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

2%3-!4#3#5/"!6 3#/78%5/4'&--96 4&:-!0&/"!6 7-!'&5/!4&4 !+. *.,.  #/#'% 

('(%-3 .%-)'-)  (3%-5'#6 (%7! -,"!. $-" (+,-.'#6 .#� )"-,&%&8 

"'!7!0 !.'&.#6 �5 '( 0/,!85-.!/,9  (:!,# � - � !.(%(6 '(� );&'-) 

; 5%<#4& =5#!>'&8&-% /5%'-!4&$?-%@ #A&-"% BCC&"4!'-#/4! 5%>$!0-9: %$3#5!4+#' D!5#4-#-!+=7$?/-#6 +#87$@A!! 8$@ 
%"4!'-9: '9=5@+!4&$&6 +#F-9: 45&:75#'-&'9: =5&#<5%>#'%4&$&6 0%/4#49 3$%'-9: B$&"45#=5!'#8#' =5#"%4-9: /4%-#' / =#-
>!A!! #<&/=&0&-!@ 7/4#60!'#6 5%<#49 =5! '-&D-!: =5#'%$%: -%=5@G&-!@. 1#'5&+&--9& B$&"45#=5!'#89 =5#"%4-9: /4%-#', 
"%" =5%'!$#, '9=#$-@H4/@ -% #/-#'& +#F-9: /!-:5#--9: 8'!3%4&$&6 ! =5&#<5%>#'%4&$&6 0%/4#49, /#/4#@F!: !> %"4!'-#3# 
'9=5@+!4&$@ ! %'4#-#+-#3# !-'&54#5% -%=5@G&-!@.  &/!++&45!0-9& =5#'%$9 -%=5@G&-!@, '#>-!"%HF!& '# '-&D-&6 =!4%H-

F&6 /&4!, 0%/4# '9>9'%H4 #4"$H0&-!& 3$%'-9: B$&"45#=5!'#8#', 04# =5!'#8!4 " B"#-#+!0&/"!+ 7<94"%+: <5%"7 =5#87"A!! ! 
=5#/4#H #<#578#'%-!@. I<&/=&0&-!& 7/4#60!'#6 5%<#49 =5#"%4-9: /4%-#' ' 4%"!: 5&G!+%: @'$@&4/@ %"47%$?-#6 >%8%0&6. I<J-
&"4%+! !//$&8#'%-!@ <9$! '9<5%-9 -&=5&59'-96 /4%- :#$#8-#6 =5#"%4"! 2000 KLM-11 L)I «22�» ! /4%- 3#5@0&6 =5#"%4"! 
1750 N)I «MMK Metalurji». O9$! 5%>5%<#4%-9 +%4&+%4!0&/"!6 +#8&$! =5&#<5%>#'%4&$&6 0%/4#49 ' =5#35%++-#+ =%"&4& 
Matlab Simulink 8$@ /$&87HF!: %$3#5!4+#' P,2: "$%//!0&/"#3#, '&"4#5-#3#, / 78%$&-!&+ '98&$&--9: 3%5+#-!" !  / C!"/!-
5#'%--9+! 73$%+! =&5&"$H0&-!@.  % +%4&+%4!0&/"#6 +#8&$! =5#!>'#8!$!/? !//$&8#'%-!@ 5%<#49 %"4!'-#3# '9=5@+!4&$@ ' 
-#+!-%$?-#+ 5&G!+& 5%<#49 ! =5! '#>-!"-#'&-!! #8-#C%>-9: =5#'%$#' -%=5@G&-!@ 3$7<!-#6 30% ! 8$!4&$?-#/4?H 200 +/. 
 % +%4&+%4!0&/"#6 +#8&$! =5#'#8!$/@ %-%$!> /&4&'9: 4#"#' -% ':#8& %"4!'-#3# '9=5@+!4&$@ ! -%=5@G&-!@ ' >'&-& =#/4#@--

-#3# 4#"%. ,//$&8#'%-!@ =#"%>%$!, 04# #4"$H0&-!& LQ / ); +#G&4 =5#!>#64! "%" #4 /5%<%49'%-!@ +%"/!+%$?-#6 4#"#'#6 >%-
F!49, 4%" ! =5! /5%<%49'%-!! >%F!49 +!-!+%$?-#3# -%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"%. L# 5&>7$?4%4%+ +#8&$!5#'%-!@ 
=5#!>'&8&- /5%'-!4&$?-96 %-%$!> 5%<#49 LQ =5! =5#'%$%: -%=5@G&-!@ / !/=#$?>#'%-!&+ 5%>$!0-9: %$3#5!4+#' P,2. R%"G& 
/8&$%-9 '9'#89 # '$!@-!! =%5%+&45#' 5&37$@4#5#' 4#"% ! -%=5@G&-!@ /!/4&+9 %"4!'-#3# '9=5@+!4&$@ -% 7/4#60!'#/4? 5%<#-
49 LQ / ); =5! -&/!++&45!0-9: =5#'%$%: -%=5@G&-!@. 

������ � "�#�$: %"4!'-96 '9=5@+!4&$?, =5&#<5%>#'%4&$? 0%/4#49, D!5#4-#-!+=7$?/-%@ +#87$@A!@, %$3#5!4+9 P,2, 
+%4&+%4!0&/"%@ +#8&$?, Matlab Simulink, =5#'%$ -%=5@G&-!@, 7/4#60!'#/4?, /!/4&+% 7=5%'$&-!@, =5#"%4-96 /4%-.

;;S�S ,S  

T%<#4% 3$%'-9: B$&"45#=5!'#8#' /#'5&+&--9: 

=5#"%4-9: /4%-#' :%5%"4&5!>7H4/@ 0%/49+! 8!-%+!-

0&/"!+! 5&G!+%+!, #<7/$#'$&--9+! 4&:-#$#3!0&/"!+ 

=5#A&//#+ =5#"%4"!. ; -%/4#@F&& '5&+@ ' #/-#'& 8%--

-9: B$&"45#=5!'#8#' !/=#$?>7H4/@ =5&#<5%>#'%4&$! 

0%/4#49 (LQ) / %/!-:5#--9+! !$! /!-:5#--9+! 8'!-

3%4&$@+!. 1 A&$?H 7$70D&-!@ 4&:-!"#-B"#-#+!0&/"!: 

=#"%>%4&$&6 ! /-!G&-!@ '$!@-!@ -% "%0&/4'# B$&"45#-

B-&53!! =!4%HF&6 /&4! =5!+&-@H4 =5&#<5%>#'%4&$! 

0%/4#49 / %"4!'-9+! '9=5@+!4&$@+! ();), "#4#59&  

=#>'#$@H4 -& 4#$?"# #/7F&/4'$@4? 5&"7=&5%A!H B-&5-
3!! ' /&4?, -# ! 5%<#4%4? / 5&37$!57&+9+ "#BCC!A!&--

4#+ +#F-#/4!. )"4!'-96 '9=5@+!4&$? =# /'#&6 

/457"475& %-%$#3!0&- %'4#-#+-#+7 !-'&54#57 -%=5@-
G&-!@ ! /45#!4/@ -% <%>& =#$-#/4?H 7=5%'$@&+9: /!-

$#'9: "$H0&6 – IGBT-45%->!/4#5#' !$! IGCT-

4!5!/4#5#' [4]. 1!$#'9& "$H0! ); 5%<#4%H4 ' 5&G!+& 
D!5#4-#-!+=7$?/-#6 +#87$@A!! (P,2). 

L5#'%$9 -%=5@G&-!@, '#>-!"%HF!& ' /!/4&+%: 

B$&"45#/-%<G&-!@, #"%>9'%H4 >-%0!4&$?-#& '$!@-!& 
-% 5%<#47 LQ [1,3,6]. L#8 =5#'%$#+ -%=5@G&-!@ =#-!-

+%H4 '5&+&--#& /-!G&-!& 75#'-@ -%=5@G&-!@ ' "#--

"5&4-#6 4#0"& B$&"45!0&/"#6 /!/4&+9 -!G& 10% #4-#-
/!4&$?-# !/:#8-#3# !$! /#3$%/#'%--#3# 75#'-@ [2]. 

L5#'%$9 -%=5@G&-!@ #<7/$#'$&-9 "#5#4"!+! >%+9"%-
-!@+! (�N) ' $!-!@: B$&"45#=&5&8%0, '#>-!"%HF!+!, 

"%" =5%'!$#, '/$&8/4'!& =#3#8-9: @'$&-!6. *$7<!-% ! 

8$!4&$?-#/4? =5#'%$% -%=5@G&-!@ >%'!/@4 #4 +-#G&-
/4'% C%"4#5#', 4%"!: "%" +#F-#/4? B-&53#/!/4&+9, 

'!8 �N, 78%$&--#/4? =#45&<!4&$@ #4 4#0"! �N. ; !/-

                                                
©   !"#$%&' ).)., *!$&+#' ,.*., �&-!/&'!0 ).1., 2018 

4#0-!"%: [1, 3] =5&8/4%'$&- %-%$!> 5%/=5&8&$&-!@ =5#-
'%$#' -%=5@G&-!@ ' =!4%HF!: /&4@: !//$&87&+9: 

#<J&"4#'.  �0!49'%@ 4#,  04# 8%G& -&<#$?D!& =# 8$!-

4&$?-#/4! =5#'%$9 -%=5@G&-!@ +#374 '9>'%4? #4"$H-

0&-!& LQ, 5%>5%<#4"% +&4#8#' =# 7$70D&-!H 7/4#60!-

'#/4! LQ ' 4%"!: 5&G!+%: @'$@&4/@ %"47%$?-#6 >%8%-
0&6. ;%G-# #4+&4!4?, 04# %'%5!6-96 #/4%-#' =5#"%4-
-#3# /4%-% ' /#/4%'& -&=5&59'-#3# +&4%$$753!0&/"#3# 

"#+=$&"/% -&/&4 /&5?&>-96 B"#-#+!0&/"!6 7F&5< / 
-&#<:#8!+#/4?H #/4%-#'% #/4%$?-9: %35&3%4#' ! $!-

-!6 =5#!>'#8/4'%. 
; 5%<#4& =5&8/4%'$&-% #A&-"% 5%>$!0-9: %$3#5!4-

+#' P,2 / 4#0"! >5&-!@ 7$70D&-!@ 7/4#60!'#/4! LQ 

=5! =5#'%$%: -%=5@G&-!@. 

IL,1) ,S 1�US1R;�VU,W )K*IT,R2I; P,2, 

LT,2S XS2YW �KX )�R,; YW ;YLTX2,RSKSZ 

2IU YW LTSIOT)NI;)RSKSZ Q)1RIRY 

;98&$@H4 0&495& #/-#'-9: %$3#5!4+% P,2, 

=5!+&-@&+9: ' );: "$%//!0&/"!6 (/!-7/#!8%$?-96) 

P,2, '&"4#5-%@ P,2, P,2 / 78%$&-!&+ '98&$&--

-9: 3%5+#-!" ! P,2 / C!"/!5#'%--9+! 73$%+! =&-
5&"$H0&-!@. T%//+#45!+ "%G896 %$3#5!4+ =#85#<-&&. 

; "$%//!0&/"#+ %$3#5!4+& P,2 /!3-%$ >%8%-!@ 
/!-7/#!8%$?-#6 C#5+9 /5%'-!'%&4/@ / =!$##<5%>-9+ 

#=#5-9+ -%=5@G&-!&+. �$@ 45&:75#'-&'9: ); !/=#$?-
>7H4/@ 8'% =!$##<5%>-9: #=#5-9: -%=5@G&-!@ 8$@ =#-

$#G!4&$?-#6 ! #45!A%4&$?-#6 =#$7'#$-. L#$70&--9& 
$#3!0&/"!& /!3-%$9 #<5%<%49'%H4/@ ! C#5+!57H4/@ 
!+=7$?/9 7=5%'$&-!@ -% /!$#'9& "$H0!. [3] �%--96 

%$3#5!4+ P,2 =5!+&-@&4/@ #4-#/!4&$?-# 5&8"#. 
; #/-#'& '&"4#5-#3# %$3#5!4+% P,2 $&G!4 =5!--

A!= +!-!+!>%A!! =#4&5? =5! =&5&"$H0&-!! /!$#'9: 
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"$H0&6 );. ;/& '#>+#G-9& "#+<!-%A!! /!$#'9: 

"$H0&6 ); =5&8/4%'$@H4/@ ' '!8& =$#/"#/4!, >%8%'%@ 
=5#/45%-/4'&--96 '&"4#5 -&#<:#8!+#3# -%=5@G&-!@ 
);, /!/4&+% 7=5%'$&-!@ #=5&8&$@&4 /&"4#5 ! 5&3!#-. 

 % #/-#'%-!! B4!: 8%--9: #=5&8&$@H4/@ 45! <%>#'9: 

'&"4#5% ! 8$!4&$?-#/4! '"$H0&-!@ "%G8#3# !> -!: 8$@ 

=#$70&-!@ -&#<:#8!+#3# '&"4#5% -%=5@G&-!@. L#/$& 
C#5+!57H4/@ !+=7$?/9 7=5%'$&-!@ /!$#'9+! "$H0%-
+! [10–12]. �%--96 %$3#5!4+ =5!+&-@&4/@ ' LQ C!5-
+9 Siemens (-%=5!+&5, ' Siemens S120). 

; P,2 / 78%$&-!&+ '98&$&--9: 3%5+#-!" 73$9 

=&5&"$H0&-!@ 5%//0!49'%H4/@ >%5%-&& ! >%'!/@4 #4 
/!3-%$% >%8%-!@ / /!/4&+9 7=5%'$&-!@. T%/0&4 73$#' 

=5#!>'#8!4/@ 4%"!+ #<5%>#+, 04#<9 !/"$H0!4? !> =#-
45&<$@&+#3# 4#"% #=5&8&$&--9& 3%5+#-!"!. �$@ «8'&-
-%8A%4!=7$?/-#6 /:&+9» =#8$&G%4 !/"$H0&-!H 3%5-

+#-!"! 11, 13, 23 ! 25 [9]. �%--96 %$3#5!4+ P,2 8$@ 
=&5&"$H0&-!@ /!$#'9: "$H0&6 ); !/=#$?>7&4/@ ' LQ 

"#+=%-!! ABB, ' 0%/4-#/4!, ' /&5!! ACS6000 [6]. 

)$3#5!4+ P,2 / C!"/!5#'%--9+! 73$%+! =&5&-
"$H0&-!@ !/=#$?>7&4/@ ' LQ C!5+9 TMEIC [3]. �3$9 
=&5&"$H0&-!@ /!$#'9: "$H0&6 5%//0!49'%H4/@ >%5%-
-&&. �5!4&5!&+, -% #/-#'%-!! "#4#5#3# =5#!>'#8!4/@ 
5%/0&4, @'$@&4/@ +!-!+%$?-%@ '&$!0!-% %"4!'-9: =#-
4&5? ' 45%->!/4#5%: ! #35%-!0&-!& '9/D!: 3%5+#-!" 

4#"%. ; P,2 / C!"/!5#'%--9+! 73$%+! =&5&"$H0&-
-!@ =5#!/:#8!4 C!"/%A!@ %+=$!4789 -%=5@G&-!@ -% 
':#8& ); ! !>+&-&-!& C%>9 -%=5@G&-!@ =# #4-#D&-
-!H " C%>& =!4%HF&3# -%=5@G&-!@. R%"!+ #<5%>#+, 

5&37$!5#'%-!& %"4!'-#6 /#/4%'$@HF&6 4#"% #/7-
F&/4'$@&4/@ >% /0&4 !>+&-&-!@ 5&%"4!'-#6. 

IL,1) ,S IO[S�RI; ,11KS�I;) ,X 

; 8%--#6 5%<#4& <9$# =5#!>'&8&-# +#8&$!5#'%-!& 
3$%'-9: =5!'#8#' -&=5&59'-#3# /4%-% :#$#8-#6 =5#-

"%4"! 2000 KLM-11 L)I «22�» ! /4%-% 3#5@0&6 =5#-
"%4"! 1750 N)I «MMK Metalurji». 

 % <1=.  1 =5&8/4%'$&-% 7=5#F&--%@ /:&+% B$&"-

45#/-%<G&-!@ /4%-% 2000.  

 
 1=. 1. 0><?@ABBCD =EAFC GHAIJ<?=BCKLAB1D 

=JCBC 2000 %�M-11 �(! «""+» 

14%- /#/4#!4 !> 5 "$&4&6.  % /4%-& =5!+&-@H4/@ 
/!-:5#--9& 8'!3%4&$! C!5+9 ABB +#F-#/4?H 8 2;4 
(5,5 2;4 8$@ =&5'#6 "$&4!) ! =5&#<5%>#'%4&$! 0%/4#49 

/&5!! ACS 6000. �$@ 5&%$!>%A!! 8'&-%8A%4!=7$?/-#6 

/:&+9 '9=5@+$&-!@ 8'% ); =#8"$H0&-9 " 8'7+ 

45%-/C#5+%4#5%+ / 73$%+! /8'!3% -%=5@G&-!@ '4#5!0-

-#6 #<+#4"! #4-#/!4&$?-# =&5'!0-#6 0 ! +30° /##4-
'&4/4'&--#. L&5'!0-%@ #<+#4"% =&5'#3# 45%-/C#5+%-
4#5% /#&8!-&-% =#/$&8#'%4&$?-# / =&5'!0-#6 #<+#4-
"#6 '4#5#3# 45%-/C#5+%4#5%. \4# 5&D&-!& =#>'#$@&4 
!/"$H0!4? !> 3%5+#-!0&/"#3# /#/4%'% /&4&'#3# -%=5@-
G&-!@ >-%0!+9& 5 ! 7 3%5+#-!"! ! 7$70D!4? B-&53&-
4!0&/"!& =#"%>%4&$! B$&"45#=5!'#8%. N'&-# =#/4#@--

-#3# 4#"% 8'7: ); #<J&8!-&-#. ); ! %'4#-#+-96 !--

'&54#5 -%=5@G&-!@ !+&H4 !8&-4!0-7H /457"4757 ! 

5&%$!>#'%-9 -% =#$-#/4?H 7=5%'$@&+9: IGCT-

4!5!/4#5%:. 14%- =#$70%&4 =!4%-!& =# 8'7+ "%<&$?-
-9+ $!-!@+ #4 =#8/4%-A!! 110/10 ";. 

)-%$#3!0-# 5&%$!>#'%- /4%- 3#5@0&6 =5#"%4"! 

1750, 7=5#F&--%@ /:&+% B$&"45#/-%<G&-!@ "#4#5#3# 

=5&8/4%'$&-% -% <1=. 2. 14%- /#/4#!4 !> 8'7: 0&5-#'9: 
! 0&495&: 0!/4#'9: "$&4&6. *$%'-%@ =#-!>!4&$?-%@ 
=#8/4%-A!@ >%'#8% =#$70%&4 =!4%-!& =# '#>87D-#6 

$!-!! B$&"45#=&5&8%0 #4 5%6#--#6 7>$#'#6 =#8/4%--

A!!. ; #4"594#+ 5%/=5&8&$!4&$?-#+ 7/45#6/4'& >%'#8-

/"#6 =#8/4%-A!! 7/4%-#'$&-9 =#-!>!4&$?-9& 45%-/-
C#5+%4#59 380/34,5 ";. I4 8'7: 45%-/C#5+%4#5#' >%-
=!4%-# >%"594#& 5%/=5&8&$!4&$?-#& 7/45#6/4'# 34,5 

";, #4 "#4#5#3# =#$70%H4 =!4%-!& LQ /4%-%. L5#'%$9 

-%=5@G&-!@ '#>-!"%H4 ' $!-!! 380 ";, "#4#5%@ =5#-
:#8!4 ' 3#5!/4#6 +&/4-#/4!, ! #"%>9'%H4 '$!@-!& -% 
'-745!>%'#8/"#6 75#'&-? -%=5@G&-!@ 34,5 ";. 

T)NT)OIR�) ,2,R)M,I  YW 2I�SKSZ LQ 1 ); 

�$@ =5#'&8&-!@ !//$&8#'%-!6 <9$! 5%>5%<#4%-9 

!+!4%A!#--9& +#8&$! 45&:75#'-&'9: ); ' =5#35%++& 
Matlab/Simulink. ,+!4%A!#--%@ +#8&$? =5&8/4%'$&-% 
-% <1=. 3.  

 
 1=. 2. 0><?@ABBCD =EAFC GHAIJ<?=BCKLAB1D  

=JCBC 1750 NCO?PC 3(! «MMK Metalurji» 

, ,

1�

5,5 2;4 8 2;4

1&"A!@ 1 

10 "; 10 ";

#4 *LL 110/10 ";

�$1 �$2

S"> = 200 2;) S"> = 130 2;)

););

8 2;4 8 2;4 8 2;4

, ,

1�

););

, ,

1�

););

, ,

1�

););

, ,

1�

););
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 1=. 3. -F1JCQ1?BBCD F?PAHR, <ACH1N?OCBBCD O Matlab 

L!4%HF%@ /&4? 10 "; =5&8/4%'$&-% !8&%$?-9+ !/-
4#0-!"#+ -%=5@G&-!@ / =#/$&8#'%4&$?-# =#8"$H0&--

-9+ %"4!'-#-!-87"4!'-9+ /#=5#4!'$&-!&+. 12-

=7$?/-%@ /:&+% 5&%$!>#'%-% / =#+#F?H 8'7: 45%-/C#5-

+%4#5#', #<&/=&0!'%HF!: /8'!3 -%=5@G&-!@ -% '4#-

5!0-#6 #<+#4"& 30° #4-#/!4&$?-# 8573 8573%. T&%"4#59 

-% ':#8%: ); 5&%$!>#'%-9 / =#+#F?H %"4!'-#-

!-87"4!'-9: /#=5#4!'$&-!6. �$@ #<&/=&0&-!@ 5&%$!>%-
A!! 45&:75#'-&'#6 /457"4759 ); ' >'&-& =#/4#@--#3# 

4#"% !/=#$?>7H4/@ 8'% "#-8&-/%4#5% / -%=5@G&-!@+! 

4840/2 ;. \"'!'%$&-4-%@ -%357>"% +#8&$!5#'%$%/? / 
=#+#F?H !/4#0-!"% 4#"% ' >'&-& =#/4#@--#3# 4#"% [5]. 

1!/4&+% 7=5%'$&-!@ 5&%$!>#'%-% 8'7:"#-475-#6: 

'-745&--!6 "#-475 5&37$!5#'%-!@ 4#"#' '# '5%F%H-

F&6/@ /!/4&+& "##58!-%4 dq, '-&D-!6 – 5&37$!5#'%-
-!@ -%=5@G&-!@. 1!-:5#-!>%A!@ / =!4%HF!+ -%=5@-
G&-!&+ #<&/=&0!'%&4/@ / =#+#F?H <$#"% C%>#'#6 %'-

4#=#8/45#6"! 0%/4#49 [7]. 

TSN�K]R)RY ,11KS�I;) ,Z �KX 1R) ) WIKI� IZ 

LTI�)R�, 2000 KLM-11 L)I «22�» 

 % <1=. 4 =5&8/4%'$&-9 -%=5@G&-!& ' >'&-& =#/4#-

@--#3# 4#"% LQ (C)  ! /&4&'#6 4#" (K) =5! =5#'%$& 
-%=5@G&-!@ 3$7<!-#6 30% ! 8$!4&$?-#/4?H 200 +/ 
=5! !/=#$?>#'%-!! /!-7/#!8%$?-#3# %$3#5!4+% P,2 

);, =#$70&--9& -% !+!4%A!#--#6 +#8&$! -&=5&59'-

-#3# /4%-% :#$#8-#6 =5#"%4"! 2000.  

 %=5@G&-!& ' >'&-& =#/4#@--#3# 4#"% /-!>!$#/? 
8# 4703  ; ! =#88&5G!'%$#/? -% 4#+ G& 75#'-& 8# >%-
'&5D&-!@ =5#'%$%. L#/$& '#//4%-#'$&-!@ -%=5@G&-!@ 
/&4! -%<$H8%&4/@ 5&>"#& =&5&5&37$!5#'%-!& -%=5@G&-
-!@ ' >'&-& =#/4#@--#3# 4#"% 8# 75#'-@ 5124 ;.  ; /&-
4&'#+ 4#"& -% =5#4@G&-!! '/&6 8$!4&$?-#/4! =5#'%$% 
'!8-% >-%0!4&$?-%@ -&/!++&45!@ 4#"#'. L#/$& >%'&5-

D&-!@ =5#'%$% =5#!/:#8!4 >-%0!4&$?-96 <5#/#" 4#"%, 
8&6/4'7HF&& >-%0&-!& "#4#5#3# =5&'9D%&4 7/4%'"7 

4#"#'#6 >%F!49 );. 

I8-#C%>-96 =5#'%$ -%=5@G&-!@ '9>9'%&4 =%8&-!& 
-%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"% LQ (<1=.  5,  C) 

=5! !/=#$?>#'%-!! ); P,2 / C!"/!5#'%--9+! 73-
$%+! =&5&"$H0&-!@ 8# 3565 ;, 04# '9>#'&4 /5%<%49'%-
-!& >%F!49 =# +!-!+%$?-#+7 -%=5@G&-!H. 1&4&'#6 

4#" (<1=.  5, K) =5! B4#+ :%5%"4&5!>7&4/@ >-%0!4&$?-#6 

-&/!++&45!&6 ! ' -&/"#$?"# 5%> =5&'9D%&4 -#+!-%$?-
-96. ;&$!0!-% -%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"% 
=#/$& >%'&5D&-!@ =&5&:#8-#3# =5#A&//% =#88&5G!'%-
&4/@ -% 75#'-& '&$!0!-9 >%8%-!@ / >-%0!4&$?-9+! 

"#$&<%-!@+!, 8#/4!3%HF!+! 7-10%. L#/$& '#//4%-#'-
$&-!@ =!4%HF&3# -%=5@G&-!@ =5#!/:#8!4 '#>5%/4%-!& 
-%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"%, -%=5@G&-!& =5! 

B4#+ 8#/4!3%&4 >-%0&-!@ 5848 ;. 

L5! !/=#$?>#'%-!! %$3#5!4+% P,2 / 78%$&-!&+ 

'98&$&--9: 3%5+#-!" (<1=. 6, C, K) =5#'%$ -%=5@G&-!@ 
' =!4%HF&6 /&4! '9>9'%&4 /-!G&-!@ -%=5@G&-!@ ' 

>'&-& =#/4#@--#3# 4#"% 8# 4708 ;, >%4&+ /!/4&+% 
7=5%'$&-!@ /45&+!4/@ #<&/=&0!4? >%8%--96 75#'&-? 
-%=5@G&-!@. �5#'&-? "#$&<%-!6 -%=5@G&-!@ #4-#/!-

4&$?-# -!>#" ! -& =5&'9D%&4 2%. L5! '#//4%-#'$&-!! 

-%=5@G&-!@ =!4%HF&6 /&4! =5#!/:#8!4 =&5&5&37$!5#-
'%-!& '&$!0!-9 -%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"% 
8# 4986 ;, 04# -%:#8!4/@ ' 8#=7/4!+9: =5&8&$%:. 1&-
4&'#6 4#" :%5%"4&5!>7&4/@ >-%0!4&$?-#6 -&/!++&45!&6 

-% '/&6 8$!4&$?-#/4! =5#'%$%, 8#/4!3%@ +%"/!+%$?-#6 

'&$!0!-9 ' 5155 ) =#/$& >%'&5D&-!@ =5#'%$%, 04# 
=5&'9D%&4 7/4%'"7 /5%<%49'%-!@ 4#"#'#6 >%F!49 LQ. 

 
C 

 
K 

 1=. 4. 'C><DLAB1A O NOABA >?=J?DBB?S? J?IC ($)  

1 =AJAO?T J?I (%) �5 ><1 1=>?HRN?OCB11  

=1BU=?1PCHRB?S? CHS?<1JFC $-" (. 
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C 

 

K 

 1=. 5. 'C><DLAB1A O NOABA >?=J?DBB?S? J?IC ($)  

1 =AJAO?T J?I (%) �5 ><1 1=>?HRN?OCB11 CHS?<1JFC 

$-" (. = V1I=1<?OCBBWF1 USHCF1 >A<AIHXYAB1D 

 

C 

 
K 

 1=. 6. 'C><DLAB1A O NOABA >?=J?DBB?S? J?IC ($) 1 =AJAO?T 

J?I (%) �5 ><1 1=>?HRN?OCB11 CHS?<1JFC $-" (. = 
UPCHAB1AF OWPAHABBWE SC<F?B1I 

 % <1=.  7 =5&8/4%'$&-9 #/A!$$#35%++9 -%=5@G&-
-!@ ' >'&-& =#/4#@--#3# 4#"% (<1=. 7, %) ! /&4&'#3# 4#"% 

LQ (<1=.  7, K) =5! !/=#$?>#'%-!! '&"4#5-#3# %$3#5!4-
+% P,2 8$@ =&5&"$H0&-!@ "$H0&6 ); =5! =5#'%$& 

-%=5@G&-!@ =!4%HF&6 /&4!.  %=5@G&-!& ' >'&-& =#/4#-
@--#3# 4#"% 8#/4!3%&4 +!-!+%$?-#6 '&$!0!-9 ' 4577 ; 

=5! =5#'%$& -%=5@G&-!@ ! +%"/!+%$?-#6 – 4995 ; =5! 

'#//4%-#'$&-!! =!4%HF&3# -%=5@G&-!@. 1!/4&+% 
7=5%'$&-!@ /45&+!4/@ #<&/=&0!4? =#88&5G%-!& -%=5@-
G&-!@ -% 75#'-& '&$!0!-9 >%8%-!@. R#" ); :%5%"4&5!-

>7&4/@ /!$?-#6 -&/!++&45!&6. ;&$!0!-% /&4&'#3# 4#"% 
8#/4!3%&4 +%"/!+%$?-#3# >-%0&-!@ ' 4633 ), 04# -& =5&-
'9D%&4 7/4%'"7 4#"#'#6 >%D!49. 

�$@ 78#</4'% /5%'-&-!@ 5&>7$?4%49 !//$&8#'%-!6 

8$@ B$&"45#=5!'#8% /4%-% 2000 :#$#8-#6 =5#"%4"! 

/'&8&-9 ' JCKH. 1. ; 4%<$!A& #45%G&-9 '&$!0!-9 +%"-
/!+%$?-#3# #4"$#-&-!@ '&$!0!-9 -%=5@G&-!@ ' >'&-& 
=#/4#@--#3# 4#"% ^UDCmax, % #4 -#+!-%$?-#6 '&$!0!-

-9 ! /&4&'#3# 4#"% ^IACmax, %, 4%"G& '5&+@ =&5&:#8-#3# 

=5#A&//% tLL =5! '#>-!"-#'&-!! ! 7/45%-&-!! =5#'%$% 
-%=5@G&-!@. ; JCKH.  1 =#80&5"-749 >-%0&-!@ '&$!0!- 

#4"$#-&-!@ -%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"% ! 

/&4&'#3# 4#"%, =5!'#8@F!& " /5%<%49'%-!H >%F!49. 

 
C 

 
K 

 1=. 7. 'C><DLAB1A O NOABA >?=J?DBB?S? J?IC ($)  

1 =AJAO?T J?I (%) �5 ><1 1=>?HRN?OCB11 OAIJ?<B?S? 

CHS?<1JFC $-" (. 

,CKH1QC 1  

/<COBAB1A <CK?JW (. ><1 <CNH1YBWE CHS?<1JFCE $-" 
><1 ><?OCHA BC><DLAB1D PHD =JCBC 2000 

)$3#5!4+ P,2 ^UDCmax, % ^IACmax, % tLL, +/ 

L5! '#>-!"-#'&-!! =5#'%$% -%=5@G&-!@ 
1!-7/#!8%$?-96 2,77 42,5 20 

1 C!"/!5. 73$%+!  26,3 228 100 

1 78%$&-!&+ '98. 3%5+. 2,72 66 120 

;&"4#5-96 5,43 38,5 300 

L5! 7/45%-&-!! =5#'%$% -%=5@G&-!@ 
1!-7/#!8%$?-96 5,5 50,3 150 

1 C!"/!5. 73$%+!  20,9 162 100 

1 78%$&-!&+ '98. 3%5+. 3,01 65 170 

;&"4#5-96 3,2 33,1 150 

-10000

-5000

0

5000

10000

t, c

IC, )

Imax=11210 A

t=5#'=200 +/

0,1 0,2 0,3 0,4 0,5 0,6 0,70

-10000

-5000
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5000

10000

t, c

IC, )

Imax=11210 A

t=5#'=200 +/

0,1 0,2 0,3 0,4 0,5 0,6 0,70
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R%"!+ #<5%>#+, 4#$?"# '&"4#5-96 %$3#5!4+ P,2, 

!/=#$?>#'%--96 8$@ =&5&"$H0&-!@ /!$#'9: "$H0&6 

);, #<&/=&0!'%&4 <&>%'%5!6-7H 5%<#47 =5!'#8% =5! 

#8-#C%>-#+ =5#'%$& -%=5@G&-!@ 3$7<!-#6 30% ! 8$!-

4&$?-#/4?H 200 +/. 

TSN�K]R)RY ,11KS�I;) ,Z �KX 1R) ) 1750 

2SR)KK�T*,QS1�I*I N);I�) N)I «MMK METALURJI» 

)-%$#3!0-9& !//$&8#'%-!@ <9$! =5#!>'&8&-9 4%"G& 
! 8$@ /4%-% 3#5@0&6 =5#"%4"! 1750.  % <1=. 8 =5&8/4%'$&-
-9 #/A!$$#35%++9 -%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"% 

(%) ! /&4&'#6 4#" (<) LQ =5! =5#'%$& -%=5@G&-!@ =!4%H-

F&6 /&4! 8$!4&$?-#/4? 200  +/ ! 3$7<!-#6 30%  =5! !/-
=#$?>#'%-!! 8$@ =&5&"$H0&-!@ /!$#'9: "$H0&6 ); /!-

-7/#!8%$?-#3# %$3#5!4+% P,2. �%" '!8-# !> <1=.  8, %, 
8%--96 %$3#5!4+ -& =#>'#$@&4 /!/4&+& 7=5%'$&-!@ #<&/-
=&0!4? =5! =5#'%$& =#88&5G%-!& -%=5@G&-!@ ' >'&-& 
=#/4#@--#3# 4#"% -% 75#'-& >%8%-!@. 2!-!+%$?-%@ '&$!-

0!-% -%=5@G&-!@ =#/4#@--#3# 4#"% /#/4%'!$% 4450 ;. 

L#/$& '#//4%-#'$&-!@ =!4%HF&3# -%=5@G&-!@ =5#!>#-
D&$ 5&>"!6 /"%0&" -%=5@G&-!@ 8# 75#'-@ 5100 ;, '&$!-

0!-% /&4&'#3# 4#"% =5! B4#+ 8#/4!3$% +%"/!+%$?-#3# 
>-%0&-!@ ' 1900 ), 04# '9>#'&4 /5%<%49'%-!& +%"/!+%$?-
-#-4#"#'#6 >%F!49. 

I8-#C%>-96 =5#'%$ -%=5@G&-!@ =5! !/=#$?>#'%-
-!! P,2 / C!"/!5#'%--9+! 73$%+! =&5&"$H0&-!@ 
'9>9'%&4 =%8&-!& -%=5@G&-!@ ' >'&-& =#/4#@--#3# 

4#"% 8# 75#'-@ ' 4300 ; (<1=. 9, C). L#/$& >%'&5D&-!@ 
=5#'%$% =5#!/:#8!4 =&5&5&37$!5#'%-!& -%=5@G&-!@ 8# 

5240 ;. �#$&<%-!@ -%=5@G&-!@ ' >'&-& =#/4#@--#3# 

4#"% -% '/&6 8$!4&$?-#/4! =5#'%$% -& =5&'9D%H4 2 % 

#4 '&$!0!-9 -#+!-%$?-#3# >-%0&-!@ -%=5@G&-!@. 
2%"/!+%$?-%@ '&$!0!-% =#45&<$@&+#3# LQ 4#"% 8#-
/4!3%&4 >-%0&-!@ ' 1700 ) =5! '#>-!"-#'&-!! =5#'%$% 
(<1=. 9, K). �%--#& >-%0&-!& -&8#=7/4!+# ! =5&'9D%&4 
7/4%'"7 /5%<%49'%-!@ 4#"#'#6 >%F!49. 

 
C 

 
K 

 1=. 8. 'C><DLAB1A O NOABA >?=J?DBB?S? J?IC ($)  

1 =AJAO?T J?I (%) �5 ><1 1=>?HRN?OCB11  

=1BU=?1PCHRB?S? CHS?<1JFC $-" (. 

 
C 

 
K 

 1=. 9. 'C><DLAB1A O NOABA >?=J?DBB?S? J?IC ($)  

1 =AJAO?T J?I (%) �5 ><1 1=>?HRN?OCB11 CHS?<1JFC 

$-" (. = V1I=1<?OCBBWF1 USHCF1 >A<AIHXYAB1D 

I8-#C%>-96 =5#'%$ =!4%HF&3# -%=5@G&-!@ 3$7-
<!-#6 30% ! 8$!4&$?-#/4?H 200 +/ =5!'#8!4 " /-!G&-
-!H 75#'-@ -%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"% 8# 

4600 ;, % 4%"G& 7'&$!0&-!H 5%>+%:% "#$&<%-!6 

-%=5@G&-!@ 8# 7-10% #4 -#+!-%$?-#3# >-%0&-!@, =5! 

!/=#$?>#'%-!! 8$@ 7=5%'$&-!@ /!$#'9+! "$H0%+! ); 

P,2 / 78%$&-!&+ '98&$&--9: 3%5+#-!" (<1=.  10, C). 

L5! '#//4%-#'$&-!! -%=5@G&-!@ /&4! -%<$H8%&4/@ 
7'&$!0&-!& -%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"% 8# 

5250 ;. ; 4#"%:, =#45&<$@&+9: ); (<1=. 10, K), -% =5#-
4@G&-!! '/&6 8$!4&$?-#/4! =5#'%$% -%=5@G&-!@ 
-%<$H8%&4/@ >-%0!4&$?-%@ -&/!++&45!@ =# C%>%+, % 
4%"G& <5#/"! 4#"%, 8&6/4'7HF&& >-%0&-!& "#4#59: 

=5&'9D%&4 7/4%'"7 /5%<%49'%-!@ 4#"#'#6 >%F!49 LQ. 

 % <1=. 11 C, K =5&8/4%'$&-9 35%C!"! =&5&:#8-9: 
=5#A&//#' /&4&'9: 4#"#' ! -%=5@G&-!@ ' >'&-& =#/4#@--

-#3# 4#"% LQ =5! '#>-!"-#'&-!! #8-#C%>-#3# =5#'%$% 
-%=5@G&-!@ =5! !/=#$?>#'%-!! 8$@ 7=5%'$&-!@ 4!5!-

/4#5%+! ); '&"4#5-#3# %$3#5!4+% P,2. �%" '!8-# !> 
<1=. 11, C, ' +#+&-4 '#>-!"-#'&-!@ =5#'%$% -%=5@G&-!@ 
=5#!/:#8!4 /-!G&-!& 75#'-@ -%=5@G&-!@ ' >'&-& =#-
/4#@--#3# 4#"% 8# 4600 ;, >%4&+ /!/4&+% 7=5%'$&-!@ ); 

=94%&4/@ =#88&5G!'%4? -%=5@G&-!& ' >'&-& =#/4#@--#-
3# 4#"% -% >%8%--#+ 75#'-& >% /0&4 7'&$!0&-!@ =#45&<-

$@&+9: 4#"#' );. L5! B4#+ 5%>+%: "#$&<%-!6 -%=5@G&-
-!@ ' >'&-& =#/4#@--#3# 4#"% =5&'9D%&4 10% #4 -#+!-

-%$%. ; "5!'9: +3-#'&--9: >-%0&-!! 4#"#' (<1=. 11, K), 

=#45&<$@&+9: );, =5! '#>-!"-#'&-!! #8-#C%>-#3# 
=5#'%$% -%=5@G&-!@  -%<$H8%&4/@ 7'&$!0&-!& =#45&<-

$@&+9: 4#"#',  % 4%"G& !: /!$?-%@ -&/!++&45!@ =# C%-
>%+. 2%"/!+%$?-#& >-%0&-!& =#45&<$@&+#3# ); 4#"% 
/#/4%'!$# 2000 ) =5! '#//4%-#'$&-!! =!4%HF&3# 
-%=5@G&-!@, 04# =5&'9D%&4 7/4%'"7 /5%<%49'%-!@ 4#-
"#'#6 >%F!49 LQ ! =5!'&8&4 " %'%5!6-#+7 #/4%-#'7 
=5!'#8% =5#"%4-#6 "$&4! /4%-%. 

-2000

-1000

0

1000

I��, )

I��.max = 1700 A

t=5#' = 200 +/

t, c

2000

0 0,1 0,2 0,3 0,4
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C 

 
K 

 1=. 10. 'C><DLAB1A O NOABA >?=J?DBB?S? J?IC ($)  

1 =AJAO?T J?I (%) �5 ><1 1=>?HRN?OCB11 CHS?<1JFC 

$-" (. = UPCHAB1AF OWPAHABBWE SC<F?B1I 

 
C 

 
K 

 1=. 11. 'C><DLAB1A O NOABA >?=J?DBB?S? J?IC ($)  

1 =AJAO?T J?I (%) �5 ><1 1=>?HRN?OCB11 OAIJ?<B?S? 

CHS?<1JFC $-" (. 

�$@ 78#</4'% /5%'-&-!@ 5&>7$?4%49 !//$&8#'%-!6 

8$@ 3#5@0&6 =5#"%4"! /4%-% 1750 /'&8&-9 ' JCKH.  2.  

; 4%<$!A& #45%G&-9 +%"/!+%$?-9& #4"$#-&-!@ '&$!-

0!-9 -%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"% ^UDCmax, %, 

! /&4&'#3# 4#"% ^IACmax, %, #4 -#+!-%$?-#6 '&$!0!-9, 

4%"G& '5&+@ =&5&:#8-#3# =5#A&//% tLL =5! '#>-!"-#-
'&-!! ! 7/45%-&-!! =5#'%$% -%=5@G&-!@. 

,CKH1QC 2  

/<COBAB1A <CK?JW (. ><1 <CNH1YBWE CHS?<1JFCE $-" 
><1 ><?OCHA BC><DLAB1D PHD =JCBC 2000 

)$3#5!4+ P,2 ^UDCmax, % ^IACmax, % tLL, +/ 

L5! '#>-!"-#'&-!! =5#'%$% -%=5@G&-!@ 
1!-7/#!8%$?-96 8,44 7,5 250 

1 C!"/!5. 73$%+!  4,94 66 100 

1 78%$&-!&+ '98. 3%5+. 11,5 144 50 

;&"4#5-96 5,35 143 150 

L5! 7/45%-&-!! =5#'%$% -%=5@G&-!@ 
1!-7/#!8%$?-96 4,9 110 150 

1 C!"/!5. 73$%+!  5,97 122 100 

1 78%$&-!&+ '98. 3%5+. 7,82 65 50 

;&"4#5-96 8,01 88,1 50 

 

; JCKH. 2 =#80&5"-749 >-%0&-!@ '&$!0!- #4"$#-&-
-!@ -%=5@G&-!@ ' >'&-& =#/4#@--#3# 4#"% ! /&4&'#3# 

4#"%, =5!'#8@F!& " /5%<%49'%-!H >%F!49. R%"!+ #<-

5%>#+, ' /$70%& 8$@ B$&"45#=5!'#8% =5#"%4-#6 "$&4! 

/4%-% 3#5@0&6 =5#"%4"! 1750 -& #8!- !> %$3#5!4+#' 

P,2 8$@ =&5&"$H0&-!@ /!$#'9: "$H0&6 ); -& #<&/-
=&0!'%&4 <&>%'%5!6-7H 5%<#47 =5!'#8% =5! #8-#C%>-
-#+ =5#'%$& -%=5@G&-!@ 3$7<!-#6 30 % ! 8$!4&$?-#-
/4?H 200 +/. 

N)�KVQS ,S 

1. ; 8%--#6 5%<#4& =5#%-%$!>!5#'%-9 5&G!+9 5%-
<#49 %"4!'-#3# '9=5@+!4&$@ =5! '#>-!"-#'&-!! =5#-

'%$#' -%=5@G&-!@. T&%$!>#'%-% ' =5#35%++-#+ =5#-

87"4& MATLAB / =5!$#G&-!&+ Simulink +%4&+%4!0&-
/"%@ +#8&$? 3$%'-#3# =5!'#8% -&=5&59'-#3# /4%-% :#-

$#8-#6 =5#"%4"! 2000 KLM-11 L)I «22�» ! /4%-% 
3#5@0&6 =5#"%4"! 1750 N)I “MMK Metalurji” 8$@ !/-
/$&8#'%-!@ '$!@-!@ 5%>$!0-9: %$3#5!4+#' P,2 -% 
7/4#60!'#/4? 5%<#49 ); =5! =5#'%$%: -%=5@G&-!@. 

2.  % +%4&+%4!0&/"#6 +#8&$! =5#'&8&-9 !//$&8#-
'%-!@  5%<#49 %"4!'-#3# '9=5@+!4&$@ ' -#5+%$?-#+ 

5&G!+& ! =5! '#>-!"-#'&-!! =5#'%$#' -%=5@G&-!@ 

3$7<!-#6 30% ! 8$!4&$?-#/4?H 200 +/. ,//$&8#'%-!@ 
=#"%>%$!, 04# #4"$H0&-!@ ); +#374 =5#!>#64! "%" #4 
/5%<%49'%-!@ +%"/!+%$?-#6 4#"#'#6 >%F!49, 4%" ! 

=5! /5%<%49'%-!! >%F!49  +!-!+%$?-#3# -%=5@G&-!@.  
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The paper includes the comparative analysis of efficiency of 
different pulse width modulation (PWM) algorithms implemented 
in active rectifiers (AR) of high-power three-level frequency 
converters (FC) of main rolling mills electric drives in terms of 
providing stability during external voltage drops. Modern electric 
drives of rolling mills are usually developed on the basis of 
powerful synchronous motors and frequency converters 

consisting of active rectifiers and inverters. Unbalanced voltage 
drops that occur in the external power supply often lead to 
breakdowns of the main electric drives, which leads to economic 
losses: defective products and downtime. Ensuring stable 
operation of rolling mills in such modes is an important task. The 
objects of study are continuous cold rolling mill 2000 of the PJSC 
"MMK" and hot rolling mill 1750 of the CJSC "MMK Metalurji". 
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Mathematical models of frequency converters have been 
developed using by the Matlab-Simulink software for the 
following PWM algorithms: classical, vector, selective harmonic 

elimination and fixed pulse pattern control. The mathematical 
models have been used to study the operation of the active 
rectifier for normal operation mode and for single-phase voltage 
drops with a depth of 30% and a duration of 200 ms. Also on the 
basis of the mathematical model, the analysis of active rectifier 
input currents and DC-link voltage has been made. Studies have 
shown that AR faults can occur by operation of input overcurrent 
protection or DC-link minimum voltage protection. The 

comparative analysis results of working of FC-AR with different 
PWM algorithms for voltage drops conditions based has been 
presented. Also the conclusions about the influence of regulators 
parameters in AR control  system on stability of working of FC-
ARs for voltage drops situations have been made. 

Keywords: active rectifier, frequency converter, pulse-width 
modulation algorithms, mathematical model, voltage drops, 
electric drive stability, control system, rolling mill. 
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