��-
�#!�%&�"#$�( "4,"$"6 :; !�� Cw1i=w1, Cw2i=w2, c1i=1, 

c2i=1, a1i=1, a2i=1, �%&�" NA2
=2A2=26=64. E%6#�,%'.�"� 

+�#'" $�#$"&, "!��*�'2/0�3 �%)&�$�� ���#!�%&�"#$�(, 
)%&�#�$ "$ )%*%��"1" �%1% �),�����2 %�1-,��$"& A2. 
:�1-,��$7 c1i, c2i, a1i, a2i – G�'7� +�#'%. 

�"#'� 9"�,��"&%��2 $�#$"&73 1"*"1�%9"& &�6$"�"& 
&�%0%/0�3#2 ,%1��$�73 !"'�( � >���1�$�+�#6�3 !"6%-
)%$�'�( :; &7!"'�2�$#2 #�%&����� ��%'.�"1" 1"*"1�%9% 
� >���1�$�+�#6�3 !"6%)%$�'�( :;, !"'-+���73 !" )%��-
1�#$���"&%��7, 9%)�7, �%!�25���2, � $"6%,. H#'� 
6""�*��%$7 1"*"1�%9% &�6$"�% &�%0%/0�1"#2 ,%1��$-
�"1" !"'2 � >���1�$�+�#6�� !"6%)%$�'� "$'�+%/$#2 "$ 
1"*"1�%9% &�6$"�% ,%1��$�"1" !"'2 � >���1�$�+�#6�3 
!"6%)%$�'�( �#!�%&�"1" *&�1%$�'2 �� 4"'�� +�, �% 3-5%, 
$" *&�1%$�'. 4-*�$ #+�$%$.#2 �#!�%&�7,. H#'� !"6%)%-
$�'� ��5�,"& �%4"$7 :; "$'�+%/$#2 4"'.�� +�, �% 
5%, $" &7!"'�2�$#2 #�%&����� ��%'.�"1" 1"*"1�%9% � 
>���1�$�+�#6�3 !"6%)%$�'�( :;, !"'-+���73 !" )%��1�-
#$���"&%��7, 9%)�7, �%!�25���2, � $"6%, # %�%'"-
1�+�7,� !%�%,�$�%,� $�#$"&73 ���#!�%&�"#$�( :;.  
F ��)-'.$%$� #�%&����2 !%�%,�$�"& &72&'2�$#2 �",�� 
$�#$"&"( ���#!�%&�"#$� "4,"$"6 :;. ���)�%6� ���#-
!�%&�"#$�( "4,"$"6 !�� ,"*�'��"&%��� #�,,�$��+�73 
� ��#�,,�$��+�73 ��5�,"& �%4"$7 :; 9"�,��-/$#2 
!" %'1"��$,%, [13-15]. 

�IJEHI IH:KJL:MJJ EH<=;JNJ ;J:A?=O<JNJ 
J J;H?<J@JN:MJJ ?HJO�I:F?=O<HP =QE=<=N 

;FJA:<HKR 

E"*�'��-/$#2 ���#!�%&�"#$� "4,"$6� #$%$"�% 
*&�1%$�'2 # �",��%'.�7,� *%��7,�: P2�=30 6F$, 

U1�=220 F; f
1
=50 AG; n2�=2945 "4/,��; n1=3000 "4/,��; 

V
�
=0,905; cos W =0,9; "4,"$"+�7� *%��7�, ".�.: 

rs=0,003, xs=0,073, rm=0,928, xm=3,8, rr
' =0,018, xr

' =0,11 
[16]. ��� "#G�''"1�%9��"&%��� )%��1�#$���"&%�7 

9%)�7� $"6� i1=98! sin (Y!t-23°), i2=91! sin(Y!t+100°), 

i3=89! sin"Y!t-144°#. 
;'2 �#!�%&�"1" *&�1%$�'2 &7+�#'��7 !%�%,�$�7: 

I1�= 55,8  :;  Z�=3,942 =,; Rs=0,012 =,, Xs=0,288 =,, 

Rm=3,658 =,, Xm=14,98 =,, Rr
' =0,07 =,, Xr

' =0,434 =,. 
��"1�%,,% �##'�*"&%��2 ���#!�%&�"#$�( "4,"$"6 

#$%$"�% � �"$"�% :; "!��*�'2/$#2 $%4'�G%,� �#$��-

�"#$�,  !"#. 1 � 2, 6",4��%G�2,� �3 9-�6G�( f
s
 � f

r
, % 

$%65� !���%0���2,� 6">99�G���$"& ksi, kri. 



$$%%&&''((%%))''&&**,,  ++%%&&(())%%,,--  ''  ..''//**&&%%00((''++//  11,,22++(())%%%%33%%))44..%%5�  !!""## 
 

76 $%&'. (3(40). 2018 
 

)*+,&-* 1 

./01/*22* 40/2&/05*6&7 

68&9:/*5609;8< 0+20;=& 9;*;0/* 

� 

 /  

!"#$ !%"#$ 
S3 S2 S1 f

s
 

0 0 0 0 f
0
=S3

�  S2
�  S1

�  

1 0 0 1 f
1
=S3

�  S2
�  S1 

2 0 1 0 f
2
=S3

�  S2 S1
�  

3 0 1 1 f
3
=S3

�  S2 S1 

4 1 0 0 f
4
=S3 S2

�  S1
�  

5 1 0 1 f
5
=S3 S2

�  S1 

6 1 1 0 f
6
=S3 S2 S1

�  

7 1 1 1 f
7
=S3 S2 S1 

)*+,&-* 2 

./01/*22* 40/2&/05*6&7 

68&9:/*5609;8< 0+20;=& /0;0/* 

� 

 /  

!"#$ !%"#$ 
r3 r2 r1 f

r
 

0 0 0 0 f
0
=r3� r2� r1�  

1 0 0 1 f
1
=r3� r2� r1 

2 0 1 0 f
2
=r! r2 r1�  

3 0 1 1 f
3
=r3� r2 r1 

4 1 0 0 f
4
=r3 r2� r1� 

5 1 0 1 f
5
=r3 r2� r1 

6 1 1 0 f
6
=r3 r2 r1� 

7 1 1 1 f
7
=r3 r2 r1 

! ;*+,.  1,  2 '()#*+  #$ ,#-.)#- 0 '##(0.('(012( 

340.$#-# +' )40,#-1 4'+,")#,,#-1 $0+54(.62. 

7.8.,+. 34$49+ #'1:.'(06;.(';  # 465#)+(-1: 

1. <4$42('; +'"#$,%. $4,,%. $0+54(.6; + #=+>-

)#04,,%. '+5,46% +,'()1-.,(46?,# 34).5+'()+)#04,-

,%" >43,%" ,4 );@.,+A + (#*#0. 

2. !%9+'6;2(';  4)4-.()% B-#D)43,#A '".-% 

34-.:.,+; EF. 

3. <4$42('; *#G>>+=+.,(% ksi � kri, !"#"$%&#�'(-

)*�& +&�,-#".+/,%� /01/%/$ 23. 
4. 345 '"6"++7! +&�,-#".+/,%&8 /01/%/$ .79�,-

45)%,5 %/$� .&%.&8 :4&$%#�9&,$/8 ,!&17 (,1. ���.  2), 

-#/.&#5)%,5 '"$/+7 ;�#!</=", 0"4"+, 1/*+/,%&8, /-#&-

6&45)%,5 6&8,%.()*�& '+"9&+�5 ="'+7! %/$/., 1/*+/-

,%&8, ;>3, cos ?; ,/'6"&%,5 %"04�@" %&,%/.7! 6"++7!. 

5. 345 $/10�+"@�8 ,%#/$ %"04. 1, 2 � $/:==�@�-

&+%/. ksi � kri =/#1�#()%,5 </6/<#"=7 .&$%/#/. #&-

'(4A%�#()*�! .#"*")*�!,5 1"<+�%+7! -/4&8 6.�<"-

%&45 � ,/,%".45)%,5 ,&#�� :+&#<&%�9&,$�! 6"++7! ($/-
/#6�+"%7 <4".+7! /,&8 </6/<#"=", 6&8,%.()*�& '+"-

9&+�5 ="'+7! %/$/., 1/*+/,%&8, ;>3, cos ?). 

6. B4".+7& $//#6�+"%7 .#"*")*�!,5 1"<+�%-

+7! -/4&8, ,//%.&%,%.()*�& $/:==�@�&+%"1, !"#"$-

%&#�'()*�1 +&�,-#".+/,%� /01/%/$ 23, ,%#/$� 1-7 

%"04. 1 � 2, ,#".+�.")%,5 , ,//%.&%,%.()*�1� $//#-

6�+"%"1� +(4&./8 ,%#/$� – $//#6�+"%"1� 1"<+�%+7! 

-/4&8, ;>3 � cos ? '".&6/1/ �,-#".+/</ 6.�<"%&45. 

7. C/#1�#(&%,5 #&'(4A%�#()*&& .#"*")*&&,5 

1"<+�%+/& -/4& � :+&#<&%�9&,$�& -"#"1&%#7 6.�<"-
%&45 -/ �+,%#(1&+%"4A+/ '"#&<�,%#�#/."++71 ="'-

+71 %/$"1. 

8. D,(*&,%.45&%,5 ,#".+&+�& -"#"1&%#/. #&"4A-

+/</ #&'(4A%�#()*&</ .#"*")*&</,5 1"<+�%+/</ -/-

45 � :+&#<&%�9&,$�! !"#"$%&#�,%�$ , -"#"1&%#"1� 

.#"*")*�!,5 1"<+�%+7! -/4&8 � :+&#<&%�9&,$�! !"-

#"$%&#�,%�$, -/4(9&++7! 1/6&4�#/."+�&1 645 '"6"+-

+7! +&�,-#".+/,%&8 /01/%/$ 23. 
9. D-#&6&45)%,5 ,/.-"6")*�& -#�'+"$� -"#"-

1&%#/. +&�,-#".+/,%&8 #&"4A+/8 /01/%$� 23 , -"#"-

1&%#"1�, -/4(9&++71�1&%/6/1 1/6&4�#/."+�5, � 
�6&+%�=�@�#(&%,5 +/1&# $/10�+"@�� +&�,-#".+/,%&8. 

E -/1/*A) #"'#"0/%"++/8 1&%/6�$� � -#/<#"11-

+/</ $/1-4&$," -#� '"6"++7! Fw1=0,25, Fc1=1, Fa1=1, 

Fw2=1, Fc2=1, Fa2=1 ,1/6&4�#/."+7 </6/<#"= .&$%/#" 

.#"*")*&</,5 1"<+�%+/</ -/45 �,-#".+/</ 6.�<"%&45 

(���.  3,  ,-4/G+"5 4�+�5) � </6/<#"= .&$%/#" .#"*")-

*�!,5 1"<+�%+/</ -/45, ,=/#1�#/."++/</ -/ /,@�44/-

<#"11"1 %/$/. (���.  3, -(+$%�#+"5 4�+�5). E#".+�-

%&4A+78 "+"4�' </6/<#"=/. .&$%/#/. 1"<+�%+7! -/4&8 

-/$"'7."&% ,4&6()*�& �6&+%�=�$"%/#7 (-/$"'"%&4�): 
$#(</./& .#"*")*&&,5 1"<+�%+/& -/4& 645 '"#&<�-

,%#�#/."++7! ="'+7! %/$/. =/#1�#(&% :44�-,/�6+78 

</6/<#"= , 0/4AG�1 6�"1&%#/1, #".+71 1,16 &6. � 1"-

4&+A$�1 6�"1&%#/1,  #".+71 0,94 &6.  /% 6�"1&%#" $#(-

</./</ .#"*")*&</,5 -/45 �,-#".+/</ 6.�<"%&45; /,A 

0/4AG/</ 6�"1&%#" #",-/4/H&+" -/6 (<4/1 ?=155°; 

6&8,%.()*�& '+"9&+�5 ="'+7! %/$/., 2: I1=69,6, 

I2=64,5, I3=63,1. 

I6&+%�=�$"%/#7 (-/$"'"%&4�) �,-#".+/</ 6.�<"-
%&45: </6/<#"= $#(</./8 , 6�"1&%#/1 #".+71 1,0; (</4 

?=0°; 6&8,%.()*�& '+"9&+�5 ="'+7! %/$/., 2: 

I1=61,84, I2=61,84, I3=61,84.  

E#".+&+�& �6&+%�=�$"%/#/. </6/<#"=/. �,-#".-

+/</ � �,-7%(&1/</ 23 -/$"'7."&%, 9%/ /%4�9�%&4A-

+7& -#�'+"$� ,//%.&%,%.()% ,%#/$& -/6 +/1&#/1 /6�+ 

%"04. 1 � ,%#/$& -/6 +/1&#/1 +(4A 645 %"04. 2, 9%/ ,/-

/%.&%,%.(&% $/#/%$/1( '"17$"+�) .�%$/. . -&#./8 

="'& /01/%$� ,%"%/#". I6&+%�=�$"%/#7 #"'.�%�5 +&-

�,-#".+/,%&8 ,.�6&%&4A,%.()% / '"17$"+�� .�%$/. . 

-#&6&4"! (0,2÷0,25)w1 . J/9+/,%A -#&6,$"'"+�5 1/H&% 

07%A -/.7G&+" �'1&+&+�&1 G"<" Fw1 � -#&6."#�%&4A-

+/8 /0#"0/%$/8 %&,%/.7! 6"++7!. 
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The article contains an overview of methods for diagnostics 
of malfunctions in induction motors (IMs). Based on the review 
of information sources, it is shown that there are no methods, 
hardware or software complexes that make it possible to 
determine the malfunctions of windings of induction motors 

during their operation. In this paper, the technique that allows us 

to  determine  the  location  of  faults  in  the  windings  of  an  IM,  as  
well as to predict the development of faults, is purposed.  In this 
paper, scientific justification for the procedure of diagnostics for 
the development and identification of malfunctions in the 
windings of AD is given. The procedure is based on recording of 

real phase supply voltages, consumed currents, and simulating the 
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resultant rotating magnetic field of the motor on their basis, as 
well as energy characteristics and their subsequent comparison 
with the resulting rotating magnetic field of the engine with 

obviously serviceable and faulty windings on the grounds 
determining the distortions of the rotating magnetic field of the 
stator, and by the fault indicators of the windings. The 
investigation problem is formulated. The problem consists in 
developing diagnostic signs of malfunctions in the stator winding 
and rotor windings from the oscillograms of phase voltages and 
currents registered during normal operation of the electric drive. 
The criterion of problem solving is obtaining the identifiers 

(signs) of the short-circuiting malfunctions and conductor 
breaking of stator winding i-th phases, short-circuited rotor rod 
breaking and deteriorating of the motor magnetic system. The 
coordinates of the vector of the stator magnetic flux on the 
complex plane, which determine the shape of its hodograph; 
effective phase currents values, full, active and reactive powers, 
energy conversation efficiency and cos ? values are taken as 
identifiers. The problem is solved by mathematical modeling of 

the resultant rotating magnetic field and its components in terms 
of the magnitude of the stator phase currents, magnetizing 
currents  and  rotor  currents,  as  well  as  the  values  of  the  energy  
conversation efficiency and cos ? of the asynchronous motor 
operating in symmetric and asymmetric modes. An example of 
the solution of the problem with the application of the proposed 
method and the developed software package is given. 

Keywords: asynchronous motor, diagnostics, motor 

windings, motor winding malfunctions, simulation, identification, 
software complex. 
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