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56789:;<=> ?@A&:B?  6A6C9D6@<<@E@ A@FB:6G@59<6H 

&GBD676@<<=I 6A&8:; <@-J97@5=I K:B?CG@&G65@F@5  

&. A. &,"1(2 (63(/,3,) 

 !"#$"% &'()*+",, -)-.'##-)*" %-)*!-'#", "/%012)#--345-+67 81'9*!-%!"+--

&-+ (:;< ) ) /"9!-%!-$'))-!#6/ 0%!4+1'#"'/ " 74!49*'!")*"9" 81'/'#*-+ 81'9*!--

%!"+-&4 -%!'&'1,=* )")*'/6 *49->- 914))4, 949 #'1"#'(#6', ?*- ,+1,'*), )1'&)*+"'/ 

$"3!-+-( -.!4.-*9" &4##67, @"!-*#--"/%012)#-( /-&01,$"" )">#41-+, ")%-1250'/67 

)"1-+67 %!'-.!45-+4*'1'(, &+">4*'1'(, &4*?"9-+ " !'A"/-+ "7 !4.-*6.  '!'?")1'##6' 

-)-.'##-)*" :;<  #' %-5+-1,=* %-10?"*2 &-)*-+'!#6' !'5012*4*6 "))1'&-+4#", )*4-

*"?')9"7 " &"#4/"?')9"7 74!49*'!")*"9 81'9*!-%!"+-&4 %!" %!'#'.!'A'#"" &")9!'*-

#-)*2= )")*'/6.  !" 8*-/ 4#41"*"?')9"' /'*-&6 !4)?'*4 &"#4/"?')9"7 74!49*'!")*"9 

+ %'!'7-&#67 " 9+45"0)*4#-+"+@"7), !'A"/47 %!"+-&,* 9 %-10?'#"= /4*'/4*"?')9" 

)1-A#67 +6!4A'#"( " /41-"#3-!/4*"+#67 !'5012*4*-+ [1].  

 -)9-1290 &1, !'@'#", %!49*"?')9"7 54&4?, )+,54##67 ) "))1'&-+4#"'/ " %!--

'9*"!-+4#"'/ "/%012)#--345-+67 81'9*!-%!"+-&-+, #'-.7-&"/4 "#3-!/4$", - )*4*"-

?')9"7 " &"#4/"?')9"7 )+-()*+47 !'412#-( #'"&'41"5"!-+4##-( )")*'/6, +-5#"94'* 

#'-.7-&"/-)*2 !45!4.-*9" $"3!-+-(  "/"*4$"-##-(  /-&'1", %-5+-1,=B'( ) %-/--

B2= <CD +6%-1#,*2 !4)?'* %'!'7-&#67 %!-$'))-+ + :;< . 

E494, /-&'12  %!'&#45#4?'#4  &1, "))1'&-+4#", )*4*"?')9"7 " &"#4/"?')9"7 74-

!49*'!")*"9 81'9*!-%!"+-&4 ) 0?'*-/ -)-.'##-)*'( 3-!/"!-+4#", " -.!4.-*9" )">#4-

1-+, )+-()*+ ")%-1250'/67 81'/'#*-+, -.F'9*-+ 0%!4+1'#", " !'412#- &'()*+0=B"7 

+#'@#"7 +-5/0B'#"(.  

 !-$')) !45!4.-*9" 4&'9+4*#-( -!">"#410 "/"*4$"-##-( /-&'1" #'!45!6+#- 

)+,54# ) !'@'#"'/ 54&4?" - +6.-!' !4$"-#412#->- /'*-&4 /-&'1"!-+4#",, -.')%'?"-

+4=B'>- +6)-9-' .6)*!-&'()*+"', %!-)*-*0 %-)*!-'#", " 0&-.)*+- %!"/'#'#", /-&'-

1" &1, !4)?'*4 %'!'7-&#67 %!-$'))-+ + :;< . 

:)%-125-+4#"' + :;<  81'/'#*-+ ) !451"?#6/" %!"#$"%4/" &'()*+", -.0-

)1-+1"+4'* /#->--.!45"' %-&7-&-+ 9 /-&'1"!-+4#"=. C *- A' +!'/, !45!4.-*4#6 " 0)-

%'@#- %!"/'#,=*), #4 %!49*"9' 0#"+'!)412#6' )")*'/6 /-&'1"!-+4#",, -!"'#*"!--

+4##6' #4 "))1'&-+4#"' 74!49*'!")*"9 &"#4/"?')9"7 -.F'9*-+ @"!-9->- 914))4, *49"7 

949 Mathcad, Matlab. :5+')*#6 *49A' !45!4.-*9", 9-*-!6' %!" #'9-*-!67 30#9$"--

#412#67 ->!4#"?'#",7 0&-.#6 " 833'9*"+#6 &1, !4)?'*4 74!49*'!")*"9 &"#4/"?')9"7 

)")*'/ [2].  

G&#49- .-12@"#)*+- *49"7 %!->!4//#67 9-/%1'9)-+ -)#-+4#- #4 ")%-125-+4-

#"" /'*-&-+ ?")1'##->- "#*'>!"!-+4#",, %!"/'#'#"' 9-*-!67 &1, "))1'&-+4#", 

:;<  #' %-5+-1,'* %-10?"*2 +6)-9-' .6)*!-&'()*+"' $"3!-+-( "/"*4$"-##-( /-&'-

1" [1].  !'&14>4'*), %!->!4//#6( 9-/%1'9) Simulator PPL Drive 2.0 [3] &1, /-&'1"!--

+4#", " "))1'&-+4#", :;< , -)#-+4##6( #4 ")%-125-+4#"" ?")1'##--4#41"*"?')9->- 

/'*-&4 %!-)*!4#)*+4 )-)*-,#"( [4], %-5+-1,=B'>- !4))?"*4*2 5#4?'#", %'!'/'##67 + 

&")9!'*#6' /-/'#*6 +!'/'#", )--*+'*)*+0=B"' /-/'#*4/ %'!'91=?'#", -*&'12#67 

.1-9-+ 81'9*!-%!"+-&4. C6.!4##6( /'*-& ")91=?4'* %!-/'A0*-?#6' +6?")1'#", .'5 

%-*'!" *-?#-)*" !4)?'*4.  

H')/-*!, #4 %!-)*-*0 *'7#"?')9-( !'41"54$"", "/%012)#--345-+6( 81'9*!--

%!"+-& ) /4*'/4*"?')9-( *-?9" 5!'#", ,+1,'*), )1-A#6/ -.F'9*-/, %!'&)*4+1,=B"/ 

)-.-( )-+-90%#-)*2 &")9!'*#67 " #'%!'!6+#67 0)*!-()*+. I)*!-()*+4 #'%!'!6+#->- 

&'()*+", -%")6+4=*), )")*'/-( #'1"#'(#67 &"33'!'#$"412#67 0!4+#'#"(, 9-*-!4, 

%!" )--*+'*)*+0=B'( 1"#'4!"54$"" /-A'* .6*2 %!'&)*4+1'#4 /4*!"?#6/ 0!4+#'#"'/ 

)-)*-,#", +"&4 
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],][[]][[][ uBxAx
dt

d
 !  (1) 

>&' [ ] – +'9*-! )-)*-,#",; [u] – +'9*-! 0%!4+1'#",; [A] – /4*!"$4 )-)*-,#",; 

[B] – /4*!"$4 0%!4+1'#",. 

 !" "5+')*#67 5#4?'#",7 9-/%-#'#*-+ +'9*-!4 )-)*-,#", [ ] + #4?412#6( /--

/'#* +!'/'#" t = t#4? !4))/4*!"+4'/-' /4*!"?#-' 0!4+#'#"'  %-5+-1,'* %-10?"*2 +6!4-

A'#"' &1, !4)?'*4 9-/%-#'#*-+ +'9*-!4 [x] + %!-"5+-12#6( /-/'#* +!'/'#"  

t = t#4? + J. K-)*-,#"' 0)*!-()*+ &")9!'*#->- &'()*+", -%!'&'1,'*), + /-/'#* +!'/'#"  

t = t#4? " %!"#"/4'*), #'"5/'##6/ + *'?'#"' %!"!4B'#", +!'/'#" J. 

C /-/'#* %-,+1'#", "/%012)4 )">#414 54&4#", ?4)*-*6 f5 +6%-1#,'*), !4)?'* 

)">#41-+ 0%!4+1'#", L: , %!" 8*-/ ")%-1250'*), "#3-!/4$", - 345-+-/ !4))->14)--

+4#"" " %-1-A'#"" +414 &+">4*'1,, %-10?'##4, #4 %!'&6&0B'/ %'!"-&' T5 )">#414 54-

&4#",. 

H4 94A&-/ !4)?'*#-/ "#*'!+41' J -%!'&'1,'*), #41"?"' "/%012)4 + )">#41' -.-

!4*#-( )+,5" ?4)*-*6 f!. C /-/'#* %-,+1'#", %'!+->- #4 *'90B'/ %'!"-&' T5 "/%012)4 

?4)*-*6 f! +6%-1#,'*), !4)?'* 345-+->- !4))->14)-+4#", " -%!'&'1,'*), %-1-A'#"' +4-

14 &+">4*'1,. 

M#4?'#", 9-/%-#'#*-+ +'9*-!4 )-)*-,#", [x], %-10?'##6' + /-/'#* +!'/'#"  

t = t#4? + J, " 5#4?'#"' +!'/'#" t %!"#"/4=*), #4?412#6/" &1, !4)?'*4 #4 )1'&0=B'/ 

"#*'!+41'. M4*'/ %!-$')) +6?")1'#"( %-+*-!,'*),. 

 !->!4//#6( 9-/%1'9) Simulator PPL Drive 2.0 %!'&#45#4?'# &1, %!-+'&'#", 

"/"*4$"-##->- 89)%'!"/'#*4 #4 +"!*0412#-( /-&'1" (!"). 1) :;<  ) 9-11'9*-!#6/" 

&+">4*'1,/" %-)*-,##->- *-94, .')9-#*49*#6/" )"#7!-##6/" &+07345#6/" 81'9*!"-

?')9"/" /4@"#4/" ) %-)*-,##6/" /4>#"*4/" #4 !-*-!' " 4)"#7!-##6/" &+">4*'1,/".  

 
4           . 

G$+. 1. 6/)!'L!M+ -',0'(../,0, ",.-1!"+(:  

! – /#'/-)7'/4; " – >!43"9" %!-$'))-+ 

C 94?')*+' &4*?"94 %-1-A'#", +414 + )")*'/' ")%-1250=*), "5/'!"*'12#6' %!'-

-.!45-+4*'1" ) "/%012)#6/" +67-&#6/" )">#414/": 3-*-"/%012)#6' "5/'!"*'12#6' 

%!'-.!45-+4*'1" %'!'/'B'#",; )"#0)#--9-)"#0)#6' +!4B4=B"'), *!4#)3-!/4*-!6. C 

94?')*+' )"1-+67 %!'-.!45-+4*'1'( +-5/-A#- %!"/'#'#"' 4#41->-+67 0)"1"*'1'( 

/-B#-)*" (N:D) " @"!-*#--"/%012)#67 /-&01,*-!-+ (L:D) ) )"//'*!"?#6/ " #'-



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

.,2!1$',3(/$% $ +'!2+)3 (3),.()$4(#$$ .,2!1$',3(/$% 
 

 

 !!"#-2011 236 

)"//'*!"?#6/ 549-#4/" 0%!4+1'#",. C 94?')*+' !'>01,*-!-+ +-5/-A#- %!"/'#'#"' 

914))"?')9->- 1"#'(#->-, #'?'*9"7 ) &'3345"3"94$"'( %- /'*-&4/ 89+"+41'#*#-( 

%1-B4&" " $'#*!4 /4)). K">#41 54&4#", /-A'* .6*2 %!'&)*4+1'# + +"&' %-)*-,##->-, 

)"#0)-"&412#->- " %!,/-0>-12#->-. K")*'/4 0%!4+1'#", 81'9*!-%!"+-&-/ /-A'* .6*2 

!'41"5-+4#4 949 #4 &")9!'*#-( 1->"9', *49 " #4 .45' )!'&)*+ /"9!-%!-$'))-!#-( *'7-

#"9" ) %!'-.!45-+4#"'/ @"!-*#--"/%012)#->- )">#414 + $"3!-+-( 9-& %-)!'&)*+-/ 

C:  ) 54&4##-( &")9!'*#-)*2= %!'-.!45-+4#",. 

O'5012*4*6 /-&'1"!-+4#", %!'&)*4+1,=*), + +"&' >!43"9-+ %'!'7-&#67 %!--

$'))-+ " 4/%1"*0&#--?4)*-*#67 74!49*'!")*"9, 9-*-!6' /->0* .6*2 54%")4#6 #4 &")9, 

#4%'?4*4#6, )9-%"!-+4#6 + .03'! -./'#4.  !->!4//#6( 9-/%1'9) +6%-1#'# + +"&' 

-*&'12#->- ")%-1#,'/->- exe-/-&01, "  9-#3">0!4$"-##->- ini-34(14. 

C )-)*4+ 9-/%1'9)4 &1, '>- 30#9$"-#"!-+4#", + '&"#-/ "#3-!/4$"-##-/ %!--

)*!4#)*+' %-& 0%!4+1'#"'/ >!43"?')9->- "#*'!3'()4 %-125-+4*'1, +91=?'#6 )1'&0=-

B"' 81'/'#*6: "/"*4$"-##4, )")*'/4; .454 /-&'1'(; 4!7"+ !'5012*4*-+; %!->!4//#6' 

)!'&)*+4 !4)?'*4 " %-)*!-'#", >!43"9-+. 

G.B4, )*!09*0!4 9-/%1'9)4 ) 09454#"'/ -)#-+#67 30#9$"( " #4%!4+1'#"( 

&+"A'#", "#3-!/4$"" %!'&)*4+1'#4 #4 !"). 2. 

 

G$+. 2. N1,"-+O!.( '!P(!.QO 4(2(* $ $/L,'.(#$,//QO -,),",3  

",.-1!"+(  Simulator PPL Drive 2.0 

 -125-+4*'12)9"( "#*'!3'() %!'&)*4+1,'* )-.-( "#)*!0/'#* 3-!/"!-+4#", 

)*!09*0!#-( -!>4#"54$"" " %4!4/'*!"54$"" 81'/'#*-+ )")*'/6 0%!4+1'#", :;<  ) 

%-)1'&0=B"/ 4#41"5-/ " -.!4.-*9-( %-10?'##67 >!43"?')9"7 &4##67. :/'=B"'), 

)!'&)*+4 + !'A"/' >!43"?')9->- &"41->4 %-5+-1,=* )-5&4+4*2 )*!09*0!#6' /-&'1" 

/#->-30#9$"-#412#67 :;< , -!>4#"5-+6+4*2 %-125-+4*'12)9"( 4!7"+ %-)*!-'##67 

)7'/ " !'5012*4*-+ "))1'&-+4#"( !4))/4*!"+4'/67 )")*'/. 

P454 /-&'1'( ,+1,'*), -)#-+#-( ?4)*2= "#3-!/4$"-##->- #4%-1#'#", %!--

>!4//6, )-&'!A"* + )+-'/ )-)*4+' %!->!4//#--!'41"5-+4##6' 41>-!"*/6 30#9$"-#"-

!-+4#", -)#-+#67 81'/'#*-+ $"3!-+67 )")*'/ #4 .45' 9-#*0!4 345-+-( )"#7!-#"54-
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$"", *49"7 949 &+">4*'12, )"1-+-( %!'-.!45-+4*'12, &4*?"9 -.!4*#-( )+,5", 345-+6( 

&")9!"/"#4*-!, !'>01,*-!. 

N!7"+ !'5012*4*-+ *49A' ,+1,'*), ?4)*2= "#3-!/4$"-##->- -.')%'?'#", %!--

>!4//6. Q>- #45#4?'#"' 5491=?4'*), + %!'&)*4+1'#"" +-5/-A#-)*" )-7!4#'#", + +"&' 

>!43"?')9"7 " *'9)*-+67 34(1-+ !'5012*4*-+ 89)%'!"/'#*-+. 

R1, %!49*"?')9-( !'41"54$"" 81'/'#*-+ :;<  %!'&0)/-*!'#- 30#9$"-#"-

!-+4#"' %!->!4//6 + )1'&0=B"7 !'A"/47: + !'A"/' "/"*4$"-##->- 89)%'!"/'#*4; 

%!'&+4!"*'12#->- 54&4#", )*!09*0!6 " %4!4/'*!"!-+4#", 81'/'#*-+ )")*'/6 0%!4+1'-

#",; !'5012*4*-+ 89)%'!"/'#*-+; )-7!4#'#", #49-%1'##-( "#3-!/4$"". 

 !->!4//4 %-5+-1,'* 9-%"!-+4*2 + .03'! -./'#4, %'?4*4*2 " 54%")6+4*2 #4 &")-

9' !'5012*4*6 /-&'1"!-+4#",, %!'&)*4+1'##6' + +"&' >!43"9-+ %'!'7-&#67 %!-$'))-+ 

" 4/%1"*0&#--?4)*-*#67 74!49*'!")*"9 (NST). 

C 7-&' /4@"##67 89)%'!"/'#*-+ %!-+'&'# 4#41"5 30#9$"-#"!-+4#", :;<  ) 

1"#'(#6/ !'>01,*-!-/ (UO) " #'?'*9"/" !'>01,*-!4/" ) &'345"3"94$"'( %- /'*-&0 

$'#*!4 /4)) (HO/) " %- /'*-&0 89+"+41'#*#-( %1-B4&" (HO)). H4 !"). 3 %!'&)*4+1'#6 

>!43"9" %'!'7-&#67 74!49*'!")*"9 :;<  ) !45#6/" *"%4/" !'>01,*-!-+ %!" -&"#4-

9-+67 '>- #4)*!-(947. N#41"5 8*"7 74!49*'!")*"9 %-9456+4'*, ?*- )")*'/4 ) #'?'*9"/ 

!'>01,*-!-/ -.')%'?"+4'* #')9-129- /'#2@'' 0)9-!'#"' +414. G&#49- %'!'!'>01"!--

+4#"' %!" 8*-/ 0/'#2@4'*),. K#"A4'*), " 9-1'.4*'12#-)*2 )")*'/6. G.B4, &1"*'12-

#-)*2 %'!'7-&#->- %!-$'))4 -)*4'*), %!"/'!#- %-)*-,##-(.  !" )!4+#'#"" #'?'*9"7 

!'>01,*-!-+ HO)- " HO/-&'345"3"94*-!4/" +6,+1'#-, ?*- ")%-125-+4#"' #'?'*9->- !'-

>01,*-!4 ) HO)-&'345"3"94*-!-/ -.')%'?"+4'* /49)"/412#-' )#"A'#"' 9-1'.4*'12#--

)*" :;<  %!" #'9-*-!-/ 0+'1"?'#"" '>- .6)*!-&'()*+",.  

  

 4       . 

G$+. 3. E'(L$"$ +",',+)$ 3 -R+",3QO '!S$.(O: $ – :G $ <G+; % – <G+ $ <G. 

N#41"5 ?4)*-*#67 74!49*'!")*"9 :;< , %!'&)*4+1'##67 #4 !"). 4, %-9456+4'*, ?*- 

%!"/'#'#"' HO )0B')*+'##- )#"A4'* /49)"/0/ NST %!" %!49*"?')9-/ )-7!4#'#"" 

%-1-)6 %!-%0)94#", 81'9*!-%!"+-&4.  

G?'+"&#-, ?*- %!" .-12@'/ .6)*!-&'()*+"" )")*'/4 ) HO "/''* .-12@"( %!-+41 

)9-!-)*" " .-1'' +6)-90= "#*'>!412#0= -$'#90 + -*1"?"' -* )")*'/6 ) UO. N#41"5 

8*"7 !'5012*4*-+ %-9456+4'*, ?*- )")*'/4 ) #'?'*9"/ !'>01,*-!-/ "/''* 5#4?"*'12#-' 

%'!'!'>01"!-+4#"', -)-.'##- %!" .-12@"7 0%!4+1,=B"7 +-5&'()*+",7. 
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G$+. 4. T(+),)/Q! O('(")!'$+)$"$ U1!")',-'$3,2( + :G $ <G 

C *- A' +!'/, &"#4/"?')9"( %!-+41 )9-!-)*" %!" #4.!-)' #4>!059" + )")*'/' ) 

#'?'*9"/ !'>01,*-!-/ /'#2@', ?'/ + *49-( A' )")*'/' ) 4#41->-+6/ !'>01,*-!-/. G*-

)=&4 /-A#- )&'14*2 )1'&0=B"' +6+-&6: %!"/'#'#"' #'?'*9->- !'>01,*-!4 5#4?"*'12-

#- 0/'#2@4'* 9-1'.4*'12#-)*2 )")*'/6; .6)*!-&'()*+"' )")*'/6 + -)#-+#-/ -%!'&'-

1,'*), "#'!$"-##-)*2= )*4*-!4 ")%-1250'/->- &+">4*'1,; &"#4/"?')9"' )+-()*+4 )")-

*'/6 &-)*4*-?#- )"12#- 54+"),* -* )%-)-.4 &'3455"3"94$"", +6.-! 9-*-!->- -%!'&'-

1,'*), !'A"/-/ !4.-*6 )")*'/6.  !" 8*-/ )+-()*+4 )")*'/ ) HO/- " HO)-

&'345"3"94*-!4/" -*1"?4=*), #'5#4?"*'12#-, 4 %-*-/0 %!'&%-?*"*'12#6/ ,+1,'*), 

")%-125-+4#"' %-)1'&#'>- "5-54 .-1'' %!-)*->- /4*'/4*"?')9->- 4%%4!4*4. 

:)%6*4#", %!'&14>4'/->- %!->!4//#->- 9-/%1'9)4 "/"*4$"-##->- /-&'1"!--

+4#", :;<  %-9456+4=* '>- 833'9*"+#-)*2 %!" -.')%'?'#"" 4&'9+4*#-)*" !'5012*4-

*-+ /-&'1"!-+4#", "))1'&0'/-/0 -.F'9*0.  !" 8*-/ 54*!4*6 +!'/'#" #4 /4@"##6' 

89)%'!"/'#*6 5#4?"*'12#- )-9!4B4=*), %- )!4+#'#"= ) 4#41->"?#6/" !4.-*4/", %!--

+'&'##6/" ) ")%-125-+4#"'/ 0#"+'!)412#->- %49'*4 Matlab/Simulink.  

V-/%1'9) Simulator PPL Drive /-A'* .6*2 ")%-125-+4# + #40?#--

"))1'&-+4*'12)9"7 -!>4#"54$",7 &1, %!-+'&'#", !45!4.-*-9 )")*'/ 4+*-/4*"?')9->- 

0%!4+1'#",, %-)*!-'##67 #4 .45' 9-#*0!4 345-+-( )"#7!-#"54$"", + ?4)*#-)*" :;<  ) 

$"3!-+6/ 0%!4+1'#"'/, 4 *49A' + 0?'.#-/ %!-$'))' +6)@"7 0?'.#67 54+'&'#"( &1, "50-

?'#", )*0&'#*4/" *'7#"?')9"7 )%'$"412#-)*'( %!"#$"%-+ %-)*!-'#", 4+*-/4*"5"!-+4#-
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