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4. H. 4'.'<+)', 2. I. J0)' 
 !"#$%&'$() *!+(%*!,#*-) .*(&/"'(0/0 (1. 2.3. 4!"!5(*!, 6$"!(*! 

The problems of the temperature control of step motor’s stator windings, working in a 

forced operation, are considered. The method of the program checking the temperature 

is suggested, and a heat model, emulating the thermal processes in a real time, has 

been developed. A special method of the exponential function’s approximation with a 

help of chain curve and an algorithm, that implements a discrete model of the thermal 

processes, are defined. The results of the practical application are outlined. 

 

1.  !"#"$%" 

I'$K+.00 G::0%1$)#E5 501+7+5 +@1$5$?'-$$ /@(').0#$3 F',+)E5$ 

G.0%1(+7)$,'10.35$ 3).301"3 +(,'#$?'-$3 +K('1#+; ")3?$, +K0"@06$)'8L0; 

".0M0#$0 ?' 10%/L05 @+.+M0#$05 (+1+(' [1]. J'"@+.','3 $#:+(5'-$0; + 

)?'$5#+5 ('"@+.+M0#$$ @+.8"#E< #'%+#06#$%+) "1'1+(' $ (+1+(' 5+M#+ " 

@+5+L*8 .+,$60"%+,+ $.$ 5$%(+@(+-0""+(#+,+ /"1(+;"1)' /@(').0#$3 

")+0)(050##+ @0(0%.86'1* #'@(3M0#$3 #' "1'1+(#E< +K5+1%'<, @0(0)+73 

G.0%1(+7)$,'10.* ) (0M$5 #0@(0(E)#+,+ )('L0#$3 " 5'%"$5'.*#E5 

%+G::$-$0#1+5 @+.0?#+,+ 70;"1)$3 $ #'$K+.*F$5 %(/13L$5 5+50#1+5. B'16$% 

@+.+M0#$3 (+1+(' 1'%M0 +K0"@06$)'01 %+#1(+.* "%+(+"1$ )('L0#$3 $ %+#1(+.* 

(0'.*#+,+ @+.+M0#$3 /?.+), @($)+7$5E< ) 7)$M0#$0 F',+)E5 7)$,'10.05. 

N/#%-$$ %+#1(+.3 6'L0 )"0,+ (0'.$?/81"3 " @+5+L*8 G.0%1(+5',#$1#E< $.$ 

7$"%+)E< +@1$60"%$< 7'16$%+), :+(5$(/8L$< 7$"%(01#E; %+7 'K"+.81#+,+ 

$.$ +1#+"$10.*#+,+ /,.' @+)+(+1' (+1+('. 

O($ /@(').0#$$ F',+)E5$ 7)$,'10.35$ "+ ".073L0; +K('1#+; ")3?*8 

"/L0"1)/01 @(+K.05' 105@0('1/(#+,+ %+#1(+.3 +K5+1+% "1'1+('. H#' 

"1'#+)$1"3 +"+K0##+ '%1/'.*#+;, 0".$ 7)$,'10.* $"@+.*?/01"3 ) :+("$(+)'##+5 

(0M$50 $.$ ('K+1'01 ) "+"1')0 +K+(/7+)'#$3 #0@(0(E)#+,+ 70;"1)$3. 2/1* 

@(+K.05E "+"1+$1 ) 1+5, 61+ @($ )E#/M70##+; +"1'#+)%0 (+1+(' ) (0?/.*1'10 

)+?70;"1)$3 )#0F#$< :'%1+(+) (?'%.$#$)'#$0, )+?#$%#+)0#$0 #0@(07)$70##E< 

@(0@31"1)$;) "$"105' /@(').0#$3, @+76$#33"* .+,$%0 ?'.+M0##+,+ '.,+($15', 

5+M01 )%.86$1* #'@(3M0#$0 #' +7#/ $.$ #0"%+.*%+ ,(/@@ "1'1+(#E< +K5+1+% 

#' 7.$10.*#+0 )(053, @E1'3"* @(0+7+.01* )+?#$%F00 @(0@31"1)$0 $ @(+7+.M$1* 

7)$M0#$0. O($ G1+5 1+% +K5+1+% "/L0"1)0##+ )+?('"1'01, 1'% %'% $#7/%1$)#'3 

"+"1').38L'3 @0(0"1'01 ).$31* #' 70;"1)/8L00 ?#'60#$0 1+%', %'% G1+ 

@(+$"<+7$1 ) F1'1#+5 (0M$50 ('K+1E 7)$,'10.3. I'<+73L$0"3 @+7 @+"1+3##E5 

#'@(3M0#$05 +K5+1%$ @0(0,(0)'81"3 $ 5+,/1 )E;1$ "+ "1(+3 ) (0?/.*1'10 

10@.+)E< ('?(/F0#$;. P05@0('1/(' 7(/,$< +K5+1+% @($ G1+5 +"1'01"3 

#+(5'.*#+;. 
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>@@'('1#E; %+#1(+.* 105@0('1/(E "1'1+(#E< +K5+1+% ?'6'"1/8 +".+M#0#, 

@+"%+.*%/ 1(0K/01 @+"1(+0#$3 5#+,+%'#'.*#+; "$"105E 105@0('1/(#+,+ 

%+#1(+.3 — +170.*#E; %'#'. #' %'M7/8 ,(/@@/ +K5+1+%. C(+50 1+,+ 

@+7').38L00 K+.*F$#"1)+ F',+)E< 7)$,'10.0; #0 $5001 )"1(+0##E< 

105@0('1/(#E< 7'16$%+) [2], 61+ +K/".').$)'01 @($50#0#$0 %+")0##E< 501+7+) 

$?50(0#$3 $ 70.'01 '@@'('1#/8 "$"105/ %+#1(+.3 0L0 K+.00 ".+M#+; $ 

7+(+,+"1+3L0;. 

>.*10(#'1$)#E5 501+7+5 (0F0#$3 @(+K.05E 3).301"3 "+?7'#$0 

@(+,('55#+; 5+70.$ 10@.+)E< @(+-0""+) $ @+"1(+0#$0 5$%(+%+#1(+..0(#+; 

"$"105E, "@+"+K#+; G5/.$(+)'1* 105@0('1/(/ )"0< ,(/@@ +K5+1+% $ 

")+0)(050##+ K.+%$(+)'1* /@(').0#$0 7)$,'10.05 " -0.*8 @(07/@(0M70#$3 

10@.+)+,+ ('?(/F0#$3. 

 

2. &$'(%) *"+(,!-. +/,0"11,! ! 1*'*,/" 2'3,!,3, #!%3'*"(4 

I' 105@0('1/(/ "1'1+(#E< +K5+1+% 5+,/1 ).$31* 7)' 10@.+)E< @(+-0""': 

/)0.$60#$0 105@0('1/(E %'1/F%$ @(+$"<+7$1 ) (0?/.*1'10 )E70.0#$3 10@.' ) 

+K5+1%0 @($ @(+10%'#$$ 60(0? #00 G.0%1($60"%+,+ 1+%', ' /50#*F0#$0 — ) 

(0?/.*1'10 @0(07'6$ 10@.' ) +%(/M'8L00 @(+"1('#"1)+ $ #' %+(@/" 7)$,'10.3. 

Q?50#0#$0 105@0('1/(E %'1/F%$ +@(070.301"3 %+.$60"1)+5 #'%+@.0##+; $.$ 

+17'##+; 10@.+)+; G#0(,$$ $ +@$"E)'01"3 ".07/8L$5 '#'.$1$60"%$5 

"++1#+F0#$05: 

 Q = qm T, (1) 

,70 Q ! %+.$60"1)+ @($+K(010##+; $.$ +17'##+; 10@.+1E; 

 q ! /70.*#'3 10@.+05%+"1* +K5+1%$; 

 m ! 5'""' +K5+1%$; 

  T — $?50#0#$0 105@0('1/(E. 

C+.$60"1)+ 10@.+1E @+./6'05+0 "1'1+(#+; +K5+1%+; ?' )(053  t @($ 

@+<+M70#$$ 60(0? #00 G.0%1($60"%+,+ 1+%' +@(070.301"3 ) "++1)01"1)$$ " 

?'%+#+5 BM+/.3-R0#-':  

 Q =I2R t, (2) 

,70 I — "$.' 1+%'; 
 R — "+@(+1$).0#$0 +K5+1%$. 

A6$1E)'3, 61+ 7)$,'10.* @$1'01"3 "1'K$.$?$(+)'##E5 #'@(3M0#$05, ' 

"+@(+1$).0#$0 +K5+1+% 5+M01 $?50#31*"3 ) ?')$"$5+"1$ +1 $< 105@0('1/(E, 

-0.0"++K('?#+ ?'@$"'1* G1/ ?')$"$5+"1* ".07/8L$5 +K('?+5: 

 Q
U

R T
t"

2

( )
 , (3) 

,70 U — @($.+M0##+0 % +K5+1%0 #'@(3M0#$0; 

 R(T) — 10%/L00 "+@(+1$).0#$0 +K5+1%$. 

O($(')#3) (1) $ (3) $ )E('?$) $? #$< @($('L0#$0 105@0('1/(E  7, 

@+./6$5: 
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qmR T
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2
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, (4) 

S')$"$5+"1* 10%/L0,+ "+@(+1$).0#$3 %'1/F%$ +1 105@0('1/(E 

+@(070.301"3 ".07/8L$5 )E('M0#$05: 

 R(T) = R20(1+#T), (5) 

,70 R20 — "+@(+1$).0#$0 +K5+1%$ @($ T=20°C; 

 # — 105@0('1/(#E; %+G::$-$0#1 "+@(+1$).0#$3 5'10($'.' 

+K5+1%$. 

P'%$5 +K('?+5, " /601+5 (4) $ (5) 5+M#+ ?'@$"'1*: 

 T T
U

qmR T
ti " $

$0

2

20 1( )#
 , (6) 

,70 7i —105@0('1/(' +K5+1%$ @+ $"1060#$$ )(050#$  t; 

 70 — $"<+7#'3 105@0('1/(' +K5+1%$. 

O+./60##'3 :+(5/.' 5+M01 KE1* @($50#0#' 7.3 @+"1(+0#$3 

$10('-$+##+; 5+70.$ @($('L0#$3 105@0('1/(E ) @(+-0""0 #',(0)'. 

T1+ %'"'01"3 ?'%+#' +"1E)'#$3 "1'1+(#E< +K5+1+%, 1+ ?')$"$5+"1* 

105@0('1/(E +1 )(050#$ '#'.$1$60"%$ 1(/7#+ @(07"1')$5' )".07"1)$0 

".+M#+,+ 50<'#$?5' 10@.+@0(07'6$, )%.86'8L0,+ 1($ "+"1').38L$0 ) 1+; 

$.$ $#+; 50(0, ' $50##+: 10@.+@(+)+7#+"1*, %+#)0%-$8 $ $?./60#$0. 

Q?50#0#$0 105@0('1/(E ) (0?/.*1'10 70;"1)$3 %+#7/%1$)#+,+ 50<'#$?5' 

10@.+@0(07'6$ +@$"E)'01"3 7$::0(0#-$'.*#E5 /(')#0#$05 )$7': 

 T T RC
dT

dt
p% $ " 0 , (7) 

,70 7 — 105@0('1/(' +K5+1%$; 

 7p — 105@0('1/(' %+(@/"' 7)$,'10.3; 

 R — 10@.+)+0 "+@(+1$).0#$0 @0(0<+7' +K5+1%'-%+(@/"; 

 8 — 10@.+05%+"1* +K5+1%$ (C = mq). 

T'"1#+0 (0F0#$0 G1+,+ /(')#0#$3 [3] @(07"1').301 "+K+; ?')$"$5+"1* 

105@0('1/(E +1 )(050#$ t $ )E,.37$1 ".07/8L$5 +K('?+5: 

 T T A ei

t

" $ &
%

0
' ) , (8) 

,70 ' — @+"1+3##'3 )(050#$ 10@.+)+,+ @(+-0""', ' = RC; 
 9 — %+#"1'#1'. 

P0@.+)'3 5+L#+"1* Pk +17')'05'3 +K5+1%+; ) +%(/M'8L00 @(+"1('#"1)+ 

?' "601 50<'#$?5' %+#)0%-$$ +@(070.301"3 )E('M0#$05: 

 P S T Tk k en" %# ( ) , (9) 

,70 #k — %+G::$-$0#1 %+#)0%-$+##+,+ +K50#' +KU0%1' "+ "(07+;; 

 S — @.+L'7* 10@.+)+,+ %+#1'%1' "+ "(07+;; 

 7en — 105@0('1/(' +%(/M'8L0; "(07E. 

4+L#+"1* $?./60#$3 ) +%(/M'8L00 @(+"1('#"1)+ ) "++1)01"1)$$ " ?'%+#+5 

210:'#'-V+.*-5'#' ?'@$"E)'01"3 ) )$70 
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P S T Tr en" %() ( )4 4
,          (10) 

,70 Pr — 5+L#+"1* $?./60#$3; 

 ( — @+"1+3##'3 V+.*-5'#'; 

 ) — %+G::$-$0#1 60(#+1E @+)0(<#+"1$. 

O(07)'($10.*#'3 +-0#%' )%.'7' )"0< @($)070##E< )EF0 50<'#$?5+) 

10@.+@0(07'6$ @+%'?E)'01, 61+ "+"1').38L'3 %+#)0%-$$ $ $?./60#$3 #0 

@(0)EF'01 1% +KL0,+ @+1+%' ('""03#$3 10@.'. W1+ +K/".+).0#+ ) 1+5 6$".0 

%+#"1(/%1$)#E5$ +"+K0##+"135$ "1'1+(' — +KL'3 @.+L'7* +1%(E1+; 

@+)0(<#+"1$ +K5+1%$ #0?#'6$10.*#'. O+G1+5/ )$7 (0?/.*1$(/8L0; :/#%-$$ 

+"1E)'#$3 K/701 +@(070.31*"3 ) +"#+)#+5 %+#7/%1$)#E5 50<'#$?5+5 

10@.+@0(07'6$ $ K/701 K.$?+% % G%"@+#0#-$'.*#+5/. 

B.3 @(+)0(%$ $ /1+6#0#$3 @(+)070##+,+ '#'.$?' KE. )E@+.#0# G%"@0($50#1, 

"/1* %+1+(+,+ "+"1+$1 ) ".07/8L05. 

H7#' $? +K5+1+% 7)$,'10.3 KE.' #',(01' ) (0?/.*1'10 @+7'6$ @+"1+3##+,+ 

#'@(3M0#$3, @+".0 60,+ #'@(3M0#$0 " +K5+1%$ KE.+ "#31+, $ ) @(+-0""0 

+"1E)'#$3 @0($+7$60"%$ (0,$"1($(+)'.'"* 00 105@0('1/('. O($ @(+)070#$$ 

G%"@0($50#1' $"@+.*?+)'."3 %+")0##E; 501+7 +@(070.0#$3 105@0('1/(E 

+K5+1%$ @/105 $?50(0#$3 00 "+@(+1$).0#$3. O+ G%"@0($50#1'.*#E5 7'##E5 " 

@+5+L*8 @(+,('55#+,+ @'%01' Origin 7.5 @+./60#' G%"@+#0#-$'.*#'3 :/#%-$3, 

'@@(+%"$5$(/8L'3 G5@$($60"%/8 ?')$"$5+"1* 501+7+5 5$#$5$?'-$$ "(07#0-

%)'7('1$60"%+,+ +1%.+#0#$3. J0?/.*1'1E '@@(+%"$5'-$$ @+%'?'#E #' ($".1. 

 

:('.1.  9;;"%$'(1!+(< =$';/"(1/*0!,#*%) 5!&('(1%'0( %'0-&!*(<. 

 



 >.,+($15$60"%'3 5+70.* 10@.+)E< @(+-0""+) ) "1'1+(#E< … 243 

>#'.$1$60"%+0 )E('M0#$0, +@$"E)'8L00 @(+-0"" +"1E)'#$3 )E,.37$1 

".07/8L$5 +K('?+5: 

 T T T ei h

t

" $ &
%

0
83 , (11) 

,70 7h — @($('L0#$0 105@0('1/(E ) @(+-0""0 #',(0)' +1#+"$10.*#+ 

#'6'.*#+; 105@0('1/(E 70. 

  7'.*#0;F05 G1' :/#%-$3 K/701 $"@+.*?+)'#' 7.3 @+"1(+0#$3 

5'105'1$60"%+; 5+70.$ @(+-0""' +"1E)'#$3 +K5+1+% "1'1+('. 

O($ @(+)070#$$ G%"@0($50#1' KE.+ 1'%M0 /1+6#0#+ ('"601#+0 ?#'60#$0 

"+K"1)0##+; 10@.+05%+"1$ +K5+1%$ C = m&q, %+1+('3 7.3 $"".07/05+,+ 

F',+)+,+ 7)$,'10.3 "+"1')$.' ~ 9,58 BM/,('7. 

 

3. &(3,/%*5%6"17'4 5,#"(8 /"'(8$,3, !/"5"$% 

401+7 %+#1(+.3 10@.+)+,+ "+"1+3#$3 "1'1+(' @+"1(+0# #' $10('-$+##+5 

('"6010 105@0('1/(E +170.*#E< ,(/@@ +K5+1+% ) (0'.*#+5 )(050#$. 

>#'.+,$6#E; 501+7 $"@+.*?+)'# 7.3 %+#1(+.3 105@0('1/(E '#+7' 

(0#1,0#+)"%+; 1(/K%$, +@$"'##E; ) [4].   0,+ +"#+)0 .0M$1 7+@/L0#$0, 61+ @($ 

$?50#0#$$ 105@0('1/(E ) @(070.'< +7#+,+ ,('7/"' @(+-0""E #',(0)' $ 

+"1E)'#$3 @(+$"<+731 " @+"1+3##+; "%+(+"1*8, ' ".07+)'10.*#+, 5+,/1 KE1* 

$#10(@(01$(+)'#E /6'"1%+5 .$#0;#+; :/#%-$$.   @(070.'< )"0,+ ('K+60,+ 

7$'@'?+#' 105@0('1/( :/#%-$+#'.*#E0 ?')$"$5+"1$ @(+-0""+) #',(0)' $ 

+"1E)'#$3 )+ )(050#$ Ti = T(t) @(07"1').0#E ) )$70 %/"+6#+-.+5'#E< %($)E< " 

1+6%'5$ @0(0,$K', +(7$#'1E %+1+(E< "++1)01"1)/81 -0.E5 ?#'60#$35 

105@0('1/(E (($".2).   @'531$ 5$%(+%+#1(+..0(' G1$ ?')$"$5+"1$ 

@(07"1').0#E ) )$70 1'K.$6#E< :/#%-$;. N/#%-$3 #',(0)' +@(070.301 "%+(+"1* 

$?50#0#$3 105@0('1/(E, ' :/#%-$3 +"1E)'#$3 7.3 %'M7+,+ $? .$#0;#E< 

/6'"1%+) %/"+6#+-.+5'#+; %($)+; +@(070.301 @0($+7 $?50#0#$3 105@0('1/(E 

#' +7$# 5$#$5'.*#E; %)'#1 10@.+)+; G#0(,$$, " %+1+(E5 ('K+1'01 5+70.*.  

4,#+)0##'3 105@0('1/(' +K5+1%$ @(+@+(-$+#'.*#+ ?')$"$1 +1 #'%+@.0##+; 

10@.+)+; G#0(,$$. B.3 @(07"1').0#$3 10%/L0; 105@0('1/(E +K5+1+% 

+(,'#$?+)'#+ 601E(0 (@+ %+.$60"1)/ ,(/@@ +K5+1+%) 7)/<K';1#E< "6016$%'. 

A6$1E)'3, 61+ "%+(+"1* #',(0)' 7+"1'1+6#+ )E"+%', /)0.$60#$0 G1$< "6016$%+) 

) @(+-0""0 #',(0)' @(+$"<+7$1 %'M7/8 5$..$"0%/#7/ (5$#$5'.*#E; %)'#1 

)(050#$ 5+70.$  t, "5. ($". 2) #' )0.$6$#/ @(+@+(-$+#'.*#/8 "%+(+"1$ 

#',(0)', +@(070.305/8 1'K.$6#+; :/#%-$0;.  A50#*F0#$0 "6016$%+) ) 

@(+-0""0 +"1E)'#$3 @(+$"<+7$1 @+ $"1060#$$ )(050#$, #0+K<+7$5+5/ 7.3 

+"1E)'#$3 "++1)01"1)/8L0; ,(/@@E +K5+1+% #' +7$# 5$#$5'.*#E; %)'#1 

10@.+)+; G#0(,$$  >, @($ %+1+(+5 105@0('1/(' /50#*F'01"3 #' 

"++1)01"1)/8L/8 )0.$6$#/  7. S#'60#$3 "6016$%+) @(+@+(-$+#'.*#E 

('?#+"135 50M7/ 105@0('1/('5$ +K5+1+% $ 105@0('1/(+; +%(/M'8L0; "(07E: 

 Ti = Ten + kNi, (12) 

,70 k — %+G::$-$0#1 @(+@+(-$+#'.*#+"1$; 

 Ni — 10%/L00 ?#'60#$0 "6016$%'. 
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:('.2. 7/1;/"!0."*-/ ?.*$+(( 0/;,%&%) 1%@/,( . 

 

C+G::$-$0#1 @(+@+(-$+#'.*#+"1$ +@(070.301"3 ?#'60#$05 5$#$5'.*#+,+ 

%)'#1' 10@.+)+; G#0(,$$ $ 10@.+05%+"1*8 "'5+; +K5+1%$: 

 k =  E/8 =  >/(mq), (13) 

,70  E — 5$#$5'.*#E; %)'#1 G#0(,$$. 

S#'60#$0  > )EK$('01"3 $? /".+)$3, 61+KE @($ 5'%"$5'.*#+; 105@0('1/(0 

7max $? ('K+60,+ 7$'@'?+#' "++1)01"1)/8L00 0; ?#'60#$0 "6016$%' Nmax #0 

)E<+7$.+ ?' @(070.E 7)/<K';1#+,+ 6$".'. B.3 $"@+.*?/05+,+ ) G%"@0($50#10 

7)$,'10.3 )0.$6$#'   > KE.' )EK('#' (')#+; 20 5BM, 61+ @+?)+.$.+ 

5+70.$(+)'1* 105@0('1/(/ " 7$"%(01#+"1*8 +%+.+ 0,002*2 ) 7$'@'?+#0 7+ 

136*2. 

B.3 (0'.$?'-$$ +@$"'##+,+ )EF0 50<'#$?5' ('"601' "+?7'#' @(+,('55#'3 

@(+-07/(', %+1+('3 )E?E)'01"3 @+ @(0(E)'#$8 1';50(' " @0($+7+5 (')#E5 

1 5". H#' )%.86'01 ) "0K3 601E(0 $70#1$6#E< @+ +(,'#$?'-$$ '.,+($15' 

('"601#E< K.+%', @(07#'?#'60##E< 7.3 G5/.3-$$ 105@0('1/(E %'M7+; $? 

601E(0< ,(/@@ +K5+1+%. V.+%-"<05' '.,+($15' +7#+,+ K.+%' @+%'?'#' #' ($". 3. 

W5/.3-$3 105@0('1/(E )E@+.#301"3 ) ".07/8L05 @+(37%0. 

O($ )<+70 ) @(+-07/(/ '#'.$?$(/01"3 :.', )%.860#$3 #'@(3M0#$3. X".$ 

#'@(3M0#$0 @+7'#+ #' +K5+1%/, 1+ /@(').0#$0 @0(07'01"3 #' 501%/ 41, 

"K('"E)'01"3 :.', 1';5'/1', $"@+.*?/8L0,+"3 7.3 %+#1(+.3 @(+-0""' 

+"1E)'#$3, ' ?#'60#$0 "++1)01"1)/8L0,+ "6016$%' #'%+@.0##+; G#0(,$$ Ni 

/)0.$6$)'01"3 #' )0.$6$#/  N, %+1+('3 "6$1E)'01"3 $? 1'K.$-E :/#%-$$ 

#',(0)'. P'%$5 +K('?+5 /6$1E)'01"3 @($(+"1 10@.+)+; G#0(,$$, %+1+(/8 

@+./6'01 +K5+1%' ?' +7#/ 5$..$"0%/#7/ @($ $508L05"3 ?#'60#$$ 

"+@(+1$).0#$3 @(+)+7', ?')$"3L05 +1 10%/L0; 105@0('1/(E. B'.00 /@(').0#$0 

@0(07'01"3 #' 501%/ 43 7.3 @($#31$3 (0F0#$3 + )+?5+M#+"1$ 7'.*#0;F0; 

('K+1E 7)$,'10.3. 
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:('.3. 9,A%"(01 ;"%+/@."- $%*0"%,< 0/1;/"!0."- 

 

X".$ #'@(3M0#$0 #' +K5+1%/ #0 @+7'#+, @(+$"<+7$1 @(+)0(%' :.',' 

1';5'/1'. 2('?/ @+".0 "#31$3 #'@(3M0#$3 " +K5+1%$ G1+1 :.', K/701 "K(+F0#, 

@+G1+5/ /@(').0#$0 K/701 @0(07'#+ #' 501%/ 42 7.3 /"1'#+)%$ :.',' $ 

+@(070.0#$3 7.$10.*#+"1$ 1';5'/1' ) "++1)01"1)$$ " 1'K.$6#E5 ?#'60#$05 

:/#%-$$ +"1E)'#$3. O($ @+".07/8L$< )<+7'< ) @(+-07/(/ @($ /"1'#+).0##+5 

:.',0 1';5'/1' @(+$"<+7$1 70%(050#1 "6016$%' 1';5'/1' " 7'.*#0;F$5 

'#'.$?+5 @+./60##+,+ ?#'60#$3 "6016$%': 0".$ 1';5'/1 #0 ?')0(F0#, 

/@(').0#$0 @0(07'01"3 #' 501%/ 43, ) @(+1$)#+5 "./6'0 /50#*F'01"3 #' 

07$#$-/ ?#'60#$0 "6016$%' G#0(,$$ Ni, $ ?'@/"%'01"3 #+)E; 1';5'/1 ) 

"++1)01"1)$$ "+ ?#'60#$05 :/#%-$$ +"1E)'#$3 7.3 +K#+).0##+,+ ?#'60#$3 

105@0('1/(E. 

O(+,('55#'3 @(+-07/(', #'6$#'8L'3"3 " 501%$ 43, +"/L0"1).301 %+#1(+.* 

105@0('1/(E +K5+1%$ (10%/L0,+ "+"1+3#$3 "6016$%' #'%+@.0##+; G#0(,$$). 
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X".$ 105@0('1/(' @(0)EF'01 @(070.*#+ 7+@/"1$5/8, /"1'#').$)'01"3 K$1 

')'($$, %+1+(E; ?'@(0L'01 7'.*#0;F/8 ('K+1/ 7)$,'10.3 )+ $?K0M'#$0 0,+ 

10@.+)+,+ ('?(/F0#$3, ) @(+1$)#+5 "./6'0 K$1 ')'($$ "K('"E)'01"3. 

 

4. 9%$%5%)'0%4 +,3/"2$,1*% '++/,71%5'0%% *"5+"/'*:/$,; <:$70%%  

1 +,5,=8> 7:1,6$,-(,5'$,; 7/%!,; 

O($50#0#$0 -0.+6$".0##E< 501+7+) )E6$".0#$; @(07U3).301 

"@0-$:$60"%$0 1(0K+)'#$3 % @(+-07/(0 '@@(+%"$5'-$$ G%"@+#0#-$'.*#+; 

:/#%-$$ +"1E)'#$3. C 1'%$5 1(0K+)'#$35 5+M#+ +1#0"1$ ".07/8L00. 

1. P+6%$ @0(0,$K' %/"+6#+-.+5'#+; %($)+;, '@@(+%"$5$(/8L0; $"<+7#/8 

:/#%-$8, 7+.M#E "++1)01"1)+)'1* -0.+6$".0##E5 ?#'60#$35 +(7$#'1E. 

2. A,+. #'%.+#' .$#0;#E< /6'"1%+) %($)+; #0 5+M01 KE1* @(+$?)+.*#E5. 

P'#,0#" /,.' #'%.+#' 7+.M0# (')#31*"3 ?#'60#$8 #'1/('.*#+; 7(+K$ " 

07$#$-0; ) 6$".$10.0, ?#'50#'10.05 %+1+(+; 3).301"3 -0.+0 6$".+ 

5$#$5'.*#E< %)'#1+) )(050#$, #0+K<+7$5E< 7.3 +"1E)'#$3 +K5+1%$ #' 

)0.$6$#/ 5$#$5'.*#+,+ %)'#1' G#0(,$$. 

3.  "0 +@0('#7E 1'K.$6#E< :/#%-$; 7+.M#E KE1* @(07"1').0#E ) )$70 

+7#+K';1#E< $.$ 7)/<K';1#E< 6$"0.. 

B.3 5$#$5$?'-$$ @+,(0F#+"1$ '@@(+%"$5'-$$ ')1+(E @(07.','81 

$"@+.*?+)'1* ".07/8L$; 501+7. 

O(07@+.+M$5, #0+K<+7$5+ )E@+.#$1* %/"+6#+-.+5'#/8 '@@(+%"$5'-$8 

:/#%-$$ +"1E)'#$3 7.3 #0%+1+(+,+ 7$'@'?+#' 105@0('1/( " 5'%"$5'.*#E5 

?#'60#$05 70. J0'.*#+0 $?50#0#$0 105@0('1/(E )+ )(050#$ @+%'?'#+ #' ($". 4 

) )$70 @/#%1$(#+; %($)+;, )E<+73L0; $? 1+6%$ 9. H"1E)'#$0 +KU0%1' #' 1*2 

@(+$"<+7$1 ?' )(053 t0. O(07.','05'3 -0.+6$".0##'3 5+70.* @(07@+.','01, 61+ 

"%+(+"1* $?50#0#$3 105@0('1/(E ) @(070.'< +7#+,+ ,('7/"' 7+.M#' )EK$('1*"3 

$? (37' 7$"%(01#E< ?#'60#$;, "++1)01"1)/8L$< @($)070##+5/ )EF0 /".+)$8 2. 

P+ 0"1*, ) (0?/.*1'10 5+70.$(+)'#$3 105@0('1/(E +"1E)'#$0 +KU0%1' #' +7$# 

,('7/" 5+M01 KE1* 7+"1$,#/1+ ?' )(053 t1, t2, t3 … ) ?')$"$5+"1$ +1 )EK('##+,+ 

7$"%(01#+,+ ?#'60#$3 "%+(+"1$ +"1E)'#$3. O($ G1+5 )+?#$%#/1 "++1)01"1)/8-

L$0 @+,(0F#+"1$ '@@(+%"$5'-$$  T1,  T2,  T3 … , @(07"1').38L$0 "+K+; 

('?#+"1* 50M7/ (0'.*#+; 105@0('1/(+; +KU0%1' $ 105@0('1/(+; T0 – 1 

) 5+50#1E )(050#$ t1, t2, t3 $ 1'% 7'.00. 4$#$5$?'-$3 G1+; @+,(0F#+"1$ 

3).301"3 ,.')#E5 %($10($05 )EK+(' $? (37' 7$"%(01#E< ?#'60#$; /,.' #'%.+#' 

@(35+;, %+1+('3 '@@(+%"$5$(/01 :/#%-$8 +"1E)'#$3 #' 105@0('1/(#+5 

$#10()'.0 +1 70 7+ T0 % 1. 

O(07@+.+M$5, 61+ @+ (0?/.*1'1'5 '#'.$?' @+,(0F#+"1$ #' 7'##+5 $#10()'.0 

)EK('#' "%+(+"1* +"1E)'#$3 V2, ' "++1)01"1)/8L'3 0; '@@(+%"$5$(/8L'3 

@(35'3 @0(0"0%'01 ,+($?+#1'.* T0 % 1  ) #0%+1+(+; 1+6%0 2, %+1+('3 $ K/701 

3).31*"3 @0()+; 1+6%+; @0(0,$K' %/"+6#+-.+5'#+; :/#%-$$. 2.07/01 +1501$1*, 

61+ ) (0?/.*1'10 '@@(+%"$5'-$$ :/#%-$$ +"1E)'#$3 #' G1+5 $#10()'.0 /M0 

)+?#$%.' #0%+1+('3 @+,(0F#+"1*  T2, %+1+('3 7+.M#' KE1* /610#' @($ )EK+(0 

/,.' #'%.+#' @(35+;, '@@(+%"$5$(/8L0; 105@0('1/(#/8 :/#%-$8 #' 

".07/8L05 105@0('1/(#+5 $#10()'.0, " -0.*8 %+5@0#"'-$$ G1+; @+,(0F#+"1$. 

Q50##+ @+G1+5/ 1+6%' 2 K/701 3).31*"3 +1@(')#+; 1+6%+; 7.3 @+"1(+0#$3 

".07/8L0,+ +1(0?%' '@@(+%"$5'-$$. 
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:('.4. B/C!*(51 1(*(1(5!+(( ;%A"/D*%'0( ;"( !;;"%$'(1!+((  ?.*$+(( %'0-&!*(< 

 

B.3 (0'.$?'-$$ +@$"'##+,+ 50<'#$?5' %/"+6#+-.+5'#+; '@@(+%"$5'-$$ KE. 

"+?7'# ".07/8L$; $10('-$+##E; '.,+($15. 

Q"<+7#E5$ /".+)$35$ 7.3 ('"601' +60(07#+,+ F',' $10('-$$ 3).301"3 

#'6'.*#'3 -0.+6$".0##'3 105@0('1/(' Tn, "++1)01"1)/8L'3 @(07E7/L0; 1+6%0 

@0(0,$K', $ (0'.*#'3 105@0('1/(' +KU0%1' T" ) #'6'.*#E; 5+50#1 )(050#$. C'% 

6'"1#E; "./6'; 5+M#+ ('""5'1($)'1* /".+)$3 )<+7' ) @0()E; F', $10('-$$, 

@($ %+1+(E< @+,(0F#+"1$ '@@(+%"$5'-$$ 0L0 #0 "/L0"1)/01 $ Tn = Tp. 

  #'6'.0 %'M7+; $10('-$$ @(+$?)+7$1"3 ('"601 )(050#$, ) 1060#$0 %+1+(+,+ 

105@0('1/(' +KU0%1' $?50#$1"3 +1 (0'.*#+,+ #'6'.*#+,+ ?#'60#$3 Tp 7+ -0.+,+ 

?#'60#$3 105@0('1/(E Tn % 1 ) %+#-0 F',' $10('-$$. I' ($". 4 G1+1 @0($+7 

)(050#$ $#10(@(01$(+)'# %'% t0. 

 ++
,

-
..
/

0

%%

%
&&"

enn

enp

TT

TT
t

1
ln10000 ' , (14) 

,70 ' — @+"1+3##'3 )(050#$ (0'.*#+,+ @(+-0""' +"1E)'#$3. 

I' +"#+)0 @+./60##+,+ )(050#$ )E6$".305 @'('501( 1, %+1+(E; 

@(07"1').301 "+K+; @0($+7 $?50#0#$3 105@0('1/(E ) 5$..$"0%/#7'< #' +7$# 

5$#$5'.*#E; %)'#1 10@.+)+; G#0(,$$, $ @+ "/1$ 3).301"3 )0.$6$#+; +K('1#+ 

@(+@+(-$+#'.*#+; "%+(+"1$ +"1E)'#$3 +KU0%1' V. H@(070.$5 1 %'% +1#+F0#$0 

)(050#$ t0 % %+.$60"1)/ 5$#$5'.*#E< %)'#1+) G#0(,$$  E1, "++1)01"1)/8L$< 

$?50#0#$8 105@0('1/(E +KU0%1' #' 1*2. 

 1 " t0/ E1. (15) 

O+./60##+0 ) (0?/.*1'10 ('"601' ?#'60#$0 @'('501(' 1 ) K+.*F$#"1)0 

"./6'0) #0 K/701 3).31*"3 -0.E5 6$".+5. B.3 )EK+(' -0.+6$".0##+,+ ?#'60#$3 

@'('501(' 1, /7+).01)+(38L0,+  ('""5'1($)'05+; 5+70.$, @(+'#'.$?$(/05 7)' 

K.$M';F$< -0.E< ?#'60#$3, +7#+ $? %+1+(E< (11) 50#*F0 $.$ (')#+ 

@+./60##+5/ ) (0?/.*1'10 ('"601', ' )1+(+0 (12)  — K+.*F0 $.$ (')#+. 
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B.3 %'M7+,+ $? )EK('##E< ?#'60#$; )E6$".301"3 )(053, #0+K<+7$5+0 7.3 

+"1E)'#$3 +KU0%1' #' 1*2: 

 t1 = 11  E1 ,  t2 = 12  E1. (16) 

B.3 +-0#%$ @+,(0F#+"1$ '@@(+%"$5'-$$, %+1+('3 )+?#$%#01 ) ".07"1)$0 

$"@+.*?+)'#$3 1+,+ $.$ $#+,+ -0.+6$".0##+,+ @'('501(', ".07/01 ('""6$1'1* 

(0'.*#E0 ?#'60#$3 105@0('1/(E +KU0%1' ) 5+50#1E )(050#$ t1 $ t2: 

 Tp(t1) = (Tp % Ten ) exp[-t1 /(1000')] + Ten, (17) 

$ '#'.+,$6#+ 

 Tp(t2) = (Tp % Ten ) exp[-t2 /(1000')] + Ten. (18) 

 E('M0#$3 )$7': 

 |Tp(t1) % Tn % 1|     $     |Tp(t2) % Tn % 1| (19) 

@(07"1').381 "+K+; @+,(0F#+"1$ '@@(+%"$5'-$$, @+./60##E0 ) (0?/.*1'10 

$"@+.*?+)'#$3 -0.+6$".0##+,+ @'('501(' 11 $.$ 12 "++1)01"1)0##+. S')0(F$1 

F', $10('-$$ )EK+( -0.+6$".0##+,+ ?#'60#$3 1, 7.3 %+1+(+,+ @+,(0F#+"1* 

K/701 5$#$5'.*#'.   %'60"1)0 #'6'.*#+,+ ?#'60#$3 Tn 7.3 ".07/8L0,+ F',' 

@($505 %+#06#+0 ?#'60#$0 7'##+,+ F',' Tn % 1, ' ?#'60#$0 105@0('1/(E T" 

@+.+M$5 (')#E5 (0'.*#+5/ ?#'60#$8 105@0('1/(E ) %+#06#E; 5+50#1 )(050#$ 

@($ )EK('##+5 #'5$ ?#'60#$$ -0.+6$".0##+,+ @'('501('. 

B'##E; '.,+($15 .0, ) +"#+)/ @(+,('55E, #'@$"'##+; #' 3?E%0 22, " 

@+5+L*8 %+1+(+; )E@+.#0# ('"601 1'K.$6#+; :/#%-$$ +"1E)'#$3 $ @(+)070# 

'#'.$? @+,(0F#+"10; '@@(+%"$5'-$$ ) 7$'@'?+#0 105@0('1/( +1 120*2 7+ 20*2. 

Y(':$% ?')$"$5+"1$ @+,(0F#+"1$ +1 105@0('1/(E @($)070# #' ($". 5. 

 

 
:('.5.  E"!?($ 5!&('(1%'0( ;%A"/D*%'0( !;;"%$'(1!+(( %0 0/1;/"!0."- 

 

C'% )$7#+ $? ,(':$%' 5'%"$5'.*#'3 @+,(0F#+"1* '@@(+%"$5'-$$ .0M$1 ) 

(';+#0 )0(<#0; ,('#$-E 105@0('1/(#+,+ 7$'@'?+#' $ #0 @(0)EF'01 0,25*2, 61+ 
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)@+.#0 7+@/"1$5+ @($ @+"1(+0#$$ 5'105'1$60"%+; 5+70.$ 10@.+)E< @(+-0""+) 

" -0.*8 ?'L$1E "1'1+(#E< +K5+1+% 7)$,'10.3 +1 @0(0,(0)'.  

 

5. ?1,@"$$,1*% +/%5"$"$%4 +/%@(%A"$$-. /'16"*,!  

O(+-07/(' 10@.+)+,+ %+#1(+.3 "1'1+(', %'% $ )"3 /@(').38L'3 @(+,('55', 

#'@$"'#' #' 3?E%0 Assembler. Q"@+.*?+)'#$0 -0.+6$".0##E< 501+7+) ) 1'%+5 

"./6'0 @+?)+.301 +@1$5$?$(+)'1* )(053 )E@+.#0#$3 G1+; @(+-07/(E )+ 

$?K0M'#$0 ?'507.0#$3 ('K+1E /@(').38L0; @(+,('55E. B.3 G1$< -0.0; KE.' 

('?('K+1'#' '.,+($15$60"%'3 5+70.* (0'.*#+,+ )(050#$, +@$"'##'3 )EF0. 

H7#'%+, @($ 00 (0'.$?'-$$ )+?#$%.$ #0%+1+(E0 1(/7#+"1$ @($ )E6$".0#$$ 

5,#+)0##+; 105@0('1/(E, ")3?'##E0 " +1"/1"1)$05 :/#%-$$ '@@'('1#+,+ 

70.0#$3 ) )EK('##+5 5$%(+%+#1(+..0(0. B.3 (0F0#$3 G1+; ?'7'6$ "/L0"1)/01 

7)' @/1$, ' $50##+: #'@$"'#$0 5'105'1$60"%$< K$K.$+10%, @+?)+.38L$< 

@(+$?)+7$1* 70.0#$0, 61+ "/L0"1)0##+ ?'507.$.+ KE ('K+1/ @(+-0""+(', .$K+ 

M0 $"@+.*?+)'#$0 ) %'60"1)0 70.0#$3 +@0('-$$ "7)$,' )@(')+, 61+ '#'.+,$6#+ 

70.0#$8 #' 6$".', %+1+(E0 5+,/1 KE1* @(07"1').0#E ) )$70 "10@0#$ 7)+;%$. 

B.3 @+./60#$3 5,#+)0##+; 105@0('1/(E %'M7+; ,(/@@E +K5+1+% ?#'60#$0 

"++1)01"1)/8L0,+ 7)/<K';1#+,+ "6016$%' #0+K<+7$5+ ('?70.$1* #' 

%+G::$-$0#1 k, 6$".0##+ (')#E; 500. Q"@+.*?+)'#$0 +@0('-$$ "7)$,' )@(')+  

7'01 )+?5+M#+"1* ('?70.$1* ?#'60#$0 "6016$%' #' 512, 61+ )#0"01 

"$"105'1$60"%/8 @+,(0F#+"1* ) ('"601, ' @+./60##'3 105@0('1/(' )"0,7' K/701 

?')07+5+ 50#*F0 #' 2,34% @+ +1#+F0#$8 % (0'.*#+;.  E;1$ $? ".+M$)F0,+"3 

@+.+M0#$3 5+M#+ $?50#$) ,('#$-E 7$'@'?+#' 7+@/"1$5E< 105@0('1/(, .$K+ 

/5#+M$) ?#'60#$0 @+./60##+; 105@0('1/(E #' #'1/('.*#/8 7(+K*, "+ 

?#'50#'10.05 ) )$70 "10@0#$ 7)+;%$, +1#+F0#$0 6$".$10.3 $ ?#'50#'10.3 

%+1+(+; (')#+ "++1#+F0#$8 512 % 500. P'%+5/ /".+)$8 /7+).01)+(301 7(+K* 

131/128, /5#+M$) ('"601#+0 ?#'60#$0 105@0('1/(E #' 131, @+./6$5 

7)/<K';1#+0 6$".+, %+1+(+0 #0+K<+7$5+ "7)$#/1* #' 7 07$#$- )@(')+. P'%$5 

+K('?+5 @(+$?)0705 %+((0%1$(+)%/ @+./60##+,+ ?#'60#$3, ) (0?/.*1'10 %+1+(+; 

"$"105'1$60"%'3 @+,(0F#+"1* ('"601' "+"1')$1 50#00 0,06% +1 (0'.*#+; 

105@0('1/(E. 

 

6. B'7(>6"$%"  

>.,+($15$60"%'3 5+70.*, @(07.+M0##'3 ) 7'##+; ('K+10, )#07(0#' ')1+('5$ 

) "+"1')0 @(+,('55E /@(').0#$3 F',+)E5$ 7)$,'10.35$ "1)+(+6#E< 

50<'#$?5+) #+)+; 5+70.$ ')1+5'1$?$(+)'##+,+ %+#1(+.*#+,+ @/#%1' >CO-93I, 

%+1+('3 ('?('K'1E)'01"3 .'K+('1+($0; $#10..0%1/'.*#E< G.0%1(+##E< "$"105 

%':07(E G.0%1(+#$%$ $ /@(').38L$< "$"105 &'(*%+)"%+,+ #'-$+#'.*#+,+ 

/#$)0("$101' $50#$  .I. C'('?$#'. W1+; M0 .'K+('1+($0; ('?('K+1'# $ 

F',+)E; 7)$,'10.*, %+#"1(/%-$3 %+1+(+,+ @+%'?'#' #' ($". 6. 
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:('.6.  F!A%&-) @&(A!0/,# '% '*<0%) $"-D$%) $%";.'! 

W%"@0($50#1'.*#'3 @(+)0(%' ('K+1E @(+-07/(E 10@.+)+,+ %+#1(+.3 

"1'1+(#E< +K5+1+% @+71)0(7$.' 00 ('K+1+"@+"+K#+"1*. J0'.*#'3 105@0('1/(' 

+K5+1+% " )E"+%+; 1+6#+"1*8 G5/.$(/01"3 @(+,('55+;, K.',+7'(3 605/ 

")+0)(050##+ @(+$"<+7$1 K.+%$(+)'#$0 ('K+1E 7)$,'10.3 @($ #',(0)0 "1'1+(' 

7+ %($1$60"%+; 105@0('1/(E. W5@$($60"%'3 +-0#%' )(050#$, #0+K<+7$5+,+ 7.3 

)E@+.#0#$3 105@0('1/(#+,+ %+#1(+.3 601E(0< ,(/@@ "1'1+(#E< +K5+1+%, 

@+%'?'.', 61+ @($ 1'%1+)+; 6'"1+10 11,059 4Y- 5$%(+%+#1(+..0( "0($$ AtMega 

)E@+.#301 )"0 #0+K<+7$5E0 @(+-07/(E #0 K+.00 605 ?' 13 5%". P'% %'% ?'@/"% 

@(+-07/(E @(+$"<+7$1 ) @(0(E)'#$3< 1';50(' " @0($+7+5 1 5", 5+M#+ 

+@(070.$1*, 61+ "10@0#* ?',(/?%$ @(+-0""+(' 7'##+; ?'7'60; #0 @(0)EF'01 

1,3%. H"1'.*#E0 98,7% @(+-0""+(#+,+ )(050#$ 5+,/1 $"@+.*?+)'1*"3 7.3 ?'7'6 

'@@'('1#+,+ %+#1(+.3 $ /@(').0#$3 F',+)E5 7)$,'10.05. 
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