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�/$ +5-,:#&,,9: </!%8#&1#-'&7&' 5 '!%8&#,9= 61#+'/!,-!=, 1-8+>"-:5$ &8 1#!&?#+@&'+8!/$ ;+58&89 5 +'8&,&=,9= -,'!#-
8&#&= ,+1#$A!,-$ - -=!>"-: ,-@%-3 %&<BB-2-!,8 -51&/C@&'+,-$ 1& =&=!,86, &?&5,&'+,+ <,!#4&<BB!%8-',&58C 1#-=!,!,-$ 
%&##!%8-#6>"!4& 658#&358'+, &?!51!;-'+>"!4& #!46/-#&'+,-! 1#&7&/C,&3 (,+=+4,-;-'+>"!3) 5&58+'/$>"!3 8&%+ 58+8&#+. D+@-
#+?&8+,+ =+8!=+8-;!5%+$ =&7!/C 5-58!=9 +5-,:#&,,&4& </!%8#&1#-'&7+ 5 '!%8&#,9= 61#+'/!,-!=, 1#&'!7!,+ 1#&'!#%+ !! +7!%-
'+8,&58- #!+/C,&=6 </!%8#&1#-'&76 - '91&/,!,& =+8!=+8-;!5%&! =&7!/-#&'+,-! 1#- 2-%/-;!5%&= -@=!,!,-- =&=!,8+ ,+4#6@%- 
,+ '+/6 7'-4+8!/$ ' 5#!7! Matlab Simulink. )91&/,!, 8!&#!8-;!5%-3 +,+/-@ 6#+',!,-3 +5-,:#&,,&4& </!%8#&7'-4+8!/$ - &1#!7!-
/!,9 65/&'-$ 7&58-A!,-$ =-,-=6=+ &8,&E!,-$ «8&% 58+8&#+ / =&=!,8».  F55/!7&'+,& 7!358'-! %&##!%8-#6>"!4& 658#&358'+ ,+ 
,+=+4,-;-'+>"6> 5&58+'/$>"6> 8&%+ 58+8&#+ +5-,:#&,,&4& </!%8#&7'-4+8!/$. G#-'!7!,9 4#+B-%- -@=!,!,-$ &5,&',9: 1!#!-
=!,,9: +5-,:#&,,&4& </!%8#&1#-'&7+ 2!1,&4& %&,'!3!#+ 1#- #+?&8! ' 658+,&'-'E!=5$ #!A-=!, 1&/6;!,,9! ,+ =+8!=+8-;!5%&3 
=&7!/-, 1#- &856858'-- - ,+/-;-- 7&1&/,-8!/C,&4& %&##!%8-#6>"!4& 658#&358'+. )91&/,!, +,+/-@ 1&/6;!,,9: #!@6/C8+8&'. 

������ � "�#�$: +5-,:#&,,93 </!%8#&1#-'&7, '!%8&#,&! 61#+'/!,-!, 8&% 58+8&#+, 1&8&%&52!1/!,-!, =&=!,8 7'-4+8!/$, 
%&##!%2-$, <,!#4&5?!#!A!,-!. 

))H�H*FH  

) ,+58&$"!! '#!=$ 7/$ ?&/CE&4& %&/-;!58'+ '51&-
=&4+8!/C,9: 8#+,51&#8,&-1!#!4#6@&;,9: =!:+,-@=&' 
=!8+//6#4-;!5%&4& 1#&%+8,&4& 1#&-@'&758'+, </!%8#&-
1#-'&7 %&8&#9: #+,!! ?9/ 1&58#&!, ,+ ?+@! 8-#-58&#-
,9: 1#!&?#+@&'+8!/!3 5 </!%8#&7'-4+8!/!= 1&58&$,,&4& 
8&%+, +%86+/C,+ 1#&?/!=+ =&7!#,-@+2--, &56"!58'/$!-
=&3 ,! 8&/C%& ' '-7! =&7!#,-@+2-- 61#+'/$>"!3 ;+58-, 
,& - @+=!,&3 </!%8#&7'-4+8!/!3 1&58&$,,&4& 8&%+ ,+ 
+5-,:#&,,9! </!%8#&7'-4+8!/-. ) 5/6;+! =&7!#,-@+2-- 
5 ',!7#!,-!= +5-,:#&,,&4& </!%8#&1#-'&7+ 5 '!%8&#-
,9= 61#+'/!,-!=, 7/$ &?!51!;!,-$ 8#!?6!=&4& 165%&-
'&4& =&=!,8+ +5-,:#&,,&4& 7'-4+8!/$ 1#- 65/&'-- #+-
?&89 ' E-#&%&= 7-+1+@&,! 5%&#&58!3, =&",&58C </!%-
8#&7'-4+8!/$ 1#-:&7-85$ @+'9E+8C 1& 5#+',!,-> 5 
=&",&58C> #+,!! <%51/6+8-#&'+'E!4&5$ 7'-4+8!/$ 1&-
58&$,,&4& 8&%+, &?!51!;-'+>"!4& %#+8,&58C 165%&'&4& 
=&=!,8+ 7& 2–2,5. J+%6> %#+8,&58C 165%&'&4& =&=!,8+ 
' +5-,:#&,,&= </!%8#&1#-'&7!, #+?&8+>"!= ' 1&'8&#-
,&-%#+8%&'#!=!,,&= #!A-=!, &?!51!;-8C ,! 67+!85$. 
H5/- '9?&# +5-,:#&,,&4& 7'-4+8!/$ &56"!58'/$/5$ 
-5:&7$ -@ 8#!?6!=&3 '!/-;-,9 165%&'&4& =&=!,8+, 8& ' 
658+,&'-'E!=5$ #!A-=! !4& #+?&89 5,-A+!85$ %&<BB--
2-!,8 -51&/C@&'+,-$ 7'-4+8!/$ 1& 58+8-;!5%&=6 =&=!,-
86, 1#- <8&= ,+?/>7+!85$ ,!&18-=+/C,&! -51&/C@&'+,-! 
+5-,:#&,,&4& </!%8#&1#-'&7+ 5 8&;%- @#!,-$ !4& <,!#-
4!8-;!5%-: 1&%+@+8!/!3. �/$ =,&4-: =!8+//6#4-;!5%-: 
=!:+,-@=&' :+#+%8!#,9= $'/$!85$ -@=!,!,-! ,+4#6@&;-
,&4& =&=!,8+ ,+ '+/6 7'-4+8!/!3,  1#-=!#&= 8+%&4& =!-
:+,-@=+ $'/$!85$ 2!1,&3 %&,'!3!# 58+,+ 4&#$;!3 1#&-
%+8%-. ) ?&/CE-,58'! 8-1&'9: 5-58!= 61#+'/!,-$ ;+-
58&8,9= +5-,:#&,,9= </!%8#&1#-'&7&= ,+=+4,-;-'+-
>"+$ 5&58+'/$>"+$ 8&%+ 58+8&#+ @+7+!85$ 1&58&$,,&3 
'!/-;-,&3 - 1#- 5,-A!,-- 58+8-;!5%&4& =&=!,8+ ,! 
#!46/-#6!85$ [1-5]. ) 7+,,&3 #+?&8! 1&%+@+,+ 2!/!5&&?-
#+@,&58C #!46/-#&'+,-$ ,+=+4,-;-'+>"!3 5&58+'/$>-
"!3 8&%+ 58+8&#+ ' +5-,:#&,,&= </!%8#&1#-'&7! 1#- 
,!1&/,&3 58+8-;!5%&3 ,+4#6@%! 7'-4+8!/$.  
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*+ 2!1,&= %&,'!3!#! 58+,+ 4&#$;!3 1#&%+8%- 

1#-=!,!,+ 5-58!=+ +5-,:#&,,&4& </!%8#&1#-'&7+ 5 
'!%8&#,9= 61#+'/!,-!=, -=!>"+$ 58+,7+#8,93 '-7, 
58#6%86#,+$ 5:!=+ 5-/&'&3 ;+58- </!%8#&1#-'&7+ 
1#-'!7!,+ ,+ >1?.  1. G#!&?#+@&'+8!/C ;+58&89 5&7!#-
A-8 '91#$=-8!/C 1, !=%&58,93 B-/C8# 2, +'8&,&=-

,93 -,'!#8&# ,+1#$A!,-$ (OF*) 3. F,'!#8&# 1&-
58#&!, 1& =&58&'&3 5:!=! - '91&/,!, ,+ 1&/,&58C> 

61#+'/$!=9: IGBT-8#+,@-58&#+: 5 &?#+8,9=- 7-&-
7+=-. � '9:&76 -,'!#8&#+ 1&7%/>;!, 8#!:B+@,93 

+5-,:#&,,93 7'-4+8!/C 5 %&#&8%&@+=%,689= #&8&-

#&= 4. M-4,+/9, 1#&1&#2-&,+/C,9! '9:&7,9= 8&%+= 

-,'!#8&#+, 1&5861+>8 ' 5-58!=6 61#+'/!,-$ 5 &8 7+8-
;-%&' 8&%+ 6. �+8;-% 5%&#&58- &856858'6!8, #+5;!8 
8!%6"!4& @,+;!,-$ 5%&#&58- 1#&-@'&7-85$ ' 5-58!=! 
61#+'/!,-$ 5. )!%8&#,+$ 5-58!=+ 61#+'/!,-$ 1&58#&-
!,+ ,+ &5,&'! &#-!,8+2-- 1& '!%8&#6 1&8&%&52!1/!-
,-$ #&8&#+ [2]. G#- 6%+@+,,&= 1&58#&!,-- 5-58!=9 

61#+'/!,-$ 1#&-@'&7-85$ #+@7!/C,&! @+7+,-! 1#&-
7&/C,&3 I1d (,+=+4,-;-'+>"!3) - 1&1!#!;,&3 I1q 

(=&=!,8&&?#+@6>"!3) 5&58+'/$>"-: 8&%+ 58+8&#+ 1& 
7'6= ,!@+'-5-=9= %+,+/+=. 
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U6,%2-&,+/C,+$ 5:!=+ #+55=+8#-'+!=&3 5-58!=9 
'!%8&#,&4& 61#+'/!,-$ 1#-'!7!,+ ,+ >1?. 2. 
�+,+/ @+7+,-$ =&=!,8&&?#+@6>"!3 5&58+'/$>-

"!3 8&%+ 58+8&#+ 5&7!#A-8 #!46/$8&# 5%&#&58- 2, ,+ 
':&7 %&8&#&4& 1&5861+!8 5-4,+/ #+55&4/+5&'+,-$ 
=!A76 @+7+,,9= @,+;!,-!= 5%&#&58- V*, B&#=-#6!-
=93 ' ?/&%! @+7+,-$ 1,  - '9;-5/!,,9= @,+;!,-!= 
5%&#&58- V, 1&5861+>"-= &8 ?/&%+ '9;-5/!,-3 17.  
M '9:&7+ #!46/$8&#+ 5%&#&58- 2 5-4,+/ 1&5861+!8 ,+ 
?/&% &4#+,-;!,-$ 3.  
)9:&7&= ?/&%+ &4#+,-;!,-$ $'/$!85$ 5-4,+/ @+7+-

,-$ ,+ =&=!,8 </!%8#&7'-4+8!/$ M*, %&8&#93 1&5861+-
!8 ,+ ?/&% '9;-5/!,-3 4, B&#=-#6>"-3 @+7+,-! ,+ 
1&1!#!;,6> 5&58+'/$>"6> 8&%+ 58+8&#+ I1q

* ' B6,%-
2-- '9;-5/!,,&4& @,+;!,-$ '@+-=,&4& 1&8&%&52!1/!-
,-$, 1&5861+>"!4& &8 ?/&%+ '9;-5/!,-3 19. �+/!! 
5-4,+/ 1&5861+!8 ,+ 56==+8&#, '9:&7&= %&8&#&4& $'-
/$!85$ #+@,-2+ =!A76 @+7+,,9= - B+%8-;!5%-= @,+;!-
,-!= 1&1!#!;,&3 5&58+'/$>"!3 8&%+ 58+8&#+. M-4,+/ 
#+55&4/+5&'+,-$ 1&1!#!;,&3 5&58+'/$>"!3 8&%+ 58+-
8&#+ W I1q 1&5861+!8 ,+ #!46/$8&# 8&%+ 5 - &4#+,-;-'+-
!85$ ' ?/&%! &4#+,-;!,-$ 6. )9:&7&= ?/&%+ &4#+,-;!-
,-$ $'/$!85$ @+7+,-! ,+ 1&1!#!;,6> 5&58+'/$>"6> 
,+1#$A!,-$ 58+8&#+ U1q

*. �+,+/ @+7+,-$ ,+=+4,-;-'+-
>"!3 5&58+'/$>"!3 8&%+ 58+8&#+ 5&7!#A-8 #!46/$8&# 
1&8&%+ 11, ,+ ':&7 %&8&#&4& 1&5861+!8 5-4,+/ #+55&-
4/+5&'+,-$ =!A76 @+7+,,9= @,+;!,-!= 1&8&%&52!1/!-
,-$ #&8&#+ X

2
*,  B&#=-#6!=93 ' ?/&%! @+7+,-$ 10  ' @+-

'-5-=&58- &8 8!%6"!4& #!A-=+ #+?&89 </!%8#&1#-'&-
7+ ' B6,%2-- 5%&#&58-, - '9;-5/!,,9= @,+;!,-!= 1&-
8&%&52!1/!,-$ #&8&#+ X2,  1&5861+>"-= &8 ?/&%+ '9-
;-5/!,-3 19. )9:&7,&3 5-4,+/ #!46/$8&#+ 1&8&%&5-
2!1/!,-$ 1&5861+!8 ,+ ?/&% &4#+,-;!,-$ 12 - 7+/!! ' 
?/&%! '9;-5/!,-3 13 1#!&?#+@6!85$ ' 5-4,+/ @+7+,-$ 
,+ 1#&7&/C,6> 5&58+'/$>"6> 8&%+ 58+8&#+ I1d

*. �+/!! 
5-4,+/ 1&5861+!8 ,+ 56==+8&#, '9:&7&= %&8&#&4& $'-
/$!85$ #+@,-2+ =!A76 @+7+,,9= - B+%8-;!5%-= @,+;!-

,-!= 1#&7&/C,&3 5&58+'/$>"!3 8&%+ 58+8&#+. M-4,+/ 
#+55&4/+5&'+,-$ 1#&7&/C,&3 5&58+'/$>"!3 8&%+ 58+-
8&#+ W I1d 1&5861+!8 ,+ #!46/$8&# 8&%+ 14 - &4#+,-;--
'+!85$ ' ?/&%! &4#+,-;!,-$ 15.  )9:&7&= ?/&%+ &4#+-
,-;!,-$ $'/$!85$ @+7+,-! ,+ 1#&7&/C,6> 5&58+'/$>-
"6> ,+1#$A!,-$ 58+8&#+ U1d

*. M-4,+/9 @+7+,-$ ,+ 
1&1!#!;,6> - 1#&7&/C,6> 5&58+'/$>"-! ,+1#$A!,-$ 
58+8&#+ U1d

*, U1q
* 1&5861+>8 ,+ ':&7 ?/&%+ %&&#7-,+8-

,9: 1#!&?#+@&'+,-3 7, %&8&#93 ' B6,%2-- 64/+ Y 1#&-
-@'&7-8 1!#!:&7 &8 ,!1&7'-A,&3 &8,&5-8!/C,& #&8&#+ 
5-58!=9 %&&#7-,+8 d-q % 8#!:B+@,&3 5-58!=! %&&#7--
,+8 ABC. M-4,+/9 @+7+,-3 ,+ B+@,9! ,+1#$A!,-$ 58+-
8&#+ Ua

*, Ub
*, Uc

* 1&5861+>8 ' ?/&% 61#+'/!,-$ </!%-
8#&,,9=- %/>;+=- -,'!#8&#+ ,+1#$A!,-$ 9, -51&/C-
@6>"-3 ' 5'&!3 &5,&'! 1#&58#+,58'!,,&-'!%8&#,6> 
E-#&8,&--=16/C5,6> =&76/$2->. ) ?/&%+: 16 - 18 
1#&-@'&7$85$ &?#+8,9! %&&#7-,+8,9! 1#!&?#+@&'+,-$ 
-@=!#!,,9: @,+;!,-3 B+@,9: ,+1#$A!,-3 - 8&%&' -@ 
8#!:B+@,&3 5-58!=9 ' 7'6:B+@,9! ,!1&7'-A,6> x-y - 
'#+"+>"6>5$ d-q. 
�#+',!,-! </!%8#&=+4,-8,&4& =&=!,8+ +5-,:#&,-

,&4& 7'-4+8!/$ =&A!8 ?98C 1#!758+'/!,& ' '-7! '!%-
8&#,&4& 1#&-@'!7!,-$ [6]: 

1 2

2

3
Im( )

2

m
�

L
M p I

L
, (1) 

47! pn – ;-5/& 1+# 1&/>5&'; I�1 – '!%8&# 8&%+ 58+8&#+; 
X�

2
 – '!%8&#, %&=1/!%5,& 5&1#$A!,,93 5 '!%8&#&= 1&-

8&%&52!1/!,-$ #&8&#+; Lm – '@+-=,+$ -,76%8-',&58- 
B+@ 58+8&#+ - #&8&#+; L'2=L'2[+Lm – 1#-'!7!,,+$ % 58+-
8&#6 -,76%8-',&58C #&8&#+; L'2[ –  1#-'!7!,,+$ % 58+-
8&#6 -,76%8-',&58C #+55!-'+,-$ #&8&#+; Im – &1!#+2-$ 
'@$8-$ =,-=&3 ;+58- %&=1/!%5,&4& ;-5/+; @'!@7&;%&3 
&?&@,+;!,+ &1!#+2-$ %&=1/!%5,&4& 5&1#$A!,-$. 

*Im sinXY X Y Y X . 
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M 6;!8&= <8&4& 7/$ 8#!:B+@,&4& 7'-4+8!/$ 6#+',!-
,-! (1) =&A,& 1#!758+'-8C ' '-7! 

1 2 0

2

3
sin

2

m
n

L
M p I

L
, (2) 

47!  '0 – 64&/ =!A76 '!%8&#&= 8&%+ 58+8&#+ - '!%8&#&= 
1&8&%&52!1/!,-$ #&8&#+. 
G&8&%&52!1/!,-! #&8&#+ &1#!7!/$!85$ 1& B&#=6/! 

2 2 2 1 2 2 1( )m m mI L L I L I L I L . (3) 

G#- +,+/-@! 5-58!= ;+58&8,&4& +5-,:#&,,&4& 
</!%8#&1#-'&7+ 67&?,& -51&/C@&'+8C &8,&5-8!/C,9! 
'!/-;-,9: 

1 1, 1</ 0<// /f f ; (4) 

1 1,` U U ; (5) 

1 1 1 </ 1</( ) / / /S , (6) 

47! a –  &8,&5-8!/C,+$ ;+58&8+;  ` –  &8,&5-8!/C,&! 
,+1#$A!,-!; f1 – ;+58&8+ 1-8+>"!4& 58+8&# ,+1#$A!-
,-$; f1, – ,&=-,+/C,+$ ;+58&8+ 1-8+>"!4& 58+8&# 
,+1#$A!,-$; V1</=V1pn – %#64&'+$ ;+58&8+ 1-8+>"!4& 
58+8&# ,+1#$A!,-$; V0</ – %#64&'+$ ;+58&8+ ,&=-,+/C-
,&4& ,+1#$A!,-$; WV</=WVpn – %#64&'&! </!%8#-;!5%&! 
+?5&/>8,&! &8%/&,!,-! 64/&'&3 5%&#&58- #&8&#+, #+'-
,&! %#64&'&3 ;+58&8! S�M - 8&%+ #&8&#+;  sa – &8,&5--
8!/C,&! 5%&/CA!,-!.  
O,+/-@ 658+,&'-'E!4&5$ #!A-=+ #+?&89 +5-,:#&,-

,&4& 7'-4+8!/$ 1#- ;+58&8,&= 61#+'/!,-- =&A,& &56-
"!58'-8C 5 -51&/C@&'+,-!= 5:!=9 @+=!"!,-$ (>1?. 3). 
) 5&&8'!858'-- 5& 5:!=&3 @+=!"!,-$ 51#+'!7/-'& 

'9#+A!,-! 

2 1

2

m

m

Z
I I

Z Z
, (7) 

47! Z�m=jxm – ������� !��  ��#�$%&��!%� ��!$'#( 
!(�()!%*%&(!%+ (��$�#+�% &  $(�% �#�!�,#�)(�� % 

 *%$(�� Rm =  0);  Z'� 2=jx'2 + R'2 s-  – �#%&�.�!!�� ���-
���� !��  ��#�$%&��!%� �,��$�% #�$�#(. 

/ #�0'�1$($�  �&�� $!�)� #�2�!%+ '#(&!�!%3 (3) % 
(7) ��4!� ���'*%$1 &5#(4�!%�,  &+05&(67�� $��  $($�#( 
% ��$��� 8����!%� #�$�#( & ' $(!�&%&2�� + #�4%��: 

2 1 2 1

2 2

1 1
2 0 2

2 2

/

1 1

1 1
/ /

m
m

m

m m
m

jx
I L I L

jx jx R s

I L I L
jx jx j L

R s R s

. (8) 

 

���. 3.  !"#$ &$#"'"(�) $��(!*+((+,+ -.�,$/"0) 
1*� 2$�/+/(+# 31*$.0"(�� 

9( *��.  4 �#%&�.�!( &��$�#!(+ .%()#(��( ( %!-

:#�!!�)� .&%)($��+. 

;#(&!�!%� ����!$( �#% �#�. $(&��!%% ��#���!-

!5: ( %!:#�!!�)� .&%)($��+ &� &#(7(67�3 +  % $��� 

���#.%!($ d-q, & ��$�#�3 ����4�!%� � % d  �&��7�!�   

����4�!%�� &��$�#( ��$��� 8����!%+ #�$�#(, ��4!� 

�#�. $(&%$1 & &%.� [2] 

2 1

2

3

2

m
� q

L
M p I

L
, (9) 

).� I1q – �#���8%+ &��$�#( $��( !( � 1 q. 

<�.'�1 &��$�#( ��$��� 8����!%+ #�$�#(, �#% #( ��-

��4�!%% &��$�#( ��$��� 8����!%+ #�$�#( !( � % d, ��#�-

.��+�$ + �#�.��1!�3  � $(&�+67�3 &��$�#( $��(  $($�#( 

2 1

21

m
d

L
I

pT
, (10) 

).� T2=L'2/R'2 –0 �� $�+!!(+ &#���!% 8��% #�$�#(; 
R'2 – �#%&�.�!!�� �  $($�#' (�$%&!��  ��#�$%&��!%� 

8��% #�$�#(. 

=(  �($#%&(+  ��$!�2�!%� ��4.' ��#���!!5�% & 

*( $�$!�3 �,�( $% & ' $(!�&%&2�� + #�4%�� %0 &5#(-

4�!%+ (8), ���'*%� &5#(4�!%� 

2 >�arctg( )

2 1
2

2 >�

1
( ) ( )

( ) 1

T

mI L e
T

. (11) 

;#(&!�!%� ?(0�&�3 :(#(�$�#% $%�%, 0(�% (!!�� 

.�+ ' $(!�&%&2�)� + #�4%�(, %���$ &%. 

2 >�
0 2 >�

2

( ) arctg( ) arctg
L

T
R

. (12) 

@'.�� ���()($1, *$� �#')�&(+ *( $�$( A, &:�.+7(+ 

& &5#(4�!%+ (11), (12), #(&!( �#')�&�3 *( $�$� !(�#+-

4�!%+ �%$(!%+ .&%)($��+ (A=A1). 

C ���10'+ &5#(4�!%� (2) % ��#�:�.+ � *( $�$!5� 

:(#(�$�#% $%�(�, ���'*%� &5#(4�!%� .�+ ����!$( 

.&%)($��+ & &%.� 

2

1 1 1

1 0 1

3
( ) ( )

2

( ) sin( ( )).

n mM p L I

A

 (13) 

 
���. 4. 4"5/+*($) -�$,*$##$ 

$��(!*+((+,+ 60"5/*+-.�,$/"0) 
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� �����!""�# $%&'(!")) *�+ #�#!",' !-� �'.,/ 

2 0�
1 0 1 1 2 2

2 0�

sin ( )
1

T
A Q

T
 (14) 

�&!*.,'$�+!, .�1�2 #")#�3 4'&'5,!&).,)5� '�!&)�-

*)�!.5�-� 6$!"' �!&$�-� ��&+*5', #'5.)#�#' 0,' 

7�"58)+ *�.,)-'!, �&) 6"'�!")) �-�' 

0��, ( ) 45 . (15) 

:.�) �-�� #!(*� $!5,�&'#) ,�5' .,',�&' ) ��,�-

5�.8!��!")+ &�,�&' "'4�*),.+ "' ��,)#'�/"�# �&�$"! 

�'
0��,

=45°, ,� $ .��,$!,.,$)! . $%&'(!")!# (2) *�.,)-

-'!,.+ #)")#�# �,"�;!")+ «,�5 .,',�&' /  #�#!",»   

'.)"4&�""�-� *$)-',!�+ [7-9]. 

<:=>?@ABAC DEE?:FG�BHDI 

J5.�!&)#!",'�/"%! )..�!*�$'")+ �&�$�*)�)./ "' 

8!�"�# 5�"$!2!&! .,'"' -�&+�!2 �&�5',5), �.�K!.,$-

�+3K!# ,&'".��&,)&�$5� -�&+�!5','"%4 &���"�$ "' 

.5�'*, "' 5�,�&�# �.,'"�$�!" '.)"4&�""%2 *$)-',!�/ 

. 5�&�,5�6'#5"�,%# &�,�&�# BFL<355SMB6>2  

(P"�# = 200 5�,, U"�# = 380 �, I"�# = 382B), ' ,'5(! �&!-

�1&'6�$',!�/ �'.,�,% ,)�' Siemens SINAMICS G120 . 

$!5,�&"�2 .).,!#�2 ��&'$�!")+, �&)!",)&�$'""�2 �� 

$!5,�&� ��,�5�.8!��!")+ &�,�&'. M&'7)5) 6'$).)#�-

.,) �, $&!#!") .5�&�.,) N, #�#!",' *$)-',!�+ �, �&�-

*��/"�2 I1q ) ���!&!�"�2 I1d .�.,'$�+3K)4 ,�5' .,',�-

&' &!'�/"�2 �.,'"�$5), &'..#',&)$'!#%4 *�+ �.,'"�-

$)$;!-�.+ &!()#', 1%�) ."+,% 05.�!&)#!",'�/"� �&) 

��#�K) $.,&�!""�-� �.8)���-&'7' Device Trace �&�-

-&'##"�-� �&�*�5,' Siemens STARTER.  

G.�1!""�.,/3 &'1�,% 0�!5,&��&)$�*' +$�+!,.+ 

8)5�)�!.5) #!"+3K)2.+ #�#!", "'-&�65) "' $'�� 

*$)-',!�+, +$�+3K)2.+ .�!*.,$)!# &'1�,% 8!�"�2 

�!&!*'�).  

G�).'""'+ .).,!#' '.)"4&�""�-� 0�!5,&��&)$�*' 

�!&!#!""�-� ,�5' . $!5,�&"%# ��&'$�!")!# 1%�' 

.#�*!�)&�$'"' $ �&�-&'##"�2 .&!*! Matlab Simulink 

[10, 11]. 

F�+ �.,'"�$�!")+ '*!5$',"�.,) 5�#�/3,!&"�2 #�-

*!�) &!'�/"�#� �1O!5,� 1%�) $%���"!"% .�!*�3K)! 

)..�!*�$'")+. � 5�#�/3,!&"�2 #�*!�) "' $'� *$)-',!-

�+ ��*'$'�.+ )6#!"+3K)2.+ $� $&!#!") #�#!", 

"'-&�65), .��,$!,.,$�3K)2 #�#!",� *$)-',!�+ &!'�/-

"�2 �.,'"�$5). E ��#�K/3 5�#�/3,!&"�2 #�*!�) 

.,&�)�)./ -&'7)5) 6'$).)#�.,) �, $&!#!") .5�&�.,), 

#�#!",' *$)-',!�+, �&�*��/"�2 ) ���!&!�"�2 .�.,'$-

�+3K)4 ,�5' .,',�&' ) �&�$�*)��./ .&'$"!")! ����-

�!""%4 -&'7)5�$ . '"'��-)�"%#) -&'7)5'#), ����-

�!""%#) "' &!'�/"�2 �.,'"�$5!. H'  !".  5 �&�)6$!*!-

"� .���.,'$�!")! �����!""%4 05.�!&)#!",'�/"� ) 

#!,�*�# 5�#�/3,!&"�-� #�*!�)&�$'")+ -&'7)5�$ 6'-

$).)#�.,) �, $&!#!") �!&!#!""%4 *$)-',!�+. P'5 

$)*"� )6 �&!*.,'$�!""%4 -&'7)5�$, ��-&!;"�.,/ &'.-

�!,' .5�&�.,) 0�!5,&��&)$�*' "! �&!$%;'!, 2%, 

"'#'-")�)$'3K!2 .�.,'$�+3K!2 ,�5' .,',�&' I1d – 

10%, ���!&!�"�2 .�.,'$�+3K!2 ,�5' .,',�&' I1q – 8%. 

A'5)# �1&'6�#, #'5.)#'�/"�! &'.4�(*!")! #!(*� 

&!6��/,','#) 5�#�/3,!&"�-� #�*!�)&�$'")+ ) &!6��/-

,','#), �����!""%#) 05.�!&)#!",'�/"%# ��,!#, .�-

.,'$�+!, "! 1��!! 10%, �,� ��6$��+!, .*!�',/ $%$�* �1 

'*!5$',"�.,) &'6&'1�,'""�2 #',!#',)�!.5�2 #�*!�) 

&!'�/"�#� �1O!5,�. 

P'5 $)*"� )6 -&'7)5�$, $ �&�8!..! )6#!"!")+ ,�5' 

.,',�&' .�K!.,$�3K'+ .).,!#' ��&'$�!")+ ��**!&()-

$'!, �&'5,)�!.5) ��.,�+""�! 6'*'""�! 6"'�!")! �&�-

*��/"�2 I1d ("'#'-")�)$'3K!2) .�.,'$�+3K!2 ,�5 

.,',�&', )6#!"++ �&) 0,�# $ ;)&�5�# *)'�'6�"! ���!-

&!�"�3 I1q (#�#!",��1&'6�3K�3) .�.,'$�+3K�3 ,�5' 

.,',�&'. 

Q�*��/ $!5,�&' ,�5' .,',�&' ��&!*!�+!,.+ �� 

7�&#��! 

2 2

1 1 1d qI I I . (16) 

�!�)�)"' ,'"-!".' �-�' #!(*� $!5,�&'#) ,�5' .,'-

,�&' ) !-� "'#'-")�)$'3K!2 .�.,'$�+3K!2 #�(!, 

1%,/ ��&!*!�!"' &'.�!,"%# ��,!# "' �."�$! *�.,��-

"%4 *�+ )6#!&!")+ .)-"'��$ )6#!&!")+ .)-"'��$ �, 

*',�)5�$ .�.,'$�+3K)4 ,�5' .,',�&'. 

0 1 1tg /q dI I . (17) 

R�**!&('")! �-�' �'
0
 "' 6'*'""�# ��,)#'�/"�# 

�&�$"! �'
0��,

=45°, �&) 5�,�&�# &'$"% #!(*� .�1�2 

6"'�!")+ �&�*��/"�2 ) ���!&!�"�2 .�.,'$�+3K)4 ,�-

5' .,',�&', �1!.�!�)$'!,  &!'�)6'8)3 0"!&-�.1!&!-'-

3K!-� &!()#' &'1�,% 0�!5,&��&)$�*' . *�.,)(!")!# 

#)")#�#' �,"�;!")+ «,�5 .,',�&' / #�#!",». 

J77!5,)$"�.,/ *����"),!�/"�2 5�&&!58)) .)-

.,!#% '.)"4&�""�-� 0�!5,&��&)$�*' 1%�' )..�!*�$'-

"' "' 5�#�/3,!&"�2 #�*!�). A)��$'+ .).,!#' $!5-

,�&"�-� ��&'$�!")+ 1%�' *����"!"' 5�&&!5,)&�3-

K)# �.,&�2.,$�# (.#.  !".  2), .�.,�+K)# )6 1��5�$ 

20-23, &!-��)&�3K)# .)-"'� 6'*'")+ "' $!�)�)"� 

��,�5�.8!��!")+ &�,�&'. F!2.,$)! .).,!#% 5�&&!5-

8)) "'�&'$�!"� "' )6#!"!")! .�.,'$�+3K!2 $!5,�&' 

,�5' .,',�&' I1d �&) !-� 6"'�!")+4, �,�)�"%4 �, I1q. 

S'5,)�!.5)! 6"'�!")+ �&�*��/"�2 ) ���!&!�"�2 .�-

.,'$�+3K)4 ,�5' .,',�&' ��.,��'3, )6 1��5' 5��&-

*)"',"%4 �&!�1&'6�$'")2 18 "' 1��5 *!�!")+ 20, $%-

4�*�# 5�,�&�-� +$�+!,.+ 6"'�!")! tg�'
0
. F'�!! .)-"'� 

��.,��'!, "' �6!� .&'$"!")+, $%4�*�# 5�,�&�-� +$�+-

!,.+ &'6")8' Ttg�'
0
. E)-"'� &'..�-�'.�$'")+ ��.,�-

�'!, "' RD-&!-��+,�& 22 ) !-� $%4�*"�2 .)-"'� �-&'-

")�)$'!,.+ $ 1��5! �-&'")�!")+ 23. 

�%4�*�# 1��5' �-&'")�!")+ +$�+!,.+ .)-"'� 5�&-

&!58)) "' $6')#"�! ��,�5�.8!��!")! ), 5'5 .�!*.,$)!, 

"' 6'*'""�! 6"'�!")! �&�*��/"�2 .�.,'$�+3K!2 ,�5' 

.,',�&' I1d
*. V��5 5�&&!58)) "'�)"'!, $%*'$',/ ��&'$-

�+3K!! $�6*!2.,$)! ��.�! $%4�*' 0�!5,&��&)$�*' "' 

.,',)�!.5)2 &!()# &'1�,%. H'.,&�25' �'&'#!,&�$ 

.).,!#% 5�&&!58)) �&�$�*)�'./ . ).���/6�$'")!# 

5�#�/3,!&"�2 #�*!�). 

E4!#' 5�#�/3,!&"�2 #�*!�) . 5�&&!5,)&�3K)# 

�.,&�2.,$�#, ��.,&�!""'+ $ .��,$!,.,$)) .� .4!#�2 

0�!5,&��&)$�*', �&)$!*!""�2 "'  !".  2, 1%�' &!'�)-

6�$'"' $ �&�-&'##"�2 .&!*! Matlab Simulink. V%�� 

�.,'"�$�!"�, �,� "')���;)! &!6��/,',% �1!.�!�)$'-

3,.+ �&) ).���/6�$'")) $ 5'"'�! 5�&&!58)) RD-

6$!"' (1��5 22). 
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&!". 5. 0 56!7! !9:;<;<!= >5 5:;? @A BC;7? @DA!E5?;C=, >@CFG;<<H; B7">; !:;<?5CI<H: >F?;:  

! > ! :5?;:5?!G;"7@: :@D;C! @A5<!! (1 – M=f(t); 2 – J=f(t); 3 – I1d=f(t), I1q=f(t))

H'  !". 6 (-&'7)5) 1, 2) �&�)6$!*!"� .���.,'$�!")! 

-&'7)5�$ #�#!",' ) .5�&�.,) 0�!5,&�*$)-',!�+ $ �.,'-

"�$)$;!#.+ &!()#! &'1�,% 0�!5,&��&)$�*'. P'5 $)*"� 

)6 �&!*.,'$�!""%4 -&'7)5�$, &'1�,' 5�&&!5,)&�3K!-� 

�.,&�2.,$' "! �5'6%$'!, $�)+")! "' �.,�2�)$�.,/ 0�!5-

,&�#!4'")�!.5�2 .).,!#%. H'  !".  6 (-&'7)5 3) �&)$!-
*!"% -&'7)5) �&�*��/"�2 ) ���!&!�"�2 .�.,'$�+3K)4 

,�5' .,',�&' $ �.,'"�$)$;!#.+ &!()#! &'1�,% 0�!5,&�-

�&)$�*', �����!""%! �&) #',!#',)�!.5�# #�*!�)&�$'-

")) �&) �,.�,.,$)) 1��5' 5�&&!58)) ) . ��!,�# &'1�,% 

1��5' 5�&&!58)). H'  !".  7 (-&'7)5 1) �&)$!*!"% 6"'-

�!")+ tg�'0, �����!""%! "' &'..#',&)$'!#�# )",!&$'�! 
$&!#!") �&) �,.�,.,$)) 1��5' 5�&&!58)) ) . ��!,�# 

&'1�,% 1��5' 5�&&!58)). 
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, &'*/. 

1

2
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t, .

2

3

4

�, H*#

1

1 - 05.�!&)#!",
2 - #',!#',)�!.5'+ #�*!�/

1 - 05.�!&)#!",
2 - #',!#',)�!.5'+ #�*!�/

1

1 - 05.�!&)#!",, ,�5 Iq

2 - 05.�!&)#!",, ,�5 Id

3 - #',!#',)�!.5'+ #�*!�/, ,�5 Iq

4 - #',!#',)�!.5'+ #�*!�/, ,�5 Id
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&!". 6. 0 56!7! !9:;<;<!= >5 5:;? @A BC;7? @DA!E5?;C=, >@CFG;<<H; > ! :5?;:5?!G;"7@: :@D;C! @A5<!! K;9 

D@>@C<!?;CI<@E@ KC@75 7@  ;7L!! ! " D@>@C<!?;CI<H: KC@7@: 7@  ;7L!! (1 – M=f(t); 2 – J=f(t); 3 – I1d=f(t), I1q=f(t)) 

H'  !". 7 (-&'7)5 2) �&)$!*!"% *!2.,$�3K)! 6"'-

�!")+ ,�5' .,',�&', �����!""%! "' �."�$! 05.�!&)#!"-

,'�/"%4 *'""%4 ) "' 5�#�/3,!&"%4 #�*!�+4 . &'1�-

,'3K)# 5�&&!5,)&�3K)# �.,&�2.,$�# ) 1!6 5�&&!5-

,)&�3K!-� �.,&�2.,$'. <'.�!, .&!*"!-� '&)7#),)�!-

.5�-� �,5��"!")+ 6"'�!")2 ,�5' $ .5�&&!5,)&�$'""�2 

) "!.5�&&!5,)&�$'""�2 .).,!#'4 0�!5,&��&)$�*' "' 

&'..#',&)$'!#�# )",!&$'�! $&!#!") (.#.  !".  7), 

��&!*!�+!#�-� ��,!# .��(!")+ "'1�&' �).!� . ��.�!-

*�3K)# *!�!")!# �����!""�2 .�##% "' )4 5��)�!-

.,$�, ��5'6'�, �,� *!2.,$)! 1��5' 5�&&!58)) ��6$��)�� 

.")6),/ .&!*"!! 6"'�!")! ,�5' .,',�&' "' 4%. 
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�, H*#

1

2

1

2

I, B

t, .

1

3

4

2

1 - #',!#',)�!.5'+ #�*!�/ 1!6 5�&&!58))
2 - #',!#',)�!.5'+ #�*!�/ . 5�&&!58)!2

, &'*/. 

1 - #',!#',)�!.5'+ #�*!�/ 1!6 5�&&!58))
2 - #',!#',)�!.5'+ #�*!�/ . 5�&&!58)!2

1 - #',!#',)�!.5'+ #�*!�/ 1!6 5�&&!58)), ,�5 Iq

2 - #',!#',)�!.5'+ #�*!�/ 1!6 5�&&!58)), ,�5 Id

3 - #',!#',)�!.5'+ #�*!�/ . 5�&&!58)!2, ,�5 Iq

4 - #',!#',)�!.5'+ #�*!�/ . 5�&&!58)!2, ,�5 Id
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&!". 7. 0 56!7! !9:;<;<!= >5 5:;? @A BC;7? @DA!E5?;C=, >@CFG;<<H; > ! :5?;:5?!G;"7@: :@D;C! @A5<!! K;9 

D@>@C<!?;CI<@E@ KC@75 7@  ;7L!! ! " D@>@C<!?;CI<H: KC@7@: 7@  ;7L!! (1 – tg�'0=f(t); 2 – I1=f(t)) 

=BP?XL:HD: 

� &!6��/,',! 5�#�/3,!&"�-� #�*!�)&�$'")+ '.)"-
4&�""�-� 0�!5,&��&)$�*' . $!5,�&"%# ��&'$�!")!# ) 
*����"),!�/"%# &!-��)&�$'")!# �&�*��/"�2 .�.,'$-
�+3K!2 ,�5' .,',�&', "'-&�(!""�-� 8)5�)�!.5) )6#!-
"+3K)#.+ #�#!",�# "' $'��, .&!*"!! 6"'�!")! 5�,�-
&�-� .�.,'$�+!, 27% �, "�#)"'�/"�-� #�#!",', �.,'-
"�$�!"�, �,� *!2.,$)! 1��5' 5�&&!58)) ��6$��)�� .")-
6),/ .&!*"!! 6"'�!")! ,�5' .,',�&' "' 4%. 

B"'�)6 &'1�,% 0�!5,&��&)$�*' �&) &'6"�2 "'-&�6-
5! "' $'�� *$)-',!�+ ) &'6"�2 .5�&�.,) $&'K!")+ *!2-
.,$)! 1��5' 5�&&!58)) ��5'6'�, �,� ,�5 .,',�&' .")-
6)�.+ $ .&!*"!# "' 5%, 0,� ��*,$!&(*'!, 077!5,)$-
"�.,/ &'1�,% .).,!#% 5�&&!58)) ) �1!.�!�)$'!, 0"!&-
-�.1!&!-'3K)2 &!()# &'1�,% 0�!5,&��&)$�*'. 

������ ��!"#��� !$" !%&&'$()' *$���� +,,- 
.17-48-480492 «/��0"1, 2��'2��"3'#)%' 2%&'0"$%-

4��"' " %!�"2"1�5"� 6!$�40'�"� 70')�$%2'8��"3'-
#)"2" #"#�'2�2" # 70')�$%!$"4%&�2" !'$'2'��%*% 

�%)� 2'8��$%��98 6#�$%:#�4, 2��"!60��%$%4 " 
*$61%!%&;<2�98 2'8��"12%4». 
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This paper presents corrective device application for 

increasing the energy efficiency of induction motors with vector 
control acting on the flux-generation component of the induction 
motor stator current operating from a frequency converter with an 
autonomous voltage inverter and low utilization rate by the 
moment. The mathematical model of induction motor with vector 
control was developed, the sufficiency of the developed 
mathematical model was verified, mathematical simulation of the 
electric drive system with cyclic change of motor torque was 

performed in the Matlab Simulink environment. The theoretical 
analysis of the equations of an induction motor is performed for 
the minimum ratio of "stator current / torque". The impact of the 
correcting device acting on the flux-generation component of the 
induction motor stator current was investigated. The graphs of the 
main variables variation of the chain conveyor electric drive for 
static mode obtained from mathematical model with additional 
correction device are given. The graphs of the main variables 

variation of the chain conveyor electric drive for static mode 
obtained experimentally are also given. Mathematical simulation 
of the electric drive system in the Matlab Simulink environment 
was carried out. The sufficiency of the developed mathematical 
model was verified. The theoretical analysis of the equations of 
an induction motor was performed for the minimum ratio of 
"stator current / torque". The structure of the correcting device 
acting on the flux-generation component of the induction motor 
stator current was developed. The graphs of the main variables 

variation of the chain conveyor electric drive for static mode 
obtained from mathematical model with and without additional 
correction device are given. The characteristics of the obtained 
results are given. The results of the investigation were analyzed. 

Keywords: induction motor, vector control, stator current, 
flux, torque, correction, energy saving. 
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