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1  " #%'(  * + %( , + 1# 2 '+[  [ ( / ( ' 4# / + 2 4+'  
. /+  .  2 49 . ( 4# X] % ,  * 6+^ #%++  , ( 22  

_OCO>D;. Q6 J, / >6I  ?; H>, Y1\ D3DD D J693, . 5D\  VDY/ 1\  9=; . , 5C,-
9H686 9=; . , 5= >E?D/ 1,= 9>6I  >1/ D15= / 19C]=1 \ , W15DC,9H6I  9D9=, \E  J6-
9=; J1=,3456 . >DA; KDW9G \1 99. * 3G 9W,\E  B1. 15DG J6 /D9. 1.1 CD93, 55E,  
B51C, 5DG 93, . ; ,= >E?/ 1=4 96831956 =1?3. 1.1 > 966=>,=9=>D, 96 B51H6\  "+". 
* 3G >E?/ 155686 >1/ D15=1 5, 6?W6. D\6 : 
1) ; J/6 9=D=4 \ , W15DC, 9H;@ 9D9=,\;  .6  / 19C]=56I  9 . >; \G 9=,J, 5G\D  9>6-

?6.E ; 
2) 969=1>D=4 9D9=,\;  . DYY, / , 5VD1345EW ; / 1>5, 5DI . >DA, 5DG; 6?6956>1=4 

9>6]  / ,F , 5D,; 
3) 6J/ , . , 3D=4 C19=6=E D Y6/ \E  96?9=>, 55EW H63, ?15DI; 
4) 969=1>D=4 \1=, \ 1=DC,9H;@ \ 6. , 34 . 3G CD93, 55686 D5=,8/ D/6>15DG > 

J68/ 1\ \ 56I  9/ , .,  MathCAD; 
5) J63; CD=4 / ,F , 5D, 9D9=,\E  > Y6/ \,  B1>D9D\ 69=,I  6?6?K] 55EW H66/ .D-

51= 6= >/ , \, 5D D5=, 8/ D/6>15DG, Y1B6>EW =/ 1,H=6/DI  D J,=3D 8D9=,/ , BD-
91; 

6) 6V, 5D=4 C19=6=5E, , >/ ,\, 55E,  D D5=, 8/ 1345E,  W1/ 1H=, / D9=DHD . D51-
\ DC,9H6I  9D9=,\E ; 

7) 9. , 31=4 >E>6.E  J6 / 1?6=,. 

 
 D9. 1.1 – $W,\1  B1. 15DG J69=; J1=,3456 . >DA; KDW9G \ 199 

 " $%. 1.1 – O1/ D15= 9W, \E  B1. 15DG 
O1/ D15= (J6 J, / >6I  
?; H>, Y1\ D3DD) m1 m2 m3 m4 C1 C2  3 C4 C5 P1 P2 P3 P4 

(  + + – – + + – – – + + – – 
`  + + + – + + + – – + – – – 
6 – + + + – – + + + – – + – 
Y + + – – + + – – – – + – – 
*  – – + + – – – + + – – – + 
# + + + + + + + + – + – – – 
^  + + + + – – + + + + – – + 
_ – + + + – – + + + – + – + 
+  – – + + – – – + + – – + + 
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Q/ 6.6 3A, 5D, =1?3. 1.1 
O1/ D15= (J6 J, / >6I  
?; H>, Y1\ D3DD) m1 m2 m3 m4 C1 C2  3 C4 C5 P1 P2 P3 P4 

'  – + + + – – + + + – + – + 
X – – + + – – – + + – – + – 
,  + + + + – + + + + + – – + 
% – + + + – – + + + – + + + 
  + + + – + + + – – – – + – 
.  + + + – + + + – – + – + – 
/  + + + + + + + + – – + – + 
2  + + + – + + + – – + + – – 
4 + + + – + + + – – – + + – 
9  + + + + + + + + + + – + – 
a  – + + + – – + + + – – + – 
[  + + + – + + + – – – – + – 
"  – + + + – – + + + – – + + 
1  + + + – + + + – – + – + – 
8  + + + – + + + – – + + + – 
b  + + – – + + – – – + + – – 
c  – + + + – – + + + – + + + 
e  + + + + + + + + – – + + – 
f  – – + + – – – + + – – + – 

 

O1/ D15= (J6 
&( *, &- /%*, 1*2 
VDY/,  B1C]=HD) 

m1 m2 m3 m4 C1 C2  3 C4 C5 f "  

H8 ´ 103 _ /\  — — 

0 20 25 10 10 1,0 1,5 1,0 1,0 2,0 0,15 1,1 
1 15 20 12 13 1,2 1,1 1,0 1,5 1,5 0,16 1,12 
2 18 20 10 15 2,0 1,0 1,0 1,1 1,6 0,17 1,14 
3 15 18 10 12 1,0 1,0 1,2 1,5 1,5 0,18 1,16 
4 16 22 20 15 2,0 1,5 1,5 1,0 1,0 0,19 1,18 
5 15 14 10 10 1,2 1,4 1,6 2,0 1,5 0,20 1,20 
6 25 20 11 13 1,0 1,5 1,5 2,0 1,2 0,21 1,22 
7 20 16 10 10 2,0 1,8 1,5 1,0 1,0 0,22 1,24 
8 19 15 10 12 1,0 1,0 1,3 2,0 1,5 0,23 1,26 
9 20 15 15 10 1,0 1,2 1,5 1,8 1,0 0,24 1,28 

* f – ?, B/ 1B\ , / 5EI  H6l YYDVD, 5= =/ , 5DG; 
   q – ?, B/ 1B\ , / 5EI  H6l YYDVD, 5= . D51\ DC569=D. 
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" H65C15D, =1?3. 1.1 
O1/ D15= 
(J6 &--
/%*, 1*2 
VDY/,  B1-
C]=HD) 

P1 P2 P3 P4 
 !  !3

1 110 cos sina t b k tw w" #$ %& ' 

a1 b1 h  k a1 b1 h  k a1 b1 h  k a1 b1 h  k 

0 5,0 2,0 0,2 2 2,5 0,5 0,1 3 1,2 0,5 2,5 2 9,0 4,0 0,1 2 
1 4,0 1,5 0,4 3 2,0 0,4 0,2 5 0,9 0,4 2,2 4 8,0 3,0 0,2 3 
2 3,0 1,0 0,6 2 1,5 0,3 0,3 3 0,6 0,2 1,9 2 7,0 2,0 0,3 2 
3 2,0 0,5 0,8 3 1,0 0,2 0,4 5 0,3 0,1 1,6 4 6,0 1,0 0,4 3 
4 1,0 0,1 1,0 2 0,5 0,1 0,5 3 0,1 0,05 1,3 2 5,0 1,5 0,5 2 
5 9,0 5,0 1,5 3 5,0 1,0 0,3 5 4,5 0,5 5,0 4 4,0 1,2 1,0 3 
6 8,0 4,0 2,0 2 4,0 0,8 0,6 3 4,0 1,0 4,0 2 3,0 0,9 1,2 2 
7 7,0 3,0 2,5 3 3,0 0,6 0,9 5 3,0 1,5 3,0 4 2,0 0,6 1,4 3 
8 6,0 2,0 3,0 2 2,0 0,4 1,2 3 2,0 0,6 2,0 2 1,0 0,3 1,6 2 
9 5,0 1,0 3,5 3 1,0 0,2 1,5 5 1,0 0,2 1,0 4 0,5 0,1 1,8 3 

, ; B?CD: ;EGDT HMDA;M. 
 199\ 6=/ D\  > H1C,9=>, J/ D\ , /1  J/D>, . , 5D, \, W15DC,9H6I  9D9=,\E  

J69=; J1=,3456 . >DA; KDW9G \199 9 =/ ,\G  9=,J, 5G\D  9>6?6.E  H \ , W15DC,-
9H6I  9D9=,\,  9 . >; \G 9=,J, 5G\D  9>6?6.E , ,93D DB>,9=56, C=6 >5, F 5GG 
518/ ; BH1 >6B. , I 9=>; ,= 51 \199E m1 D m3, 1 CD93, 556,  B51C,5D, \1 99E m3 
B51CD=,3456 \, 54F,  ./ ; 8DW \199.  1 9C]=51G 9W,\1  D9W6. 56I  9D9=,\E  J/D-
>, . , 51 51 / D9. 1.2. 

 
 D9. 1.2 –  19C]=51G 9W,\1  D9W6. 56I  \ , W15DC,9H6I  9D9=,\E  J69=; J1=,3456 
. >DA; KDW9G \ 199 

e 9W6. 5E,  . 155E,  . 3G / 19C]=1 9W,\E : 
m1 = 20,0 H8; 3 1 = 1000 _ /\ ; f = 0,15; q = 1,1; 
m2 = 25,0 H8; 3 2 = 1500 _ /\ ;   
m3 = 10,0 H8; 3 3 = 1000 _ /\ ;   

 !  !3
1 10 8 cos 2 4 sin 2 2P t t" #( $ $ % $ $& '; 

 !  !3
3 10 4 cos 4 1 sin 2 4P t t" #( $ $ % $ $& '. 
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1.1 .M DK; C; >D; G MOE:i B>?T EQ; A;  

b1H H1H ,  D 518/ ; BHD P1 D P3 J/ D36A, 5E 966=>,=-
9=>, 556 H \ 1991\ m1 D m3, =6 ; J/ 69=D\  . 155;@ 9W,\;  .6  . >;W \19956I  J; -
=]\  D9H3@C, 5DG DB / 19C]=1 \ 199E m2, J63; CD> CD93, 55E,  B51C, 5DG l H>D>1-
3, 5=56I  9W, \E  (/D9. 1.3). 

 
 D9. 1.3 – Q/D>, . , 551G / 19C]=51G 9W, \1  \, W15DC,9H6I  9D9=,\E  J69=; J1-
=,3456 . >DA; KDW9G \199 (" ) D 9D3E, . , I 9=>; @KD, > 5,I  ($) 

 199CD=1,\  B51C, 5DG J/ D>, . , 55EW YDBDC,9HDW >, 3DCD5: 
2 3

2 3

2 3 2 3

;

1 1 1
, .

n

n
n

m m m

C C
C

C C C C C

( %

( % (
%

 

e \,,\ : 

25,0 10,0 35,0nm ( % (  H8; 
1500 1000

600
1500 1000nC

)
( (

%
 _ /\ . 

1.2 2?EBOKI ; >D; AOB; AOBD:;E G?T A?C; ID  

$D9=,\;  . DYY, / , 5VD1345EW ; / 1>5, 5DI l H>D>13, 5=56I  / 19C]=56I  
9D9=,\E  969=1>D\  9 D9J634B6>15D,\  \, =6.1  * 131\ ?, /1 

r e cJ F J J( % %
r r r r

, 

8.,  F – / 1>56. , I 9=>;@K1G 1H=D>5EW 9D3, J/D36A, 55EW H \ 199,; 
      Je – 9D31 D5, / VDD > J, / , 56956\  . >DA, 5DD; 
      Jc – H6/ D63D96>1 9D31 D5, /VDD; 
      Jr – 9D31 D5, / VDD > 6=569D=,3456\  . >DA, 5DD. 

N9=156>D\  ; 936>DG .D51\ DHD 6=569D=, 345686 . >DA, 5DG > 51J/ 1>3,-
5DD 69D X (9\ . / D9. 1.3,$) 

3 1m m= 3 2m m=
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1 1 1 1 1

;

,
rn n n en cn

r n n e c

J F R J J

J F F R R J J

( % % %

( % % % % %

r r r r r

r r r r r r r  

8.,  1,nF F
r r

 – 9D3E / , 1HVDD J/ ; AD5, 6?; 936>3, 55EW DW 9A1=D,\  

 !1 1 1 1, ,n n nF C x x F C x( $ * (
r r

 

8.,  xn D x1 – 966=>, =9=>, 556 ?r 34F,,  D \, 54F,,  9\, K, 5DG 6= J636A, 5DG 
9=1=DC,9H686 9\,K , 5DG; 
      1,nR R

r r
 – 9D3E 96J/ 6=D>3, 5DG . >DA, 5D@ 

 !  !1 1 1 1sign , sign ;n 5( n n 5(R F x x R F x( $ * ( $
r r

& & &  

      sign(a) – B51H 9H6/ 69=D 1/ 8; \, 5=1 a 

,93D a = 0, =6 sign(a) = 0, 
,93D a > 0, =6 sign(a) = +1, 
,93D a < 0, =6 sign(a) = –1; 

      1,en eJ J
r r

 – 9D3E D5, / VDD > J, / , 56956\  . >DA, 5DD 

 !  !

 !  !
3

1 1

4000cos 4 1000sin 8 ,

8000cos 2 4000sin 4 ;

en

e

J P t t

J P t t

( ( %

( * ( * *

r

r  

      1,cn cJ J
r r

 – 9D3E D5, / VDD U6/D3691 

0, 0;cn cnJ J( (
r r

 

       1,rn rJ J
r r

 – 9D3E D5, / VDD 6=569D=,345686 . >DA, 5DG 

1 1 1, .rn n n rJ m x J m x( (
r r

&& && 

O / , B; 34=1=, J/6 , VD/6 >15DG 9D3 51 694 H66/ . D51=, J63; CD\  

 !  !

 !  !  !
1 1

1 1 1 1 1 1 1 1 1

sign ;

sign sign ,

n n n n 5( n n en

n n 5( n n 5( e

m x C x x F x x J

m x C x x C x F x x F x J

( * $ * * $ * %

( $ * * % $ * * $ %

&& & &

&& & & &
 

D3D, 9D9=,\1  . DYY, / , 5VD1345EW ; / 1>5, 5DI J/D H; 3656>6\  =/ , 5DD \199 6 
5, J6. >DA5;@ J6>, / W569=4 

 !  !

 !  !  !
1 1

1 1 1 1 1 1 1 1 1

sign ;

sign sign .

n n 5( n n n n en

5( n n 5( n n e

m x F x x C x x J

m x F x x F x C x x C x J

+% $ * % $ * ( ,,,-,* $ * % $ * $ * % ( ,,.

&& & &

&& & & &
 (1.1) 

1.3  k; >GO K; I D: D> l GKDKOI; >B>LQ S>O:; >DT 
G?l nn DkD; >BO E?HM?BDKI ; >DJ EKJS;T 

b1H H1H \199E 9\ ,K1 @=9G J6.  >6B. , I 9=>D,\  >5, F 5DW 9D3, =6 > 
=6CH1W DW H65=1H=1 9 6J6/ 56I  J6>, / W569=4@ >6B5DH1,= 9D31 =/ , 5DG, 
J/ 6J6/ VD6513451G 9D3,  56/ \1 345686 . 1>3, 5DG. f, /6I  >B1D\ 6. , I 9=>DG 
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G>3G,=9G H6l YYDVD, 5= =/ , 5DG. eB H; / 91 =, 6/DD =/ , 5DG DB>,9=56, C=6 
H6l YYDVD, 5= =/ , 5DG J6 U; 365;  6J/ , . , 3G,=9G >E/ 1A, 5D,\  

5(F
f

N
( , 

8.,  F5(  – 9D31 =/ , 5DG; 
      N – 9D31 56/ \1 345686 >6B. , I 9=>DG. 

Q6.  >3DG5D,\  9D3E =/ , 5DG . >DA, 5D, \ 199 J/ , . 9=1>3G,= 5, 3D5, I 5EI  
W1/ 1H=,/ , =1H H1H . >DA, 5D, / ,13DB; ,=9G =634H6 J/D J/ , 6.6 3, 5DD 9D3 
=/ , 5DG J6H6G. _1 / D9. 1.4,1 J/ , . 9=1>3,5  8/ 1YDH B1>D9D\ 69=D 9D3E =/ , 5DG 
6= 9H6/ 69=D J69=; J1=,345686 . >DA, 5DG J/D U; 3656>6\  =/ , 5DD. 

 

x&

F 
sign( )F x$ &

x&

F 

0 

xb$&

" ) $) 

z& 0 z& 

 
1 – J/D U; 3656>6\  =/ , 5DD; ? – J/D >GBH69=56\  96J/6 =D>3, 5DD 

 D9. 1.4 – L/ 1YDHD B1>D9D\ 69=,I  9D3E =/ , 5DG F5(  

t 1. 1C1 3D5, 1/DB1VDD ; / 1>5, 5DI . D51\ DHD 969=6D= > =6\ , C=6?E 
/ 1?6=1 9D3 =/ , 5DG J/D U; 3656>6\  (/D9. 1.4,1) D >GBH69=56\  (/ D9. 1.4,?) 
=/ , 5DD 966=>,=9=>6>13D . / ;8 ./ ; 8;. 

O,3DCD51 l H>D>13, 5=5686 H6l YYDVD, 5=1 >GBH686 =/ , 5DG bl  6J/ , . , 3G-
,=9G DB ; 936>DG / 1>, 59=>1 l 5, / 8DI, J6836K1, \ EW Y/DHVD6556I  9D9=,\ 6I  

1 0 02 2 45 ( 5(W F Fz z( ( , 

8.,  u0 – 51D?634F,,  J, / ,\,K , 5D, (1\ J3D=; .1 ) J/D H63, ?15DGW, \  

0 , 71F Cz ( ; 

      F, 71 – \1H9D\1 3456, B51C, 5D, 9D3E > . D51\ DH, 

, 71 5(F Fl( $ ; 

      q – H6l YYDVD, 5= . D51\ DC569=D, J6H1BE>1@KDI >6 9H634H6 / 1B . D51-
\ DC,9H6,  9\,K , 5D, ?634F,  9=1=DC,9H686; > / 19C]=1W \ 6A56 6/D, 5=D/6 -
>6C56 J/ D5D\1=4 q = 1,1…1,5 (q = 1,1 – J6 B1. 15D@) 
D ; 936>5E\  8D. / 1>3DC,9HD\  819D=,3,\  H63, ?15DI . 3G 5, ; J/ ; 8686 96J/6 -
=D>3, 5DG H63, ?15DG\, ?3DBHDW H 81/ \ 65DC,9HD\  u = u0 sin(v t): 

 !
2 2 2

2 2 2 2 2
2 0 0

0 0 0

cosW dt dt t dt
p p p

bz z b z bz w w pbz w( ( ( (/ / /& & & . 

b68.1  J/D W1 = W2 D\,,\  
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2
0 04 ,5(F z = pbz w  

6=H; .1  l H>D>13, 5=5EI  H6l YYDVD, 5= 96J/ 6=D>3, 5DG >GBH686 =/ , 5DG 

0

4 5(
9

F
b =

pz w
. 

OEJ635D\  / 19C]= l H>D>13, 5=5686 H6l YYDVD, 5=1 >GBH686 =/ , 5DG: 
t5 1G B51C, 5DG \199 D H6l YYDVD, 5=1 =/ , 5DG (f = 0,15 – J6 B1. 15D@) 

>ECD93D\  B51C,5DG 9D3 =/ , 5DG, . , I 9=>;@KDW > H65=1H=, =,3 9 6J6/ 56I  
J6>, / W569=4@ 

5(F f N f mg( $ ( $ , 

6=H; .1  =/ n 0,15 35 9,81 51,5nF f m g( $ ( $ $ (  _ ; 

            =/ 1 1 0,15 20 9,81 29,43F f m g( $ ( $ $ (  _ . 

" J/ , . , 3D\ : 

– \1H9D\1 3456,  . D51\ DC, 9H6,  9\, K, 5D, 
   .D5 n =/ n 1,1 51,5 56,65F F= l × = × = _ ; 

   .D5 1 =/ 1 1,1 29,43 32,37F F= l × = × = _ , 

– 51D?634F,,  9\ , K, 5D, DB J636A, 5DG 9=1=DC,9H686 / 1>56>,9DG 

   . D5n
0

56,653
0,0944

600n
n

F

C
x = = =  \ ; 

   . D51
01

1

32,37
0,0202

600 1000n

F

C C
x = = =

+ +
 \ , 

– C19=6=; 81/ \ 65DC, 9HDW H63, ?15DI 

   
600

4,14
35

n
n

n

C
m

w = = =  9–1; 

   1
1

1

600 1000
8,94

20
nC C
m
+ +

w = = =  9–1, 

– l H>D>13, 5=5EI  H6l YYDVD, 5= 96J/ 6=D>3, 5DG >GBH686 =/ , 5DG 

   . D5n

0

4 4 56,65
184,53

0,09442 4,14n
n n

F
b

pz w p
$

( ( (
$ $

 _ ·9/\ ; 

   .D51
1

01 1

4 4 32,37
227,91

0,02023 8,94

F
b

pz w p
$

( ( (
$ $

 _ ·9/\ . 

Q63; CD\  =; A,  9D9=,\;  .DYY, / , 5VD1345EW ; / 1>5, 5DI (1.1), =634H6 
3DF4 > 3D5, I 56I  J69=156>H, B1. 1CD 

 
 !  !

 !  !
1 1

1 1 1 1 1 1 1 1 1

;

.
n n n n n n en

n n n n e

m x x x C x x J

m x x x x C x x C x J

+%0 $ * % $ * ( ,,-,* 0 $ * %0 * $ * % ( * ,.

&& & &

&& & & &
 (1.2) 
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1.4  HM;C; I ; >D; : OEB?B D n?MA E?=EBK; >>LQ G?I ; =O>DT 

b1H H1H 96J/ 6=D>3, 5D, H63, ?15DG\ 5, B51CD=,3456 DB\ , 5G,= C19=6=E 
96?9=>, 55EW H63, ?15DI, =6 J/D 6J/ , . , 3, 5DD C19=6= D Y6/\  96?9=>, 55EW 
H63, ?15DI 9D9=,\;  . DYY, / , 5VD1345EW ; / 1>5, 5DI J/D>, . , 556I  / 19C]=56I  
9W, \E  (1.2) B1JDF,\  ?,B ; C]=1 9D3 96J/ 6=D>3, 5DG. e \,,\ : 

 !
 !

1

1 1 1 1 1 1

;

.
n n n n en

n n e

m x C x x J

m x C x x C x J

+% $ * ( ,,-,* $ * % ( * ,.

&&

&&
 

 ,F, 5D, l =6I  9D9=, \E  969=6D= DB 6?K, 86 / ,F , 5DG 966=>, =9=>; @K, -
86 6.5 6/ 6.5 686 .DYY, / , 5VD1345686 ; / 1>5, 5DG D C19=5686 / ,F , 5DG 5, 6. -
56/ 6. 5686 .DYY, / , 5VD1345686 ; / 1>5, 5DG. Q/D Jen = Je1 = 0 J63; CD\  9D-
9=,\;  6. 56/6 . 5EW . DYY, / , 5VD1345EW ; / 1>5, 5DI 

 
 !

 !
1

1 1 1 1 1

0;

0,
n n n n

n n

m x C x x

m x C x x C x

+% $ * ( ,,-,* $ * % ( ,.

&&

&&
 (1.3) 

/ ,F , 5D,\  H6=6/ 6I  G>3G@=9G Y; 5HVDD 

 
( )
( )

1 1sin ;

sin ,n n

x a t

x a t

ì = w + j
í = w + jî

 (1.4) 

8.,  a1 D an – 5, DB>, 9=5E,  1\ J3D=; .E  H63, ?15DI \199; 
      v  – C19=6=1 H63, ?15DI, 9–1; 
      t – >/ ,\G , 9; 
      w – 9. >D8 Y1B. 

Q693,  J6. 9=156>HD Y; 5HVDI (1.4) > ; / 1>5, 5DG (1.3) J63; CD\  

 
 !  !

 !  !

2
1

2
1 1 1 1 1

sin 0;

sin 0,

n n n n

n n

m a C a a t

ma C a a C a t

+" # ,* 1 % $ * $ 1 %2 ( ,3 4& ' ,-," #* 1 * $ * % $ 1 %2 ( ,3 4 ,& ' .

 (1.5) 

 1 >, 59=>1 (1.5) 9J/ 1>, . 3D>E, ,93D: >6-J, / >EW  D, >6-
>=6/EW 93181, \ E,  > 9H6?H1W =1HA, / 1>5E 5; 3@. Q693,  8/ ; JJD/6 >HD 93181-
,\ EW > H>1. / 1=5EW 9H6?H1W D\,,\ : 

 
 !

 !

2
1

2
1 1 1

;

.

n n n n

n n n

m C a C a

C a m C C a

w

w

* % (

( * % %
 (1.6) 

_ ,9\ 6=/G 51 =6, C=6 > ; / 1>5, 5DGW (1.6) =/D 5, DB>, 9=5EW >, 3DCD5E: 
1\ J3D=; .E  H63, ?15DI a1, an D C19=6=1 v , 5, DB>, 9=5E,  >, 3DCD5E C19=6= 
96?9=>, 55EW H63, ?15DI \ 6A56 >ECD93D=4 93, . ; @KD\  6?/ 1B6\ . _ 1W6. D\  
DB J, / >686 ; / 1>5, 5DG 6=56F , 5D, 

2
1

n n

n n

a C
a m Cw

(
* %

 

( )sin 0tw + j =
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D =1H6,  A,  6=56F , 5D, DB >=6/ 686 ; / 1>5, 5DG 

 
2

1 1

1

n n

n

a m C C
a C

w* % %
( . (1.7) 

$6>\,9 =D\ 69=4 J63; C,55EW >E/ 1A, 5DI J/ D>6. D= H ; / 1>5, 5D@, > H6-
=6/ 6\  6. 51 5, DB>,9=51G >, 3DCD51 – C19=6=1 v : 

2
1 1

2
n n

nn n

C m C C

Cm C

w

w

* % %
(

* %
 

D3D 

 !  !2 2 2
1 1n n n nm C m C C Cw w* % $* % % ( . 

Q693,  J/ , 6?/ 1B6>15DI J63; CD\  ?DH>1. / 1=56,  : " / 5 - 5 1-*  ; ( " =1*17* 

4 21 1

1 1

0n n n

n n

C C C C C

m m m m
w w

5 6% 78 7* % % (8 78 789 :
, 

/ ,F , 5D,\  H6=6/ 686 G>3G@=9G 93, . ; @KD, >E/ 1A, 5DG 96?9=>, 55EW C19=6= 
H63, ?15DI 

2
1 1 1

1 4
1 1 1

1
4

2
n n n n n

n n n

C C C C C C C C
m m m m m m

w *

" #5 6 5 63 4% %7 78 87 7( ; $ % ; % *3 48 87 78 87 78 83 49 : 9 :3 4& '

. 

Q693,  J6. 9=156>HD D9W6.5 EW B51C, 5DI \199 D A,9=H69=,I  ; J/ ; 8DW 
9>GB,I  

2

1 4
1 600 600 1000 600 600 1000 600 1000

4
2 35 20 35 20 35 20

w *

" #5 6 5 6% % )3 47 78 8( ; $ % ; % *7 73 48 87 78 89 : 9 : )3 4
& '

 

J63; CD\  B51C,5DG C19=6= 96?9=>, 55EW H63, ?15DI h 1,2 = ±3,13 9–1; 
h 3,4 = ±9,34 9–1. 

b1H H1H > . 1556\  J/D\ , /,  B1=; W15D, H63, ?15DI 6=9; =9=>; ,= (n = 0), 
=6 51 H6\ J3, H956I  J369H69=D 51I . , 55E,  B51C, 5DG C19=6= 966=>,=9=>; @= 
5, B1=; W1@KD\  J, / D6. DC,9HD\  H63, ?15DG\ D H6/ 5G\ si,j = ±iv 0, / 19J636-
A, 55E\  51 \ 5D\ 6I  69D (/ D9. 1.5). 

$D9=,\1  (1.5) 5,  J6B>63G,= 51I =D B51C,5DG 1\ J3D=;.  H63, ?15DI, 56 
>6B\ 6A56 ; 9=156>D=4 966=56F , 5D, \ , A.;  5D\D . * 3G l =686 J/ D\,\  6=56-
9D=,345;@ . , Y6/ \ 1VD@ a11 = a12 = 1, 1 > / 1>, 59=>6 (1.7) J6. 9=1>D\  B51C,-
5DG 51I. , 55EW 96?9=>, 55EW C19=6= 

2
1

1
11

2
2

2
12

20 3,13 600 1000
2,34;

600

20 9,34 600 1000
0,24.

600

n
n

n
n

a

a

a

a

c

c

* ) % %
( ( (

* ) % %
( ( ( *
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 f 5D\1G 694, C19=6=1 
B1=; W1@KDW H63, ?1-
5DI h  

_ , I =/ 1345E,  
J63@91 

U6\ J3,H951G J369-
H69=4 sk = ± n ± ih  

2 2
0( *h hn

 

O) 

1 2
1 2

s t s tC e C e%

 
 x0 

 x(t) 

0 

 t =) 

 s1,2 = ± iv  

–x0 

* , I 9=>D=,3451G 694, 
H6l YYDVD, 5= B1=; W15DG n 

+3,13 

–3,13 

+9,34 

–9,34 

 
 D9. 1.5 – Q63@91 (· ) 51 H6\ J3,H956I  J369H69=D (" ) D 966=>, =9=>; @KD, D\  
>D. 9>6?6. 5686 (5, >6B?; A. ] 55686) . >DA, 5DG ($) 6= 5, 5; 3, >686 51C1345686 
J636A, 5DG x0 

$66=>,=9=>; @KD, ; / 1>5, 5DG\ (1.3) Y6/ \E  96?9=>, 55EW H63, ?15DI 
J/ , . 9=1>3, 5E 51 / D9. 1.6. 

 
 D9. 1.6 – Q/D>, . , 551G / 19C]=51G 9W, \1  \, W15DC,9H6I  9D9=,\E  J69=; J1-
=,3456 . >DA; KDW9G \199 (" ) D Y6/ \E , C19=6=E 96?9=>, 55EW H63, ?15DI ($) 

U63, ?15DG, 966=>, =9=>; @KD, J, / >6I  96?9=>, 556I  C19=6=, 3,13 9–1, 
J/ 6D9W6. G= 9 . , Y6/ \1 VD,I  9A1=DG ; J/ ; 8DW 9>GB,I  D > 3@?6I  \ 6\ , 5= >/, -
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\, 5D 6=56F , 5D, 1\ J3D=;.  \199 J69=6G556 D / 1>56 xn1 = 2,34. O ./ ; 86\  
. >DA, 5DD 6?,  \199E H63, ?3@=9G 9 C19=6=6I  9,34 9–1, 1 6=56F , 5D, 1\ J3D-
=;.  \199 > 3@?6I  \ 6\ , 5= >/ ,\ , 5D / 1>56 xn2 = –0,244. Z=6I  C19=6=, 966=-
>,=9=>; ,= 6. 56; B36>1G 96?9=>, 551G Y6/ \1  H63, ?15DI 9 . , Y6/ \ 1VDG\D  H1H 
9A1=DG ; J/ ; 8DW 9>GB,I , =1H D DW / 19=GA, 5DG. 

$3, .6 >1=,3456, B1. 155E,  Y; 5HVDD P1 D P3 9 C19=6=1\D  >5, F 5, 86 >6B-
. , I 9=>DG 51 \ , W15DC,9H;@ 9D9=,\;  2, 4 D 8 9–1 6=569G=9G H1H H 5DB6C19=6=-
5E\ , =1H D >E96H6C19=6=5E\  H63, ?15DG\. O=6/ 1G 81/ \ 65DH1 9D3E >5,F 5, -
86 >6B?; A. , 5DG P3 ?3DBH1 H / , B6515956I  – >6B\ 6A5E H63, ?15DG =DJ1 ?D,-
5DI. 

1.5 1 DEI ; >>?; M;o ; >D; EDEB; AL  CDnn ;M;>kDOIU>LQ VMOK>; >DT 

e 9H6\ 6,  / ,F , 5D, 9D9=,\E  . DYY, / , 5VD1345EW ; / 1>5, 5DI (1.2) / 1B-
/ , F D\  6=569D=,3456 9=1/ F ,I  J/ 6DB>6. 56I  

 
1 1

1 1
1 1 1 1 1 1

1 1 1 1 1 1

;n n n n
n n n en

n n n n

n n n n
n n e

C C
x x x x x J

m m m m

C C C
x x x x x x x J

m m m m m m

+0 0 ,,( * % * % % ,,,-,0 0 0 ,( * * % * * % ,,,.

&& & &

&& & & &
 (1.8) 

Q/D\, 5D\  G>5;@ Y6/ \;  U6FD J/ , 6?/1B6>15DG . >;W .DYY, / , 5VD134-
5EW ; / 1>5, 5DI (1.8) > 9D9=,\;  C,=E/ ]W 3D5, I5EW ; / 1>5, 5DI J, / >686 J6/ G. H1 
O>6. D\ E,  
J, / ,\ , 55E,  s Q/ , 6?/ 1B6>1551G 9D9=,\1  ; / 1>5, 5DI J, / >686 J6/ G. H1 

0

1 1

2

3 1

;

;

;

.

n

n

s x

s x

s x

s x

=

=

=

=

&

&

 

0 2

1 3

2 0 1 2 3

1 1 1
3 0 1 2 3

1 1 1 1 1

;

;

;n n n n en

n n n n n

n n n n e

s s

s s

C C J
s s s s s

m m m m m

C C C J
s s s s s

m m m m m

+( ,,,,( ,,,0 0 ,,( * % * % % -,,,,% 0 0 % 0 ,,( * % * % ,,,.

&

&

&

&

, (1.9) 

b68.1  \ 6. , 34 9D9=, \E  (1.9) > =,/ \ D51W J/6 9=/ 159=>1 969=6G5DI ?; -
. ,= D\ ,=4 93, . ; @KDI >D. 

 

{ {

0 0

1 1

2 2

3 31 1

11 1 1

0 2 3

1

1

0 0 1 0 0 0

0 0 0 1 0 0

1
0

1
0

n n n n

n n n n n

n n n n

s s

s sC C
m m m m ms s

s s

s s

C C C
mm m m

s s

m

æ ö æ ö
ç ÷ ç ÷æ ö æ öç ÷ ç ÷ç ÷ ç ÷ç ÷ ç ÷b bç ÷ ç ÷- -= ´ +ç ÷ ç ÷ç ÷ ç ÷ç ÷ ç ÷ç ÷ ç ÷ç ÷ ç ÷+ b b +bè ø è ø -- -ç ÷ ç ÷

è øè ø S(t)S(t)

BA

&

6 44 4 4 4 4 7 4 4 44 4 48

&

&

&

&

1 4 2 431 44 4 4 4 4 2 4 4 44 4 43

{ 1

;en

e

J

J
æ ö

´ ç ÷
è ø

H(t)

 (1.10) 
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{

{

{

0 1 2 3 0

1

2 11

3

1 0 0 0 0 0
.

0 1 0 0 0 0
enn

e

s

s Jx

s

s s s s

Jx

s

æ ö
ç ÷ æ öæ ö æ ö æ öç ÷= ´ + ´ ç ÷ç ÷ ç ÷ ç ÷ç ÷è ø è øè ø è ø
ç ÷
è øX(t) H(t)C D

S(t)

6 4 7 48

1 4 2 4 3 1 23
 

$Y6/ \ D/; ,\  > H6\ 15.5 6\  6H5,  MATLA B B51C, 5DG \1 =/ DV 969=6G-
5DG D 96B. 1. D\  \ 6. , 34 9D9=,\E : 
>> A=[0 0 1 0; 0 0 0 1; -cn/mn cn/mn -bn/mn bn/mn; ... 
   cn/m1 -(cn+c1)/m1 bn/m1 -(bn+b1)/m1]; 
>> B=[0 0; 0 0; 1e6/mn 0; 0 -1e6/m1]; 
>> C=[1 0 0 0; 0 1 0 0]; 
>> D=[0 0; 0 0]; 
>> WW=ss(A,B,C,D) 

WW = 
  a =  
           x1      x2      x3      x4 
   x1       0       0       1       0 
   x2       0       0       0       1 
   x3  -17.14   17.14  -5.272   5.272 
   x4      30     -80   9.227  -20.62 
  
  b =  
          u1     u2 
   x1      0      0 
   x2      0      0 
   x3  28.57      0 
   x4      0    -50 
  
  c =  
       x1  x2  x3  x4 
   y1   1   0   0   0 
   y2   0   1   0   0 
  
  d =  
       u1  u2 
   y1   0   0 
   y2   0   0 
Continuous-time state-space model. 

1.6 2BMVGBVM>OJ A?C; IU A; QO>D:;E G?T EDEB; AL , ?HDEL KO; A?T 
CDnn;M;>kDOIU>L AD VMOK>; >DJAD 

$8/ ; JJD/ ; ,\  C3, 5E 9D9=,\E  . DYY, / , 5VD1345EW ; / 1>5, 5DI (1.2) 6=-
569D=,3456 J, / , \, 55EW H66/ . D51= 

 
 !  !

1 1

1 1 1 1 1 1 1

;

.
n n n n n n n n en

n n n n n n e

m x x C x x C x J

m x x C C x x C x J

+%0 % ( 0 % % ,,-,% 0 %0 % % ( 0 % * ,.

&& & &

&& & &
 (1.11) 
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Q/D\ , 5D> J/ , 6?/ 1B6>15D, ) 1J3191 H ; / 1>5, 5DG\ (1.11), \ 6A56 >E-
. , 3D=4 > . 1556I  9D9=,\,  =/D J, / , . 1=6C5E,  Y; 5HVDD H1H 6=56F , 5D, DB6?-
/ 1A, 5DI >EW6.5 6I  >, 3DCD5E H DB6?/ 1A, 5D@ >W6. 56I  >, 3DCD5E J/D 5; 3, -
>EW 51C1345EW ; 936>DGW 

1 1 2

1 3 4 1

( ) ( ) ( ) ( ) ( );

( ) ( ) ( ) ( ) ( ),
n en

n e

X s W s X s W s J s

X s W s X s W s J s

= × + ×

= × + ×
 

8.,  W1, W2, W3 – J, / , . 1=6C5E,  Y; 5HVDD 6=. , 345EW B>, 54,> 

 

( )

( )

1 2
1

2 2

1
3 2

1 1 1

1
4 2

1 1 1 1

( )
( ) ;

( )

( ) 1
( ) ;

( )

( )
( ) ;

( )

( ) 1
( ) .

( )

n n n

n n n

n

en n n n

n n

n n n

e n n

X s s C
W s

X s m s s C

X s
W s

J s m s s C

s CX s
W s

X s m s s C C

X s
W s

J s m s s C C

b +
= =

+b +

= =
+b +

b +
= =

+ b +b + +

= =
+ b +b + +

 (1.12) 

$6831956 >E/ 1A, 5DG\ (1.12), 969=1>D\  9=/ ; H=; /5 ;@ \ 6. , 34 . 1556I  
9D9=,\E  (/D9. 1.7). 

 

 xn  Je1 
W4(s) W1(s) 

W2(s) 

W3(s) 

 Jen 

 x1 

 
 D9. 1.7 – $=/ ; H=; / 51G \ 6. , 34 \, W15DC,9H6I  9D9=,\E  

$6831956 J/ 1>D31\  J/ , 6?/1B6>15DG 9=/ ; H=; /5EW 9W,\ , \E  B. ,94 D\, ,\  
J693, .6 >1=, 3456, D J1/ 133, 3456->9=/ ,C56, 9 J636AD=, 3456I  6?/1=56I  9>G-
B4@ 96, .D5, 5D, B>, 54,>. $D9=,\1  ; / 1>5, 5DI D J, / , . 1=6C51G Y; 5HVDG =1H6I  
\ 5686\, /56I  9D9=,\E  

2 2 3

11 4 1 43 1

( )( ) ( ) ( ) ( )1
;

( )( ) ( ) ( ) ( )1 ( ) ( )
enn

e

J sX s W s W s W s

J sX s W s W s W sW s W s

- × æ öæ ö æ ö
= × ḉ ÷ç ÷ ç ÷× -- ×è ø è ø è ø

 

Q693, . 6>1=,34569=4 >ECD93, 5DI > MATLA B 93, . ; @K1G: 
>> m1=20000;mn=35000;c1=1e6;cn=0.6e6;b1=227908;bn=184531; 
>> W1=tf([bn cn],[mn bn cn]); 
>> W2=tf(1e6,[mn bn cn]); 
>> W3=tf([bn cn],[m1 bn+b1 cn+c1]); 
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>> W4=tf(1e6,[m1 bn+b1 cn+c1]); 
>> W = [W2 -W2*W3; W4*W1 -W4]/(1-W3*W1) 
W = 
 
  From input 1 to output... 
        7e14 s^4 + 1.813e16 s^3 + 1.441e17 s^2            
                                    + 5.427e17 s + 9.6e17 
   1:  --------------------------------------------------- 
       2.45e13 s^6 + 7.636e14 s^5 + 7.617e15 s^4           
               + 4.243e16 s^3 + 1.463e17 s^2 + 3.035e17 s  
                                                + 3.6e17   
 
         1.292e20 s^5 + 3.765e21 s^4 + 3.747e22 s^3        
                     + 1.866e23 s^2 + 5.028e23 s + 5.76e23 
   2:  ----------------------------------------------------- 
       4.9e17 s^8 + 2.538e19 s^7 + 5.065e20 s^6              
               + 5.212e21 s^5 + 3.261e22 s^4 + 1.343e23 s^3  
                   + 3.665e23 s^2 + 6.341e23 s + 5.76e23     
 
  From input 2 to output... 
         -1.292e20 s^5 - 3.765e21 s^4 - 3.747e22 s^3       
                     - 1.866e23 s^2 - 5.028e23 s - 5.76e23 
   1:  ----------------------------------------------------- 
       4.9e17 s^8 + 2.538e19 s^7 + 5.065e20 s^6              
               + 5.212e21 s^5 + 3.261e22 s^4 + 1.343e23 s^3  
                   + 3.665e23 s^2 + 6.341e23 s + 5.76e23     
 
        -7e14 s^4 - 1.813e16 s^3 - 1.441e17 s^2           
                                    - 5.427e17 s - 9.6e17 
   2:  --------------------------------------------------- 
       1.4e13 s^6 + 6.512e14 s^5 + 1.08e16 s^4             
               + 8.082e16 s^3 + 3.206e17 s^2 + 7.615e17 s  
                                                + 9.6e17   
Continuous-time transfer function. 

1.7 X?pOMDnAD:;E GD; : OEB?B>L;  D KM;A; >>L;  QOMOGB; MDEBDGD 

) 681/ DY\ DC,9HD, C19=6=5E,  W1/ 1H=,/D9=DHD J69=/ 6D\  9 J6\ 6K4@ 
93, . ; @KDW H6\1 5. : 
>> figure(1);subplot(1,2,1); bode(W, 'r' ,WW,'b:' ); grid on 
>> subplot(1,2,2); nyquist(W, 'r' ,WW,'b:' ); grid on 

 , B; 34=1=E >ECD93, 5DI J/D>, . , 5E 51 / D9. 1.8. 
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 D9. 1.8 – ) 681/ DY\ DC,9HD, 1\ J3D=; . 56-C19=6=5E,  D Y1B6>6-C19=6=5E,  
W1/ 1H=, / D9=DHD (1); 1\ J3D=; . 56-Y1B6>6C19=6=5E,  W1/ 1H=, / D9=DHD (?) 

O/ ,\ , 55E,  W1/ 1H=, /D9=DHD J69=/ 6D\  9 J6\ 6K4@ 93, . ; @KDW H6-
\1 5. : 
>> figure(2);subplot(1,2,1); step(W, 'r' ,WW,'b:' ); grid on 
>> subplot(1,2,2); impulse(W, 'r' ,WW,'b:' ); grid on 

 , B; 34=1=E >ECD93, 5DI J/D>, . , 5E 51 / D9. 1.9. 
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 D9. 1.9 – O/ , \, 55E,  W1/ 1H=, /D9=DHD 9D9=,\E : 1 – J, / , W6. 51G Y; 5HVDG 
i l>D91I .1  (D3D Y; 5HVDG >H3@C, 5DG); ? – D\ J; 34951G Y; 5HVDG * D/ 1H1 
(D3D Y; 5HVDG ; . 1/1) 

 , B; 34=1=E >ECD93, 5DI J6H1B13D, C=6 \ 6. , 3D/ ; ,\ E,  J6. 9D9=,\E  
6=569G=9G H H63, ?1=,345E\  9 >E96HD\  96J/ 6=D>3, 5D,\  . >DA, 5D@, ?3DB-
HD\  H 1J, / D6.DC,9HD\  B>, 54G\. 

1.8 , ?C; I DM?KO>D; ?BGI DGO EDEB; AL  >O K>; o >;;  K?SC; TEBKD; 

* 13,,  9Y6/ \ D/ ; ,\  J, /D6. DC, 9H;@ Y; 5HVDD >/ , \ , 5D, >5, F 5, 86 >6B-
. , I 9=>DG D / , 1HVDD 9D9=,\E  51 J, /D6. DC,9H;@ Y; 5HVD@. Q/ , . 9=1>D\  J6-
3; C,55E,  W1/ 1H=, / D9=DHD 51 / D9. 1.10. 
>> t=0:0.1:50; %  !"$"%&(  )*,.,(!  *"/124"  
>> H=[4*cos(4*t)+1*sin(8*t); ...  
   8*cos(2*t)+4*sin(4*t)]; % 5,*!&6!1,/7"8  9:(7;!8  
>> [h,t]=lsim(WW,H,t); % <,"7;!8  /!/4,.>  
>> figure(3);subplot(2,1,1);plot(t,H);grid on;  
>> xlabel( ' ?*,.8 , / ' ); ylabel( ' A.$C!4:6" ' ); 
>> legend( 'Jen','Je1' ) 
>> subplot(2,1,2);plot(t,h); grid on 
>> xlabel( ' ?*,.8 , / ' ); ylabel( ' A.$C!4:6" ' ); 
>> legend( 'Mn' , 'M1' ) 
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 D9. 1.10 –  , B; 34=1=E CD93, 55686 / , F, 5DG 9D9=,\E  .DYY, / , 5VD1345EW 
; / 1>5, 5DI J/D B1. 1556\  >5, F 5,\  >6B. , I 9=>DD 

1.9 9 EB?T: DK?EBU EDEB; AL  H? GMDB;MDq ( ., . XJHV>?KO 

$D9=,\1  ; 9=6I CD>1, ,93D ; J/ ; 8D, 9>GBD 9D9=,\E  (1.8) 5,  D\, @= J31-
9=DC, 9HDW . , Y6/ \ 1VDI. +6 / \ ; 3D/6>H1 6?K, 86 J/ 69=/ 159=>1 969=6G5DI 
. 3G 9D9=,\E  \ 6A,= ?E=4 >E/ 1A, 51 9D9=,\ 6I  ; / 1>5, 5DI (1.10). 

$J, / >1 J/ D\,\ , C=6 >5,F 5,,  >6B. , I 9=>D, 51 9D9=,\;  6=9; =9=>; ,=. 
b68.1  (1.10) \ 6A,= ?E=4 B1JD9156 > 93, . ; @K,\  6?K,\  >D.,  

 s s= A& , (1.13) 

8.,  A – \ 1=/DV1 969=6G5DG 9D9=,\E  

1 1

1 1 1 1

0 0 1 0

0 0 0 1

n n n n

n n n n

n n n n

C C
m m m m

C C C
m m m m

æ ö
ç ÷
ç ÷
ç ÷b b
- -= ç ÷

ç ÷
ç ÷+ b b + b

- -ç ÷
è ø

A . 

o956, C=6 > . 1556\  93; C1, 969=6G5DG 9D9=, \E  s1 = s2 = 0 G>3G@=9G 
696?E\D  =6CH1\D . 
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N. 6?5E\  J/ , . 9=1>3, 5D,\  Y; 5HVDD ) GJ; 56>1 G>3G,=9G 9H13G/5 1G 
H>1. / 1=DC51G Y6/ \1  

 ( )

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

p p p p

p p p p
s s s

p p p p

p p p p

é ù
ê ú
ê ú= =
ê ú
ê ú
ë û

V P P& , (1.14) 

8.,  P – / ,13451G 9D\\,= / DC51G \1 =/ DV1. 
h=6?E 6?, 9J, CD=4 V > 0, / ,13451G 9D\ \,= / DC51G \1 =/ DV1 P .6 3A51 

?E=4 &- %- > 75 *%?1-  - &( *, *%@11-2 B" 5 ( 7C*2, C=6 6?6B51CD\  H1H P > 0. b6-
8.1  =/ , ?6>15D, P > 0 ?; . ,= >EJ635, 56, ,93D >EJ635, 56 6. 56 DB 93, . ;@-
KDW ; 936>DI: 
1. $6?9=>, 55E,  CD931 l 1…l 4 \1 =/ DVE P J636AD=,345E; 
2. (b, 6/ ,\1  $D34>, 9=/1) * ,=, / \ D515=E >9,W . D9H/ D\ D515=6> \1 =/ DVE P 
J636AD=,345E, , =6 ,9=4 

11 12 13 14
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L1/ 15=D/ 6>1> V > 0, D993, . ; ,\  ,]  J/ 6DB>6. 5;@ 

[ ] [ ]
( ) T T

T T T T

s s s s s

s s s s s s

= + =

é ù= + = +ë û

V P P

A P P A A P PA

& & &
 

* 3G 6?, 9J,C, 5DG 0£V&  >E?, / ,\  6=/ DV1=,345;@ 6J/ , . , 3] 5569=4 >E-
/ 1A, 5DG T +A P PA, D3D 

 T + = -A P PA Q, (1.15) 

8.,  Q – J636AD=,3456 6J/ , . , 3] 551G \ 1=/ DV1 
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21 22 23 24
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O H1C, 9=>, D33@9=/ 1VDD \ 6A56 >E?/ 1=4 B51C, 5D, J636AD=, 3456 6J/ , . , 3] 556I  \ 1=/DVE 
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0 0 0 1

é ù
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ê ú
ê ú
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P , 
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H6=6/6, 6?,9J, CD= V > 0 D, 93, . 6>1=, 3456, V J/ , . 9=1>3G,= 96?6I  H1H H15. D.1= . 3G Y; 5HVDD ) GJ; 56>1. 
t 1=,\  D993, . ; ,\  ,86 J/ 6DB>6.5 ;@ >/ ,\, 5D, C=6?E ; .6 9=6>, /D=49G 6 

W1/ 1H=, /,  3D5, I 56I  9D9=,\E . * 3G l =686 6V, 5D\  B51C, 5D, 

1

1
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Q693,  J6. 9=1>HD B51C,5DI \ 6. , 3D/ ; ,\ 6I  9D9=,\E  J63; CD\  
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$3, .6 >1=,3456, \1 =/ DV1 Q 5,  G>3G,=9G J636AD=,3456 6J/ , . , 3] 556I  
\1=/ DV,I  D Y1H=DC, 9HD G>3G,=9G 6=/ DV1=,3456I  J63; 6J/ , . , 3] 556I  \ 1=/D-
V,I . b68.1  9H13G/ 51G H>1. / 1=DC51G Y6/ \1  Y; 5HVDD ) GJ; 56>1 (1.14) 9 , .D-
5DC56I  \1 =/ DV,I  P 5,  6=/ 1A1,= 9>6I 9=>1 9D9=,\E . ". 51H6 93, . ; ,= =1HA,  
; =>, / A. 1=4, C=6 > . 1556\  93; C1, 5,  51I . , 51 J6.W6. GK1G Y; 5HVDG . 3G 
D., 5=DYDH1VDD ; 9=6I CD>69=D \ 6. , 3D/; ,\ 6I  3D5, I5 6I  9D9=,\E . Q6l =6\;  
5, 34BG ; =>, / A. 1=4, C=6 9D9=,\1  5, ; 9=6I CD>1. O l =6\  93; C1, J/D\ , 5D\  
=5 - (-2  B*5 -,  DE&; 1- =", H6=6/ EI  B1G>3G,=: 

' 93D 6?K1G 3D5, I5 1G 9D9=, \1  (1.13) ; 9=6I CD>1, =6 =1\ 9; K,9=>; @= 
J636AD=,3456 6J/ , . , 3] 55E,  \1 =/ DVE P > 0 D Q > 0, H6=6/E,  ; .6 >3,=>6-
/ G@= 138,?/ 1DC, 9H6\;  ; / 1>5, 5D@ ) GJ; 56>1 (1.15). Q69H634H; \1=/DV1 C 
J636AD=,3456 6J/ , . , 3, 551, =6 9D9=,\1  19D\ J=6=DC,9HD ; 9=6I CD>1 > V,-
36\ . M63,,  =686, =1H H1H 

( ) ( ) ( )T T T T T TC A P PA P A A P PA A P C= - + = - + = - + = - , 

=6 \1 =/ DV1 $ 9D\\ , =/ DC51. 
_1 J/ 1H=DH, V, 3, 966?/ 1B56 / ,F1=4 6?/1=5;@ B1. 1C;. OE?D/1@= H1-

H;@-3D?6 J636AD=, 3456 6J/ , . , 3, 55;@ J636AD=, 345;@ \ 1=/ DV;, 51J/D-
\,/  C = I . b68.1 DB (1.15) \ 6A56 J63; CD=4 P. ' 93D H>1. / 1=DC51G Y6/ \1  P 
6H1BE>1,=9G 5, 6J/ , . , 3, 556I  (B51H6J, / ,\, 556I ), =6 J6 =, 6/ ,\,  ) GJ; 56>1 6 
5, ; 9=6I CD>69=D 51C136 H66/ . D51= 5, ; 9=6I CD>6. ' 93D P J636AD=, 3456 
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6J/ , . , 3, 51, =6 J69H634H; 9D9=,\1  3D5, I51  D 9=1VD651/ 51, 51C136 H66/ .D-
51= 19D\ J=6=DC,9HD ; 9=6I CD>6 > V, 36\ . " ?6956>15569=4 =1H686 1513DB1 
B1>D9D= 6= =686, 6J/ , . , 3G,= 3D ; / 1>5, 5D, (1.15) 6. 56B51C56 \1=/DV; P, ,9-
3D B1. 151 9D\\, =/ DC51G D J636AD=,3451G  . 

Z=6 B51CD\1G =,6/ , \1  . 3G 51W6A. , 5DG J6.W6. GK,I  \1 =/ DVE P . 3G 
3@?6I  ; 9=6I CD>6I  3D5, I 56I  9D9=,\E  D / ,13DB6>151 > Y; 5HVDD MATLA B 
lyap.m. O69J634B; ,\9G l =D\D  >6B\ 6A569=G\D  MATLA B, D9J634B6>1> . >, 
93, . ; @KD, H6\ 15.E , H6=6/E,  6?/ 1K1@=9G H Y; 5HVDD J634B6>1=,3G syl: 
>> X = syl(A,[],[],0) % <,D,(!,  :*")(,(!8  A^TXA-X=-Q  
>> X = syl(A,B,C,1) % <,D,(!,  :*")(,(!8  AX+XB=-C  

Q634B6>1=,349H1G Y; 5HVDG syl D\ , ,= 93, . ; @KDI >D.: 
function  G = syl(A,B,C,mode) 
    disp( '====== EFHJLOM?JFHP FMFHQSU 5J  VW5EYJ?E =========' ); 
if  mode==0, 
    disp( ' E*")(,(!,  V8$:(&)"  A^TXA-X=-Q,' ); 
    disp( ' [6,  A - 7)"6*"4("8  ."4*!;"  /)8%!  ),74&*"  /&/4&8(!8  
/!/4,.> ' ); 
    disp( ' !  ,[&  $*&!%)&6(&\ ; Q - /!..,4*!1("8  !  $&C&]!4,C^(&  
&$*,6, -' ); 
    disp( ' C2(("8  ."4*!;" ' ); 
elseif  mode==1, 
    disp( ' E*")(,(!,  V8$:(&)"  AX+XB=-C,' ); 
    disp( ' [6,  A - 7)"6*"4("8  ."4*!;"  /)8%!  ),74&*"  /&/4&8(!8  
/!/4,.> ' ); 
    disp( ' !  ,[&  $*&!%)&6(&\ ; ? - ."4*!;"   /)8%!   )_&6(&[&   
/![("C"  ! ' ); 
    disp( ' $*&!%)&6(&\  ),74&*"  /&/4&8(!8 ; F - ."4*!;"  /)8%!  )> -
_&6(&[& ' ); 
    disp( ' /![("C"  !  ),74&*"  /&/4&8(!8 ' ); 
end  
disp( ' ' ); 
% M%)C,1^  $"*".,4*>  $&6/!/4,.  
[ma,na]=size(A); 
if  mode==0, 
    % <,D,(!,  :*")(,(!8  V8$:(&)"  
    G=lyap(A,eye(ma)); 
elseif  mode==1, 
    BA=zeros(ma,na); 
    [L,N]=size(B); 
    BA(1:L,1:N)=B(1:L,1:N); 
    CA=eye(ma); 
    [L,N]=size(C); 
    CA(1:L,1:N)=C(1:L,1:N); 
    % <,D,(!,  )4&*&[&  :*")(,(!8  V8$:(&)"  
    G=lyap(A,BA,CA); 
end  
% )>1!/C,(!,  [C")(>_  .!(&*&)  
[L,N]=size(G);  
minor=1; 
for  i=1:N 
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    dd=det(G(1:i, 1:i)); 
    if  dd<0  
        minor=0; 
    end  
end  
disp( ' 5& 7*!4,*!a  F!C^),/4*"  *,D,(!, ' ); 
if  minor==0  
    disp( ' (,  8)C8,4/8  $&C&]!4,C^(& - &$*,6,C2((&\  ."4*!;,\ , /C, -
6&)"4,C^(& ,' ); 
    disp( ' /!/4,."  YQ W?VWQHFW AFMSHJHMOQFbM EFHJLOM?JL' ); 
else  
    disp( ' 8)C8,4/8  $&C&]!4,C^(& - &$*,6,C2((&\  ."4*!;,\ , /C,6& -
)"4,C^(& ,' ); 
    disp( ' /!/4,."  AFMSHJHMOQFbM EFHJLOM?A' ); 
end  

Q/D>, . ]\  / , B; 34=1=E >ECD93, 5DI: 
=========== EFHJLOM?JFHP FMFHQSU 5J  VW5EYJ?E ============= 
E*")(,(!,  V8$:(&)"  A^TXA-X=-Q, 
[6,  A - 7)"6*"4("8  ."4*!;"  /)8%!  ),74&*"  /&/4&8(!8  /!/4,.>  
!  ,[&  $*&!%)&6(&\ ; Q - /!..,4*!1("8  !  $&C&]!4,C^(&  &$*,6, - 
C2(("8  ."4*!;"  
  
5& 7*!4,*!a  F!C^),/4*"  *,D,(!,  
8)C8,4/8  $&C&]!4,C^(& - &$*,6,C2((&\  ."4*!;,\ , /C,6&)"4,C^(& , 
/!/4,."  AFMSHJHMOQFbM EFHJLOM?A 
 
X = 
 
    0.3416    0.0585   -0.5000    0.0640 
    0.0585    0.1712   -0.0640   -0.5000 
   -0.5000   -0.0640    1.8795    0.3670 
    0.0640   -0.5000    0.3670    2.2212 
 
=========== EFHJLOM?JFHP FMFHQSU 5J  VW5EYJ?E ============= 
E*")(,(!,  V8$:(&)"  AX+XB=-C, 
[6,  A - 7)"6*"4("8  ."4*!;"  /)8%!  ),74&*"  /&/4&8(!8  /!/4,.>  
!  ,[&  $*&!%)&6(&\ ; ? - ."4*!;"   /)8%!   )_&6(&[&   /![("C"  !  
$*&!%)&6(&\  ),74&*"  /&/4&8(!8 ; F - ."4*!;"  /)8%!  )>_&6(&[&  
/![("C"  !  ),74&*"  /&/4&8(!8  
  
5& 7*!4,*!a  F!C^),/4*"  *,D,(!,  
8)C8,4/8  $&C&]!4,C^(& - &$*,6,C2((&\  ."4*!;,\ , /C,6&)"4,C^(& , 
/!/4,."  AFMSHJHMOQFbM EFHJLOM?A 
 
X = 
 
    1.0480   -0.3076    0.0933    0.0200 
    0.2279   -0.0000    0.0350    0.0200 
   -3.6667    1.0000   -0.0000         0 
   -1.0000    0.0000   -0.0000         0 
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1.10 6L K?CL 

1) O / , B; 34=1=, >EJ635, 5DG H65=/ 63456I  / 1?6=E ?E31 >EJ635, 51 
3D5, 1/ DB1VDG 5, 3D5, I 5EW W1/ 1H=, / D9=DH =/ , 5DG J6 U; 365;  D J63; C,51 9D-
9=,\1  3D5, I 5EW . DYY, / , 5VD1345EW ; / 1>5, 5DI . >; W\19956I  J/D>, . , 556I  
/ 19C]=56I  9W, \E . 

2) "J / , . , 3, 5E C19=6=E D Y6/ \E  96?9=>, 55EW H63, ?15DI J/ D>, . ,5 -
56I  / 19C]=56I  9W, \E . 

3) e . , 5=DYDVD/6 >151 9=/ ; H=; /5 1G 9W, \1  \ 6. , 3D/; ,\ 6I  9D9=,\E , 96-
9=6GK,I  DB . >;W Y6/ 9D/ ; @K, -H63, ?1=, 345EW B>, 54,> D . >;W H63, ?1=,34-
5EW B>, 5,> 9 J69=6G55E\  H6l YYDVD, 5=6\  ; 9D3, 5DG. 

4) $  J6\ 6K4@ J1H, =1 J/ DH31. 5EW J/ 68/ 1\\  Control System Toolbox, 
>W6. GKDI > 969=1> \1=,\1 =DC, 9H686 J/ 68/ 1\ \ 5686 J/ 6. ; H=1 MATLA B, 
6J/ , . , 3, 51 l H>D>13, 5=51G J, / , . 1=6C51G \1=/ DV1 \ 6. , 3D/ ; ,\ 6I  9D9=,\E . 

5) Q/D DB>,9=56I  J, / , . 1=6C56I  \1 =/ DV, \ 6. , 3D/ ; ,\ 6I  9D9=,\E  J6-
9=/ 6, 5E 3681/ DY\ DC,9HD, C19=6=5E,  D >/ ,\ , 55E,  W1/ 1H=, / D9=DHD. S513DB 
J, / , W6. 5EW Y; 5HVDI * D/ 1H1 J6H1B13, C=6 . 3G \199E mn J, / , / ,8; 3D/6>1-
5D, 969=1>3G,= ymn = 22,4 % (29,6 %), 1 . 3G \199E m1 – ym1 = 29,6 % (13,9 
%); >/ , \G J, / , W6.5 EW H63, ?1=,345EW J/ 6V,996> . 3G \ 199E mn 969=1>3G,= 
tmn = 2,66 9 (2,66 9), 1 . 3G \199E m1 – tm1 = 2,66 9 (2,45 9), C=6 \ , 5,,  .6 J; -
9=D\ EW 2-W J, /D6.6> 9>6?6. 5EW H63, ?15DI. $3, . 6>1=,3456, \ 6. , 3D/; ,\1G 
\, W15DC,9H1G 9D9=, \1  9J/ 6,H=D/6>151 ; .6 >3,=>6/ D=,3456. 

6) OEJ635, 56 CD93, 556,  D5=, 8/ D/ 6>15D, \ 6. , 3D/; ,\ 6I  9D9=,\E  
J/D B1. 1556\  >5, F 5,\  >6B. , I 9=>DD Pn D P1. Q6H1B156 5, B51CD=,3456,  .D-
51\ DC,9H6, 6=H365, 5D, \ 6. , 3D/ ; ,\ EW \ 199 6= B1. 155686 >5,F 5,86 >6B-
. , I 9=>DG. 

7) $6831956 ; / 1>5, 5DG\ S.f . ) GJ; 56>1 \ 6. , 3D/ ; ,\1G =/ 159J6/ =51G 
9D9=,\1  J/ , . 9=1>3G,= 96?6I  19D\ J=6=DC,9HD ; 9=6I CD>;@ 9D9=,\; . 
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2 + 2 2 X#*  6( %+#  . /  " #2 2  6  _( . 9 2 '(  
, # [ ( %+ 1# 2 '  r  2 + 2 4#,s  . /+  '/ 9 4+ X] %s[  

'  X#` ( %+ f[  

 
 D9; 56H 2.1 –  19C] =51G 9W,\1  \ , W15DB\1  

 
e 9W6. 5E,  . 155E, : Jp=1,5×10-2 H8×\ , J1=1,0×10-2 H8×\ , J2=2,0×10-2 H8×\ , 

J3=1,5×10-2 H8×\ , J4=1,8×10-2 H8×\ , J5=1,7×10-2 H8×\ , J6=2,4×10-2 H8×\ ,  
C1=1,5×104 _ ×\ 2// 1. , C2=2,1×106 _ /\ , C3=1,0×104 _ ×\ 2// 1. , C4=2,0×106 _ /\ , 
C5=1,8×104 _ ×\ 2// 1. , C/ =0,5×104 _ ×\ 2// 1. , w1=72 / 1. /9, w2=30 / 1. /9, w3=30 
/ 1. /9, M, =2,5×102 _ ×\ . 

2.1 .M DK; C; >D; nDSD:;E GDQ K; I D: D> G ?C>?T MOSA;M>?EBD 

" J/ , . , 3D\  J, / , . 1=6C5E,  6=56F , 5DG 9W, \E  

!"# =
$ %

$ %%
=

120
100

= 1,2; !"# =
$ %%

$ %%%
=

100
76

= 1,316. 

8.,  wI, wII, wIII – ; 836>E,  9H6/ 69=D 966=>,=9=>; @KDW >136>. 
_ 1I. ]\  H/ ; =GKDI \ 6\ , 5= 51 H1A.6\  DB >136>: 

·  >, . ; K,86 >131 (>131 J/ D>, . , 5DG), & %= & ' = 250 (  * ; 
·  J/ 6\ , A; =6C5686 >131, & %%= & % !"# = 250  1,2 = 300 (  * ;  
·  >, . 6\ 686 >131, & %%%= & %% !+, = 300  1,316 = 394,737 (  * .  

" J/ , . , 3D\  B51C, 5DG =/ , ?; ,\ EW . D1\, =/6> >136>, 6H/ ; 83D> J63; -
C,55E,  B51C, 5DG .6  ?3DA1I F ,86 ?634F , 86 J6 L" $b  2590-88 

- %= .
5  &%

[/ 0 ]

1

= .
5  250
20  102

1

= 0,04 * ; 

- %%= .
5  &%%

[/ 0 ]

1

= .
5  300
20  102

1

= 0,042 * ; 
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- %%%= .
5  &%%%

[/ 0 ]

1

= .
5  394,737

20  102

1

= 0,046 * . 

8.,  [t H] – . 6J; 9H1,\6,  51J/ GA, 5D, 51 H/ ; C,5D,. 
_ 1I. ]\  / 1.D;9 51C13456I  6H/ ; A569=D F,9=, / ]5  J3 D J5 

3" =

45  .
& % 467  (!"# + 1 )

8 95  [: ; ]#  !"#

1

2
,           

 3+ =

45  .
& %% 467  (!+, + 1 )

8 95  [: ; ]#  !+,

1

2
, 

8.,  f  – H/ ; =GKDI \ 6\ , 5=, J, / , . 1>1,\ EI  F,9=, / 5,I , _ .\ ; 
Ud – . 3G J/ G\ 6B; ?EW J, / , . 1C Ud = 0,77; 
UHb – H6l YYDVD, 5= 5, / 1>56\ , / 569=D / 19J/ , . , 3, 5DG 518/ ; BHD J6 FD-

/ D5,  >, 5V1 B; ?C1=686 B1V, J3, 5DG, . 3G J/ G\ 6B; ?EW J, / , . 1C UHb = 1; 
i12 – J, / , . 1=6C56,  CD936 B; ?C1=6I  J, / , . 1CD; 
z bd –  H6l YYDVD, 5= F D/ D5E >, 5V1 B; ?C1=686 H63, 91 J6 9/ , . 5,\;  .D1-

\,= /;  (z bd{ 0,3); 
< =1s  – . 6J; 9H1,\ 6,  H65=1H=56,  51J/ GA, 5D,. 

3" =
0,77  < 250  1  (1,2 + 1 )

0,3  790#  1,2
1

2
= 0,052 * ; 

3+ =
0,77  < 300  1  (1,316 + 1 )

0,3  790#  1,316
1

2
= 0,054 * . 

& ]9=H69=4 B; ?C1=686 B1V, J3, 5DG J/D>, . ]\  H l H>D>13, 5=56I  A]9=H6-
9=D >131: 

=#>? = =#  3+
# = 2,1  102  0,052# = 5653,86 (  * / ?A' ; 

=,>? = =,  3C
# = 2,0  102  0,054# = 5917,3 (  * / ?A' . 

U6l YYDVD, 5=E 96J/6 =D>3, 5DG H63, ?15DG\, _ |\ |9// 1. , 6J/ , . , 3D\  J6 
Y6/ \ ; 3, : 

D = 2  E  F  $G = 2  E  F  .
=
F

= E  H4  F  =, 

8.,  F – ?, B/ 1B\ , /5 EI  H6l YYDVD, 5= . ,\ JYD/6 >15DG Y/ DHVD655EW 
9>GB,I ; 

J – \ 6\, 5= D5, / VDD, H8|\ 2; 
C – H6l YYDVD, 5= ; J/ ; 869=D, _ |\ // 1. . 

D" = E  < 4  FI  =" = 6  
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D#>? = E  < 4  F"  J=" + =#>?K= 5,749 

D+ = E  < 4  F#  J=#>? + =+K= 7,078 

D, >? = E  < 4  F+  J=+ + =,>? K= 6,181 

DC = E  < 4  F,  J=,>? + =CK= 8,3 

D? = E  < 4  FC  J=C + =?K= 7,909 

DL = E  < 4  F2  J=? + =LK= 277,162 

2.2 . ?EBM?; >D; AOB; AOBD:;E G?T A?C; ID  

UD5,\1= DC,9H1G 9W, \1  6JD9E>1,=9G 93, . ; @K,I  9D9=,\ 6I  . DYY, / ,5 -
VD1345EW ; / 1>5, 5DI: 

'' ' '
1 1 1 1

'' ' ' ' '
1 1 1 1 2 1 2 1 1 2 1 2

'' ' ' ' '
2 2 2 1 2 3 2 3 2 1 2 3 2 3

'' ' ' ' '
3 3 3 2 3 4 3 4 3 2 3 4 3 4

( ) ( )

( ) ( ) ( ) ( ) 0

( ) ( ) ( ) ( ) 0

( ) ( ) ( ) ( ) 0

p p p p G

p &( p &(

&( &(

&( &(

J C M

J C C

J C C

J C C

J

+ - + - =

- - + - - - + - =

- - + - - - + - =

- - + - - - + - =

j j j b j j

j j j j j b j j b j j

j j j j j b j j b j j

j j j j j b j j b j j
'' ' ' ' '

4 4 4 3 4 5 4 5 4 3 4 5 4 5

'' ' ' ' '
5 5 5 4 5 5 6 5 4 5 5 6

'' ' ' '
6 6 5 6 5 6 6 6

( ) ( ) ( ) ( ) 0

( ) ( ) ( ) ( ) 0

( ) ( ) C

&( &(

p p

p p p k k

C C

J C C

J C M

- - + - - - + - =

- - + - - - + - =

- - - - = - -

j j j j j b j j b j j

j j j j j b j j b j j

j j j b j j j b j

 (2.1) 

8.,  J1, J2, J3, J4, J5, J6 – \ 6\ , 5=E D5, / VDD, H8|_ 2// 1.  
} 1, } 2, } 3, } 4, } 5, } 6, } p – H6l YYDVD, 5= 96J/ 6=D>3, 5DG 
C1, C3, C5, Cp, – ; 836>1G A]9=H69=4 ; J/ ; 8DW 9>GB,I , _ |\ // 1. ; 
C2J/ , C4J/  – 3D5, I5 1G A,9=H69=4 >131, _ /\ ; 
Ck – A,9=H69=4 / 1?6C,86 6/ 8151, _ |\ // 1.  (Ck=20·106 _ |\ // 1. ); 
f ,  – \ 6\, 5= . >DA; KDI, _ |\ : 

 !  !1 11 2
(t) sin t sin 3 t

,
M z w z w( %  

f (  – \ 6\ , 5= / ,1H=D>5EI , _ |\ : 
 !  !3 2 4 2(t) sin t sin 3 t(M z w z w( %  

w1 ,w2, w3, w4, w5, w6, w(  – 6?6?K] 55E,  H66/. D51=E; 
O>, . ]\  > / 199\ 6=/ , 5D, H66/ . D51=E 969=6G5DG Y/ DHVD6556I  9D9=,-

\E  > Y6/ \,  >, H=6/1 H66/ . D51= 969=6G5DG S 
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0 1 2 3 4 5 6 7 8 9 10 11 12 13

' ' ' ' ' ' '
1 2 3 4 5 6 1 2 3 4 5 6

(                                      )

  (                           )

T

T
p p

S s s s s s s s s s s s s s s= =

= j j j j j j j j j j j j j j
 

Q63; CD\  9D9=,\;  . DYY, / , 5VD1345EW ; / 1>5, 5DI > H66/ . D51=1W 96-
9=6G5DG 

'
0 7

'
1 8

'
2 9

'
3 10

'
4 11

'
5 12

'
6 13

'
7 1 0 1 1 7 8

'
8 1 0 1 2 1 2 1 7 8 2 8 9

1

'
9 2 1 2 3 2 3 2 8 9 3 9 10

2

'
10 3 2 3

3

1
[ ( ) (s ) )

1
[ ( ) (s ) ( ) ( )]

1
[ (s ) (s ) ( ) ( )]

1
[ (s

G
p

&( &(

&( &(

s s

s s

s s

s s

s s

s s

s s

s C s s s M
J

s C s s C s s s s s
J

s C s C s s s s s
J

s C s
J

=

=

=

=

=

=

=

= - - - - +

= - - - + - - -

= - - - + - - -

= -

b

b b

b b

4 3 4 3 9 10 4 10 11

'
11 4 3 4 5 4 5 4 10 11 5 11 12

4

'
12 5 4 5 5 6 5 11 12 12 13

5

'
13 5 6 6 12 13 13

6

) (s ) ( ) ( )]

1
[ (s ) (s ) ( ) ( )]

1
[ (s ) (s ) ( ) ( )]

1
[ (s ) C ( ) ]

&( &(

&( &(

p p

p k p k p

C s s s s s

s C s C s s s s s
J

s C s C s s s s s
J

s C s s s s s M
J

- - + - - -

= - - - + - - -

= - - - + - - -

= - - + - - +

b b

b b

b b

b b

 

* 3G J69=/ 6, 5DG J, =3D 8D9=, / , BD91 D J693, . ; @K,86 6J/ , . , 3, 5DG C1-
9=6=5EW W1/ 1H=, / D9=DH 6?a,H=1 > 9>GBGW \ 6. , 3D/ ; ,\ 6I  9D9=,\E  6J/ , ., -
3D\  >, 3DCD5E ; J/ ; 86-.D99DJ1=D>5EW 9>GB,I , _  
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1 1

1 2 1 2 1

2 3 2 3 2

3 4 3 4 3

4 5 4 5 4

5 5 5

6 6 6

p p p

pr pr

pr pr

p p

k k

F d C

F d C

F d C

F d C

F d C

F d C

F d C

= × + ×

= × + ×

= × + ×

= × + ×

= × + ×

= × + ×

= × + ×

b j j

b j j

b j j

b j j

b j j

b j j

b j j

  (2.2) 

2.3  =?E>?KO>D; : OEB?B>?T A?C; ID . 

Q/ , . 9=1>D\  l 3, \ , 5= HD5,\1 =DC,9H6I  9W, \E  9 A] 9=H69=4@ C2 > Y6/ -
\,  =1H 51BE>1,\ 686 «C]/ 5686 GKDH1» (/ D9; 56H 2.1) 9 6. 5D\  >W6.5 E\  D 6. -
5D\  >EW6.5 E\  D5Y6/ \ 1VD655E\D  9D85131\D D J/ D\ , 5D\  \1=,\1 =DC,9HDI 
1JJ1/ 1= VDY/ 6>6I  6?/ 1?6=HD 9D85136> . 3G 1513DB1 C19=6=5EW W1/ 1H=, /D-
9=DH. 

O/ , \ , 551G / ,13DB1VDG 
 
 
 
 

h19=6=51G / ,13DB1VDG 

t ; ?C1=6, 
B1V, J3, 5D, C2 

N t  

Wt N(ih ) 

N(h ) t (h ) 

 
N – >W6.5 6,  9D36>6, >6B. , I 9=>D,; ~ – >EW6. 56, 9D36>6,  >6B. , I 9=>D, 

 D9; 56H 2.1 – Q/ , . 9=1>3, 5D, 9D9=,\E  > >D.,  «C] / 5686 GKDH1» 
 
" 956>56I  V, 34@ 9J,H=/ 1345686 1513DB1 G>3G,=9G 6V, 5D>15D, 9J,H-

=/ 1345EW W1/ 1H=, /D9=DH 93; C1I 5EW .D51\ DC,9HDW J/ 6V,996> D 6?51/ ; A, -
5D, > 5DW J, / D6. DC,9HDW 969=1>3G@KDW. 

Q/D 6J/ , . , 3, 5DD H6\ J3,H95686 H6l YYDVD, 5=1 J, / , . 1CD 9D9=,\E  
D9J634B; ,\  \,= 6.  ; 9/ , . 5] 55EW J, / D6.68/ 1\\  Nl 3C1 [1] J/D >ECD93, 5DD 
9J,H=/ 13456I  J36=569=D \ 6K569=D ($Qf ), G>3G@K, I 9G \, / 6I  D5=, 59D>-
569=D 9D85131 D , 86 J/ 69=, I F DW 969=1>3G@KDW. 

U6\ J3,H95EI  H6l YYDVD, 5= J, / , . 1CD 9D9=,\E  6J/ , . , 3D=9G >E/ 1A,-
5D,\  

  !
 !

 !
N

N
NN

P i
W i

P
t

t
w

w
w

(   (2.3) 

8.,  J, / D6. 68/ 1\\1  6J/ , . , 3G,=9G >E/ 1A, 5D,\ : 
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< =
< =

< =
< =

*2 21

1 0
1 1

2

0

221

1 0
1 1

2

0

1

1
;

1

1

1
,

1

km kmn i i
n n

k k k k
N m

N n

m
m

kmn i
n

k k
NN m

NN n

m
m

w e w N e
S k n

P k
FU F

w
n

w N e
S k n

P k
FU F

w
n

p p

t
t

p

t
w

w

w
w

* * $ * $

(
*

(

* * $

(
*

(

5 6 5 67 78 87 77 78 8$ $9 : 9 :
( ( $

$

5 678 778$ 9 :
( ( $

$

>

>

>

>

 

8.,  F – , . D5DV1 C19=6=E 6VDY/ 6>155686 9D85131; 
 U – l 5, / 8DG . D9H/ , =56->/ , \ , 55686 6H51; 
 S~N, SNN – H>1./ 1= 1\ J3D=; .5 EW 81/ \ 65DH J/ , 6?/ 1B6>15DG +; / 4,; 
 wk – 6=9C]=E J/ D\ , 5] 556I  >, 96>6I  Y; 5HVDD 6H51; 
 *  – H6\ J3,H956,  96J/ GA, 5D, >ECD93, 556I  Y; 5HVDD; 
 v 1 – C19=6=1 J, / >6I  81/ \ 65DHD J/ , 6?/ 1B6>15DG (91\ 1G 5DBH6C19=6=-

51G 969=1>3G@K1G), v 1 = 1 / T; 
 T – J, / D6. 6VDY/ 6>HD . 155EW, 9; 
 n – H63DC,9=>6 6VDY/ 6>155EW CD9,3 > , . D5DV; >/ ,\, 5D. 

2.4 . ?EBM?; >D; D O>OIDS KM; A; >>LQ QOMOGB;MDEBDG 

Q/D ; 9=6I CD>6I  9D9=,\,  D9H6\ E,  Y; 5HVDD J, / , W6. 56I  Y; 5HVDD 
i l>D91I .1  h(t) D D\ J; 34956I  Y; 5HVDD * D/ 1H1 w(t) \ 6A56 J63; CD=4, ,93D 
51 >W6. J63; C,556I  \ 6. , 3D C19=6=56I  J, / , . 1=6C56I  Y; 5HVDD W~N(iv ) (4) 
J6. 1=4 >W6. 5E,  >6B. , I 9=>DG 966=>,=9=>, 556 Y; 5HVDG\D  i l>D91I .1  1(t) D 
* D/ 1H1  (t) = 1!(t). 

' .D5DC51G 9=; J, 5C1=1G Y; 5HVDG \ 856>, 556 >B/ 19=1,= 6= 5; 3G .6  
, . D5DVE D . 13,,  69=1]=9G 5, DB\ , 55E\  [1] 

0, J/D 0;
( ) 1( )

1, J/D 0.

t
N t t

t

? @,,( ( A, B,C
 

L/ 1YDH J, / , W6.5 6I  Y; 5HVDD, =6 , 9=4 B1>D9D\ 69=D h(t) 6= >/ ,\ , 5D t, 
51BE>1@= J, / , W6.5 6I  D3D / 1B86556I  W1/ 1H=, / D9=DH6I , 96J/ 6>6A. 1@K,I  
/ 1?6=; l 3,\, 5=1 HD5,\1 =DC,9H6I  9W, \E  J/D J, / , W6.,  6= 6.5 686 9=1VD6-
51/5 686 / , AD\1  / 1?6=E H . / ; 86\; , =1HA,  9=1VD651/ 56\; . 

* , 34=1-Y; 5HVDG * D/ 1H1 d(t) – l =6 D\ J;349, J36K1.4  H6=6/ 686 / 1>51 
, . D5DV, J/D . 3D=,34569=D Dt, / 1>56I  5;3@, D >E96=,, / 1>56I  ?, 9H65, C56-
9=D 

, J/D 0;
( ) ( ) 1(t)

0, J/D 0,

td
N t t

tdt

?D (,,( E ( ( A, F,C
 

8.,  1H(t) – J/ 6DB>6.5 1G J6 >/ ,\ , 5D 6= Y; 5HVDD i l>D91I.1 . 
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e \ J; 34951G J, / , W6.5 1G Y; 5HVDG w(t), D51C, 51BE>1,\ 1G >,96>6I  
Y; 5HVD,I  (Y; 5HVD,I  >,91), J/ , . 9=1>3G,= 96?6I  / , 1HVD@ . D51\ DC,9H6I  9D-
9=,\E  51 , . D5DC56, D\ J; 34956, >6B. , I 9=>D, d(t) J/D 5; 3, >EW 51C1345EW 
; 936>DGW.  

L/ 1YDH D\ J; 34956I  J, / , W6. 56I  Y; 5HVDD 51BE>1@= D\ J; 34956I  J, -
/ , W6. 56I  W1/ 1H=, / D9=DH6I , 6. 56B51C56 6V, 5D>1,= W1/ 1H=,/  H63, ?15DI > 
93; C1, >5, B1J56 J/ D36A, 55EW D\ J; 3495EW >5, F 5DW >6B. , I 9=>DI. 

' 93D J/D D9J634B6>15DD > \ 6. , 3D l 3, \, 5=1 HD5,\1 =DC,9H6I  9W, \E  
; H1B155EW Y; 5HVDI i l>D91I .1  D * D/ 1H1 >EW6. 56I  9D8513 ; .6 >3,=>6/ G,= 
6J/ , . , 3] 55E\  ; 936>DG\, =6 C19=6 \ 6A56 9CD=1=4, C=6 65 =,\  ?63,,  ?; . ,= 
; .6 >3,=>6/ G=4 D\  D J/D D5EW W1/ 1H=, / 5EW >6B. , I 9=>DGW. 

* 3G 6J/ , . , 3, 5DG >/ ,\, 55EW W1/ 1H=, / D9=DH 1513DBD/; ,\ 686 6?a,H=1 
D9J634B; ,\  9J696? O.O. $636.6 >5DH6>1 [3]. "5  J6B>63G,= J69=/ 6D=4 H/D-
>;@ J, / , W6. 5686 J/ 6V, 991, ,93D . DYY, / , 5VD1345E,  ; / 1>5, 5DG 6?a,H=1 5,  
DB>,9=5E, 1 B1. 1@=9G l H9J, /D\ , 5=13456 95G=E\D  C19=6=5E\D  W1/ 1H=, /D-
9=DH1\D . O l =6\  93; C1, >EW6.5 6I  6=H3DH 6?a,H=1 51 Y; 5HVD@ i l>D91I .1  
1(t) > >D.,  J, / , W6.56I  Y; 5HVDD h(t) . 3G J636AD=,345EW D 6=/ DV1=, 345EW 
6=9C]=6> >/ ,\ , 5D \ 6A56 J63; CD=4, D9J634B;G D5=,8/ 13 

  !  !
 !

max

2

max 0

4 sin 2
2

t
h t P d

w

pw
w w

w pw
( $/   (2.4) 

8.,  v max – \1H9D\1 3451G C19=6=1 6VDY/ 6>155686 9D85131, v max = 1 / " t; 
 " t – J, / D6. >/ ,\ , 5D 6VDY/ 6>155EW . 155EW 1513DBD/ ; ,\ EW 9D3 

56/ \1 345686 >6B. , I 9=>DG D =158, 5VD1345686 9\ , K, 5DG; 
 P(v ) – >,K,9= >, 551G C19=6=51G W1/ 1H=, /D9=DH1. 
b68.1  D\ J; 3495;@ Y; 5HVD@ * D/1H1 w(t) > 966=>,=9=>DD 9 6J/ , . , 3D\  

. DYY, / , 5VD/ 6>15D,\  J, / , W6. 56I  Y; 5HVDD. 
b1HA, DB>,9=56, C=6 J6 DB>,9=5E\  B51C,5DG\ J, / , W6. 56I  Y; 5HVDD 

i l>D91I .1  h(t), \ 6A56 J63; CD=4 >EW6. 56I  6=H3DH 9D9=,\E  ~(t) 51 J/ 6DB-
>63456,  >W6. 56, >6B. , I 9=>D, N(t), D9J634B;G 9>6I 9=>1 9>] / =HD 9D85136> D 
D5=,8/ 13 * @1\, 3G [10] 

  !  !  !  !  !  !  !*

0

* 0
t

d
t N t h t N h t N t h t d

dt
t t t( ( $ % * $/ . (2.5) 

b1HD\  6?/ 1B6\ , J/D l H9J, / D\ , 5=13456\  6J/ , . , 3, 5DD C19=6=5EW D 
>/ ,\ , 55EW W1/ 1H=, /D9=DH, \E  \ 6A,\  6J/ , . , 3D=4 >/ ,\ , 55E,  6V, 5HD H1C,-
9=>1 \ 6. , 3D/ ; ,\ 6I  9D9=,\E : 

-  ; 9=156>D>F1G9G 1\ J3D=; .1  J, / , W6. 56I  Y; 5HVDD h; 9= = h(tmax); 
-  >/ ,\G  51/ 19=15DG t>, W1/ 1H=, / DB; @K1G . 3D=,34569=4 J/ 6=, H15DG J, -

/ , W6. 5686 J/6 V,991 (6?EC56 l =6 =6= J/ 6\,A ; =6H >/ , \ , 5D, > =,C, 5D, H6=6-
/6 86 / , 1HVDG 9D9=, \E  51 Y; 5HVD@ i l>D91I .1  . 69=D81,= >, 3DCD5E 1 –
 1 / * {  63,2 %. O l =6\  93; C1, J69=6G551G >/ ,\, 5D B>, 51 T W1/ 1H=, / DB; ,= 
>/ ,\G  ; ?E>15DG / , 1HVDD 9D9=, \E  .6  ; /6 >5G 1 / * {  36,8 % 6= 9>6, 86 J, / >6-
51C1345686 B51C, 5DG, 8.,  e {  2,718); 
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-  >/ ,\G  / ,8; 3D/6>15DG tp – D5=, / >13 >/ , \, 5D, J6 D9=, C,5DD H6=6/6 86 
6=H365, 5D, J, / , W6. 56I  W1/ 1H=, /D9=DHD 6= ; 9=156>D>F ,869G B51C, 5DG h;/5  
5,  J/ , >EF1,= 5, H6=6/6I  B1. 1556I  >, 3DCD5E |h(t) – h;/5 | # "  = 0,05, D W1-
/ 1H=, / DB; ,= ?E9=/6 . , I 9=>D, 9D9=, \E . h,\  \, 54F,  >/ , \G / ,8; 3D/6>15DG 
96?9=>, 55686 J, / , W6.5 686 . >DA, 5DG J/D 6=/ 1?6=H, Y; 5HVDD >H3@C, 5DG 
1(t), =,\  ?63,,  ?E9=/ 6. , I 9=>; @K,I  G>3G,=9G 9D9=,\1 ; 

-  J, / , / ,8; 3D/6>15D,, >E/ 1A, 556,  > J/ 6V, 5=1W max 100%;/5

; /5

h h

h
s

*
( $ ; 

-  J, /D6.  H63, ?15DI, 9:  !  !max max 2T t h t h( * ; 

-  . , H/ ,\ , 5= H63, ?15DI, W1/ 1H=, / DB; @KDI B1=; W15D, H63, ?15DI B1 
6. D5  

J, /D6.  H63, ?15DI T: max

max 2

ln ;/5

;/5

h h

h h
d

*
(

*
 

-  . 6?/6 =569=4 H63, ?1=,345686 H65=; /1 , \, /1  6=569D=,3456I  . D99DJ1-
VDD (/ 199,D>15DG) l 5, / 8DD, W1/ 1H=, /DB;@K1G H1C,9=>6 H63, ?1=,3456I  9D-
9=,\E . * 6?/ 6=569=4 W1/ 1H=, /DB; ,= 6=56F, 5D, J6356I  l 5, / 8DD W, B1J19]5 -
56I  9D9=,\ 6I , H l 5, / 8DD W5( , H6=6/ 1G =, / G, =9G > H63, ?1=,3456I  9D9=,\,  B1 
6. D5 J, / D6. 9>6?6. 5EW H63, ?15DI. h,\  ?634F,  .6 ?/ 6=569=4 H63, ?1=,34-
56I  9D9=,\E , =,\  \ , 54F,  J6=, /D l 5, / 8DD > 9D9=,\,  B1 6. 56 H63, ?15D, D 

\, . 3, 55,,  B1=; W1@= H63, ?15DG. Q
p
d

G  

-  CD936 H63, ?15DI n, > / , B; 34=1=, H6=6/EW 1\ J3D=; .1  H63, ?15DI 

; \, 54F D=9G > 2,7 / 1B B1 >/ ,\G  / , 31H91VDD Y/ DHVD655EW 9>GB,I  tp 
1

n
d

G  

2.5  k; >GO VHMVp?-CDEEDHOBDK>LQ QOMOGB; MDEBDG 

U H69>, 55E\  6V, 5H1\  H1C, 9=>1 > =,6/ DD 1>=6\1 =DC,9H686 ; J/ 1>3,-
5DG 6=569G= D5=,8/ 1345E,  6V, 5HD. e 5=,8/ 1345E,  6V, 5HD . 1@= 6?6?K]5 -
5;@ 6V, 5H; ?E9=/ 6=E B1=; W15DG D >, 3DCD5E 6=H365, 5DG / , 8; 3D/ ; ,\ 6I  >,-
3DCD5E > 96>6H; J569=D, ?,B 6J/ , . , 3, 5DG =686 D ./ ; 8686 > 6=. , 34569=D. 
e 5=,8/ 1345E,  W1/ 1H=,/ D9=DHD ; .6 ?5E . 3G 9D9=,\  ; J/ 1>3, 5DG Y/ DHVD65-
5E\D  9D9=,\ 1\D, =1H H1H . 1@= , . D5EI  CD936>6I  H/D=, / DI H1C,9=>1. _ , .6 -
9=1=H6\  G>3G,=9G =6, C=6 6. 5D\  D =,\  A,  B51C, 5DG\ D5=,8/ 13456I  6V, 5HD 
966=>,=9=>; @= / 1B3DC5E,  Y6/ \E  . D51\ DC, 9HDW J, / , W6. 5EW J/ 6V,996>, 
C=6 96B. 1]= 5, . 69=1=6C5;@ 6J/ , . , 3] 5569=4 / ,F , 5DG B1. 1CD. " . 51H6 65D 
J6B>63G@= 9/ 1>5D=4 / , B; 34=1=E \1=, \ 1=DC, 9H686 D3D YDBDC,9H686 \ 6., -
3D/ 6>15DG J/D 6. D51H6>EW 518/ ; B6C56-9H6/ 69=5EW ; 936>DGW l H9J3; 1=1-
VDD. 

* 3G 6V, 5HD ; J/ ; 86-.D99DJ1=D>5EW W1/ 1H=,/ D9=DH ?E3D J/ , . 36A, 5E 
93, . ; @KD, [4, 5, 6]: 
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-  I C – D5=,8/ 13451G 6V, 5H1 l 5, / 8DD ; J/ ; 86-D5, / VD655EW 9D3 Y/ DH-
VD655686 >B1D\ 6. , I 9=>DG 6?a, H=1, 9J696?9=>; @KDW 9?3DA, 5D@ H65=1H=D-
/ ; @KDW J1/  =/ , 5DG 

 !

max

2

0

1
CI P d

n

w

w w( / , ,93D P(v ) $ 0, 

8.,  P(v ) – >,K,9= >, 551G C19=6=51G Y; 5HVDG; 
 v max – \1H9D\1 3451G C19=6=1 6VDY/ 6>155686 9D85131, v max = 1 / " t; 
n – H63DC,9=>6 C19=6=5EW 81/ \ 65DH. 
-  Im – D5=,8/ 13451G 6V, 5H1 l 5, / 8DD D5, / VD655EW 9D3 Y/ DHVD6556-

86 >B1D\ 6. , I 9=>DG 6?a, H=1, 9J696?9=>;@KDW / 69=; J6=,/D 9=1?D34569=D 
Y/ DHVD6556I  9>GBD 

 !

max

2

0

1
mI P d

n

w

w w( / , ,93D P(v ) < 0; 

-  I P – D5=,8/ 13451G 6V, 5H1 l 5, / 8DD ; J/ ; 86-D5, / VD655EW 9D3 Y/DH-
VD655686 >B1D\ 6. , I 9=>DG 6?a,H=1 

 !

max

2

0

1
PI P d

n

w

w w( / ; 

-  I Fc – D5=,8/ 13451G 6V, 5H1 l 5, / 8DD 9D3 96J/ 6=D>3, 5DG H63, ?15DG\ 

 !

max

2

0

1
FcI Q d

n

w

w w( / , ,93D Q(v ) # 0, 

8.,  Q(v ) – >,K,9= >, 551G C19=6=51G Y; 5HVDG. 
-  I Fp – D5=,8/ 13451G 6V, 5H1 l 5, / 8DD 9D3 =/ , 5DG, >6B5DH1@KDW > /, -

B;34=1=, Y/DHVD655EW 1>=6H63, ?15DI 6?a,H=1 

 !

max

2

0

1
FpI Q d

n

w

w w( / , ,93D Q(v ) > 0; 

-  I Q – D5=,8/ 13451G 6V, 5H1 . D99DJ1=D>56I  l 5, / 8DD 6?a,H=1, =6 ,9=4 
9D3 =/ , 5DG, >EBE>1@KDW H1H 96J/ 6=D>3, 5D, 6=569D=,3456\;  9\,K, 5D@, 
=1H D 9D3 =/ , 5DG, >EB>155EW Y/ DHVD655E\D  1>=6H63, ?15DG\D  

 !

max

2

0

1
QI Q d

n

w

w w( / ; 

" =56F , 5D, IQ / IP J/ 6J6/ VD6513456 H6/ 5, >6\;  J6H1B1=,3@ H63, ?1-
=,34569=D, 93, . 6>1=, 3456 . 3G 6V, 5HD ?, B/ 1B\ , / 56I  >, 3DCD5E H6l YYDVD-
, 5=1 . ,\ JYD/6>15DG I u D9J634B; ,\  >E/ 1A,5D, 
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2

1

1
1

Q

P

I

I
I

x (

%
5 678 78 789 :

, 

8.,  IQ – 6V, 5H1 . D99DJ1=D>56I  C19=D l 5, / 8DD; 
 IP – 6V, 5H1 H659, / >1=D>56I  C19=D l 5, / 8DD. 

2.6 / ; SVI UBOBL MOE:i BO AOB; AOBD:;E G?T A?C; ID  

O J/D36A, 5DD 1 J/ , . 9=1>3, 51 J/ 68/ 1\\1 , 51JD91551G > MathCAD 
15, . 3G / 19C]=1 \1 =,\1= DC,9H6I  \ 6. , 3D CD93, 55E\  \, =6. 6\  D5=, 8/ D/ 6>1-
5DG, 6V, 5HD C19=6=5EW D >/ , \ , 55EW W1/ 1H=, / D9=DH, 1 =1HA,  6V, 5HD 1. ,H-
>1=569=D J63; C,556I  \ 6. , 3D. _1 / D9. 2.2 – / D9. 2.8 J/ , . 9=1>3, 5E / , B; 34-
=1=E CD93, 55686 \ 6. , 3D/6>15DG l 3,\ , 5=6> HD5,\1 =DC,9H6I  9W, \E . 

 

 
1 – /6 =6/1 . >D81=,3G; ? – >, . ; K,I  F,9=, / 5D 1; > – >, . 6\ 6I  F,9 =, / 5D 2;  
8 – >, . ; K,I  F,9=, / 5D 3; .  – >, . 6\ 6I  F,9=, /5D 4; ,  – / 1?6C,86 6/ 8151 5;  
A – / 1?6C, 86 6/ 8151 6 

 D9; 56H 2.2 – O/ , \ , 55E,  Y; 5HVDD ; 836>EW 9\ ,K , 5DI >6 >/ ,\, 5D  
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1 – /6 =6/1 . >D81=,3G; ? – >, . ; K,I  F,9=, / 5D 1; > – >, . 6\ 6I  F,9 =, / 5D 2; 
8 – >, . ; K,I  F,9=, / 5D 3; .  – >, . 6\ 6I  F,9=, /5D 4; ,  – / 1?6C,86 6/ 8151 5; 
A – / 1?6C, 86 6/ 8151 6 

 D9; 56H 2.3 – + 1B6>E,  =/ 1,H=6/DD . >DA, 5DG \199 \ 6. , 3D 
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1 – /6 =6/1 . >D81=,3G; ? – >, . ; K,I  F,9=, / 5D 1; > – >, . 6\ 6I  F,9 =, / 5D 2; 
8 – >, . ; K,I  F,9=, / 5D 3; .  – >, . 6\ 6I  F,9=, /5D 4; ,  – / 1?6C,86 6/ 8151 5; 
A – / 1?6C, 86 6/ 8151 6 

 D9; 56H 2.4 – O/ , \ , 55E,  W1/ 1H=, / D9=DHD >5, F 5, 86 >6B. , I 9=>DG D 
9D3 ; J/ ; 86-.D99DJ1=D>5EW 9>GB,I  
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1 – /6 =6/1 . >D81=,3G; ? – >, . ; K,I  F,9=, / 5D 1; > – >, . 6\ 6I  F,9 =, / 5D 2; 
8 – >, . ; K,I  F,9=, / 5D 3; .  – >, . 6\ 6I  F,9=, /5D 4; ,  – / 1?6C,86 6/ 8151 5; 
A – / 1?6C, 86 6/ 8151 6 

 D9; 56H 2.5 – Q,=3G 8D9=, / , BD95EW J6=, /4  l 5, / 8DD 
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"  – 1\ J3D=; .5 1G Y1B6>1G C19=6=51G W1/ 1H=, / D9=DH1 (S+ hi ); $ – 1\ J3D-
=; .5 1G C19=6=51G W1/ 1H=, / D9=DH1 (Shi ); = – Y1B6>1G C19=6=51G W1/ 1H=,/D-
9=DH1 (+ hi ); I  – >, K,9=>, 551G C19=6=51G W1/ 1H=, / D9=DH1 (Ohi ); ,  – \ 5D-
\1G C19=6=51G W1/ 1H=,/ D9=DH1 (fhi ) 

 D9; 56H 2.6 – h19=6=5E,  W1/ 1H=, / D9=DHD J, / D6.6 8/ 1\\ 5E\  \,= 6.6\  
Nl 3C1 9 D9J634B6>15D,\  >,96>686 6H51 L1; 991, ; 9/ , . 5, 5DD J6 >/ ,\ , 5D 
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"  – J, / , W6. 56I  Y; 5HVDD i l>D91I .1  h(t) – 6=H3DH1 6?a,H=1 51 , . D5DC5;@ 
Y; 5HVD@ >H3@C,5DG 1(t); $ – D\ J; 34956I  Y; 5HVDD * D/ 1H1 w(t) – 6=H3DH1 
6?a, H=1 51 D\ J; 3495;@ ; . 1/5 ;@ Y; 5HVD@  (t) = 1!(t) 

 D9; 56H 2.7 – O/ , \ , 55E,  W1/ 1H=, / D9=DHD 9D9=,\E  
 

 
1 – J6 / 19C]=;; ? – J6 >, K,9=>, 556I  C19=6=56I  W1/ 1H=, / D9=DH,, =6 ,9=4 6=-
H3DH ~(t) J6 B1. 1556\;  >5,F 5,\;  >6B. , I 9=>D@ N(t) D J, / , W6.5 6I  Y; 5HVDD 
i l>D91I .1  

 D9; 56H 2.8 – OD. J, / , W6. 5686 J/ 6V,991 

f 6. ; 34 1\ J3D=; . 56I  Y1B6>6I  C19=6=56I  W1/ 1H=, / D9=DHD (/ D9; 56H 
2.6, 1) 966=>,=9=>; ,= H6l YYDVD, 5=; J, / , . 1CD 6?a, H=1 W~N(v ) J6 1\ J3D=; .,  
51 H1A.6I  C19=6=, 81/ \ 65DC,9H686 H63, ?15DG 9 C19=6=6I  v , =., . 
A~(v ) =W~N(v )|AN(v ), 8.,  AN(v ) D A~(v ) – 1\ J3D=; .5E,  969=1>3G@KD, 9D3 
56/ \1 345686 >6B. , I 9=>DG D =158, 5VD1345686 9\ ,K , 5DG. NH1B1551G W1/ 1H-
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=,/ D9=DH1 J/ , . 9=1>3, 51 51 / D9; 5H, 2.6, ? D DB\ , / G,=9G > 6=569D=,345EW 
, . D5DV1W – . , VD?, 31W. _1 1\ J3D=; . 56I  C19=6=56I  W1/ 1H=,/ D9=DH, D. ,5 -
=DYDVD/; ,\  l H>D>13, 5=5EI  H6l YYDVD, 5= J, / , . 1CD +4 .M, C=6 966=>,=-
9=>; ,= ; H1B1556\;  / 15,,  9=1=DC,9H6\;  H6l YYDVD, 5=; J, / , . 1CD 1,7. 

S513DB Y1B6>6I  C19=6=56I  W1/ 1H=,/ D9=DHD (/ D9; 56H 2.6, >) J6B>63G,= 
D., 5=DYDVD/ 6>1=4, C=6 =158, 5VD1345E,  9\,K , 5DG F,9=, / 5D 2 D\ , @= B1-
. , / AH; J6 >/ ,\ , 5D, 5,  J/ , >EF1@K;@ H/ D=DC,9H6I  >, 3DCD5E 9. >D81 Y1BE 
51 –180°, =., . > . 1556\  =/ D?696J/ GA, 5DD D5, / VD655E,  9D3E Y/ DHVD6556-
86 >B1D\ 6. , I 9=>DG 6=9; =9=>; @=. 

$6831956 >,K , 9=>, 556I  C19=6=56I  W1/ 1H=, / D9=DHD (/D9; 56H 2.6, 8) 
B; ?C1=6,  B1V, J3, 5D, W1/ 1H=, /DB; ,=9G J6=,5VD13456I  l 5, / 8D,I  > C19=6=56\  
.D1J1B65,  0…20 LV D 5, B51CD=,3456, HD5,=DC,9H6I  l 5, / 8D,I  – > . D1J1-
B65, C19=6= 20…500 LV. 

Q6 \ 5D\ 6I  C19=6=56I  W1/ 1H=, / D9=DH, (/ D9; 56H 2.6, . ) YDH9D/; ,\  
.D1J1B65 C19=6= 9D3 =/ , 5DG, 6?; 936>3D>1@KDW 96J/ 6=D>3, 5D, H63, ?15D-
G\, 0…500 LV 9 \ 1H9D\ ; \ 6\  51 C19=6=, 65 LV. 

b1?3DV1 2.1 – h19=6=5E,  W1/ 1H=, / D9=DHD B; ?C1=686 B1V, J3, 5DG 
_ 1D\, 56>15D, W1/ 1H=,/ D9=DHD t5 1C,5D, 

$=1=DC,9H6,  9\, K, 5D, 1,657 
Q6H1B1=,34 . D51\ DC,9H6I  H63, ?1=,34569=D M 1,005 
e 5=,8/ 13451G 6V, 5H1 ; J/ ; 8DW 9D3 Y/ DHVD655686 >B1D\ 6. ,I -
9=>DG 

105,536 

e 5=,8/ 13451G 6V, 5H1 D5, /VD655EW 9D3 Y/ DHVD655686 >B1D\6 -
. , I 9=>DG 

32,894 

e 5=,8/ 13451G 6V, 5H1 9D3 96J/6 =D>3, 5DG H63, ?15DG\ 198,956 
e 5=,8/ 13451G 6V, 5H1 9D3 =/ , 5DG, 6?; 936>3, 55EW Y/ DHVD655E-
\D  1>=6H63, ?15DG\D  

0 

ZH>D>13, 5=5EI  . D51\ DC, 9HDI H6l YYDVD, 5= . , \ JYD/ 6>15DG  1,437 
 , B6515951G C19=6=1 v /  (/ D9; 56H 2.9 D / D9; 56H 2.10), LV 5,859 
 , B6515951G 1\ J3D=; .1  Amax (/D9; 56H 2.10) >, / =DH1345686 9\, -
K, 5DG =G8D 6 

1,674 

NJ/ ; 86-D5, / VD6551G 969=1>3G@K1G 9\ ,K, 5DG 51 / , B6515956I  
C19=6=, v /  

1,665 

* D99DJ1=D>51G 969=1>3G@K1G 9\ ,K , 5DG >, / =DH13456I  =G8D 6 51 
/ , B6515956I  C19=6=, v / , \\  

-0,175 

h19=6=1 9/ , B1 v 92 J6 1\ J3D=; .,  (/ D9; 56H 2.9), LV 500 
t 1J19 ; 9=6I CD>69=D J6 1\ J3D=; ., , .M 16,45 
S\ J3D=; .1  51 C19=6=, 9/ , B1 v 92 J6 1\ J3D=; ., , \\  0,15 

 
Q, / , I . ]\  H / 199\ 6=/ , 5D@ >/ ,\ , 55EW W1/ 1H=, / D9=DH 6?a, H=1, J/ ,. -

9=1>3, 55EW 51 / D9; 5H, 2.7. Q, / , W6. 51G W1/ 1H=, /D9=DH1 h(t) 6?a,H=1 J/ ,. -
9=1>3, 51 51 / D9; 5H, 2.7, 1. OD. 56, C=6 651 D\ ,,=  J1. 1@K;@ W1/ 1H=, / D9=D-
H; H 969=6G5D@ J6H6G 9 >/ ,\ , 5,\  / , 8;3 D/6>15DG Tp1, 966=>,=9=>; @K,86 
; 9=156>D>F , I 9G 1\ J3D=; .E  J, / , W6. 56I  Y; 5HVDD h; 9=, 5,  J/ , >EF 1@K,I  
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B1. 1556I  >, 3DCD5E 6=H365, 5DG "  = 5 % ; J/ 1>3G,\ 6I  >, 3DCD5E 6= ; 9=156-
>D>F, 869G B51C,5DG; >/ ,\ , 5,\  . 69=DA, 5DG \ 1H9D\1 3456I  1\ J3D=; .E  Tmax1 
D >/ , \ , 5,\  51/ 19=15DG T51. b1?3DC5E,  W1/ 1H=, / D9=DHD J, / , W6. 56I  Y; 5H-
VDD i l>D91I.1  J/ , . 9=1>3, 5E > =1?3DV, 2.2. 

b1?3DV1 2.2 – O/ , \, 55E,  W1/ 1H=, / D9=DHD 6?a,H=1 J/D J, / , W6. 5EW 
. D51\ DC,9HDW >6B. , I 9=>DGW 

_ 1D\, 56>15D, W1/ 1H=,/ D9=DHD 
t5 1C,5D, 

h(t) w(t) 
N9=156>D>F1G9G 1\ J3D=; .1  h; 9= D w; 9=, / 1.  4,011·10-5 -3,289·10-3 
O/ , \G 51/ 19=15DG t>, \9  10·10-4 0 
O/ , \G / ,8; 3D/ 6>15DG tp, 9 0,498 0,463 
Q, / , / ,8; 3D/6>15D, y, % 4,065·103 1,341·103 
Q, / D6.  H63, ?15DI T0, 9 -0,515 0,02 
h19=6=1 96?9=>, 55EW H63, ?15DI v 0 = 1/T0, 
LV 

-1,942 50 

f1H 9D\ ;\  Y; 5HVDD hmax D wmax, / 1.  1,671·10-3 0,444 
* , H/ ,\ , 5= B1=; W15DG    6,163 3,526 
* 6?/ 6=569=4 H63, ?1=,345686 H65=; /1 Q  0,51 3,836 
hD936 J635EW H63, ?15DI n  1 16 
hD936 H63, ?15DI, W1/ 1H=, / DB; @K,,  J, / D6. 
/ , 31H91VDD Y/ DHVD655EW 9>GB,I  

0,162 0,261 

Q, / D6.  / , 31H91VDD Y/ DHVD655EW 9>GB,I , 9 -0,084 5,214·10-3 
 
e \ J; 34951G W1/ 1H=, / D9=DH1 w(t) J/ , . 9=1>3, 51 51 / D9; 5H, 2.8, ? D 

6V, 5D>1,=9G J1/ 1\ , =/ 1\D , J/ , . 9=1>3, 55E\D  > =1?3DV, 2.2. 

2.7  k; >GO OC; GKOB>?EBD A?C; ID  

 D9; 56H 2.8 W1/ 1H=, /DB; ,= 966=>,=9=>D, 6=H3DH1 C19=6=56->/ ,\ , 556I  
\ 6. , 3D 6?a,H=1 W~N(iv ), h(t), w(t) B1. 155E\  >/ ,\ , 55E\  Y; 5HVDG\ 9D3 56/ -
\1 345686 >6B. , I 9=>DG N(t) D =158, 5VD1345686 9\,K , 5DG ~(t). " V, 5D\  =,-
J, /4  1. ,H>1=569=4 J63; C,556I  \ 6. , 3D. 

O6-J, / >EW, 6V, 5D\  9/ , .5 @@ H>1. / 1=DC5;@ 6F D?H; l H9J, / D\ , 5=1 
1

*

0

1
31,197

1

n

i i
ints t t
*

(

( $ * (
* > , 

8.,  ~ – 9D3E =158, 5VD1345686 9\,K , 5DG (3), >ECD93, 55E,  96831956 
. DYY, / , 5VD1345E\  ; / 1>5, 5DG\ \ 6. , 3D (1); 

 ~* – 9D3E =158, 5VD1345686 9\ ,K , 5DG, >ECD93, 55E,  9 J6\ 6K4@ D5=,-
8/ 131 * @1\ , 3G (6) J6 B51C, 5DG\ J, / , W6. 56I  Y; 5HVDD h(t). 

O6->=6/EW, . 3G 6V, 5HD 1. ,H>1=569=D \ 1=,\1=DC,9H6I  \ 6. , 3D J/ D\,\  
/ 19C]=56,  B51C, 5D, H6l YYDVD, 5=1 . ,=, / \ D51VDD. 

U6l YYDVD, 5= . ,=, / \ D51VDD R2 – l =6 . 63G . D9J, / 9DD B1>D9D\ 6I  J, -
/ ,\ , 556I , 6?aG95G, \1G / 199\ 1=/ D>1,\ 6I  \ 6. , 34@ B1>D9D\ 69=D, =6 ,9=4 
6?aG95G@KD\D  J, / ,\, 55E\D . M63,,  =6C56 – l =6 , . D5DV1 \ D5;9 .6 3G 
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 !

 !

1 2*

2 0
1

2

0

1 0,86

n

i i
i
n

i
i

R

t

t t

t m

*

(
*

(

*

( * (

*

>

>
, 

8.,  %~ – \1=, \ 1=DC,9H6, 6AD. 15D, 93; C1I5 6I  >, 3DCD5E ~(t). 
O . 1556\  93; C1, H6l YYDVD, 5= . ,=, / \ D51VDD ?3DB6H H 1, =6 C19=6=-

56->/ , \ , 551G \ 6. , 34 966=>, =9=>; ,= / 19C]=5E\  . 155E\ . 
U6l YYDVD, 5= \ 56A,9=>, 556I  H6/ / , 3GVDD R W1/ 1H=, / DB; ,= \, /;  =,9-

56=E 9>GBD \, A.;  6=H3DH1\D , >E/ 1A1,= =6C569=4 J/ 6856B1 B1>D9D\ 6I  J, -
/ ,\ , 556I  D J6H1BE>1,=, 51 9H634H6 J/ 6V, 5=6> 51I. , 551G Y; 5HVDG / , 8/ ,9-
9DD 6JD9E>1,= 9>GB4 \,A .;  D9W6. 5E\D  D / 19C]=5E\D  B51C,5DG\D  J1/1-
\,= / 6>: 

2 0,90 0,93R R( ( ( . 
Q69H634H; H6l YYDVD, 5= . ,=, / \ D51VDD D\ , ,= >E96H6,  B51C,5D,, =6 

\ 6A56 86>6/D=4 6? 1. ,H>1=569=D \1=,\ 1=DC, 9HDW \ 6. , 3,I  > J/ , . , 31W . D1-
J1B651 D9W6. 5EW . 155EW. 

Q/D\ , 5D\  6V, 5H; 1. ,H>1=569=D J6 3D5, I 56I  / , 8/ , 99DD 9 5, B1>D9D-
\ E\D  6. D51H6>6 / 19J/ , . , 3] 55E\D  56/ \1 345E\D  93; C1I5 E\D  6F D?H1\D , 
. 3G C,86 6J/ , . , 3D\  / 19C]=56,  F/  D =,6/ ,=DC,9H6,  F= B51C,5DG H/ D=,/ DG 
+ DF, /1. 

 
 D9; 56H 2.9 – ZH9J, /D\ , 5=13451G D =, 6/ ,=DC,9HD, J36=569=D / 19-

J/ , . , 3, 5DG 6F D?6H \ 6. , 3D 
Q/D\ ,\  9=1=D9=DC,9HDI ; /6 >, 54 B51CD\ 69=D H/ D=, / DG a = 0,05. 
 19C]=56,  B51C, 5D, H/ D=,/ DG + DF , /1 

2

2

1

1
p

R n p
F

pR

* *
( $

*
; 

8.,  R2 – H6l YYDVD, 5= . ,=, / \ D51VDD; 
      n – H63DC,9=>6 B51C, 5DI / 19C]=56I  Y; 5HVDD, n = 1024; 
      p – H63DC, 9=>6 5, B1>D9D\ EW Y; 5HVDI; >, 3DCD5E 9D3E =158, 5VD-

1345686 9\, K, 5DG ~ (3) D ~* (6). 
0,86 1024 2 1

3097.
1 0,86 2pF

* *
( $ (

*
 

– =1?3DC56, B51C, 5D, H/D=, / DG + DF , /1  F=(0,05; p–1; n–1) = 3,85. 
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b1H H1H / 19C]=56,  B51C, 5D, H/ D=, / DG + DF , /1  ?634F,  =1?3DC5686, =6 
H6l YYDVD, 5= \ 56A,9=>, 556I  H6/ / , 3GVDD R 966=>,=9=>; ,= 1513DBD/; ,\ E\  
. 155E\  D 5; 3, >1G 8DJ6=,B1 1. ,H>1=569=D \ 6. , 3D J/D5D\ 1,=9G. 

f1=,\1 =DC,9H6I  \, / 6I  H6/ / , 3GVDD 93; C1I5 EW >, 3DCD5 93; AD= 3D-
5, I5 EI  H6l YYDVD, 5= H6/ / , 3GVDD QD/ 9651 

 !  !

 !  !

*

*

1
*

0

1 1 22 *

0 0

0,94

n

i i
i

xy n n

i i
i i

r
t t

t t

t m t m

t m t m

*

(

* *

( (

* $ *

( (

* $ *

>

> >
, 

8.,  %~ – \1=, \ 1=DC,9H6,  6AD. 15D, 9D3E =158, 5VD1345686 9\, K, -
5DG ~ (3); 

 %~* – \1=,\1 =DC, 9H6,  6AD. 15D, =6I  A,  >, 3DCD5E, 6J/ , . , 3] 556I  J6 
C19=6=56->/ ,\ , 556I  \ 6. , 3D 9 J/ D\, 5, 5D,\  D5=,8/ 131 * @1\, 3G (6). 

b1H H1H rxy {  1, =6 51?3@. 1,=9G J/ G\ 1G Y; 5HVD6513451G 9>GB4, 9 ; >,-
3DC,5D,\  ~(t) >6B/ 19=1,= ~*(t). t5 1CD\ 69=4 3D5, I 5686 H6l YYDVD, 5=1 H6/ /, -
3GVDD J/ 6>, / G,=9G 51 6956>, t-H/ D=, / DG $=4@. , 5=1. * 3G l =686 >ECD93D\  

– / 19C]=56,  B51C, 5D, H/ D=,/ DG 

2
2 99,7

1

xy
p

xy

r
t n

r
( $ * (

*
, 

8.,  n – H63DC,9=>6 B51C, 5DI / 19C]=56I  Y; 5HVDD, n = 1024. 
– =1?3DC56, B51C, 5D, H/D=, / DG  

 != 1 2, 1 1,96t na* * ( . 
b1H H1H / 19C]=56, B51C, 5D, H/ D=, /DG $=4@. , 5=1 ?634F,  =1?3DC5686, 

=6 B51C,5DG 9D3 ~ (3) D ~* (6) 966=>, =9=>;@= ./ ;8 ./ ; 8;, D 5;3 , >1G 8DJ6=,B1 
1. ,H>1=569=D \ 6. , 3D J/ D5D\ 1,=9G. 

O . 1556\  93; C1, 6F D?H1 \ 1=,\1 =DC,9H6I  \ 6. , 3D 1,7 % \, 54F,  .6 -
J; 9=D\ 6I  >, 3DCD5E 6 %; / 199CD=155E,  H/ D=, / DD + DF , /1  D $=4@. , 5=1 
>EF, , C,\  =1?3DC5E, , =6 6?aG95] 551G .D9J, / 9DG 6F D?6H \1=,\1 =DC,9HDW 
\ 6. , 3,I  9; K,9=>, 556 ?634F, , C,\  5, 6?aG95] 551G, D \ 6. , 3D \ 6A56 9CD-
=1=4 9=1=D9=DC,9HD B51CD\ E\D . 
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 ! # $%' ( * #(  1

 

J3 

  

F " 31 

$ 31

J4 
! 43 

$ 43 

" #$& & 

J2 

! 42 

$ 42

F " 21 

$ 21

" #$& $ 

J5 

F  " 54 

$ 54
J6 

! 65 

$ 65 F( 

" #$& )  

0

0

f
N

t
  

J1 
$ 1' (  

 m1–m !  
 

N 

5(* . 1 - 7( 8%' " $( )%*,"-  *9%'"  . 34%, $" * ; <( ,>( . 88? '(  @B1" '(  $<%8(-  C, E (  G

     , .0 234.5 78.  : ; =; 23. : ( **1%0. I "$2 0%' J; ( <@KL (% 9" <" ,$%<( *$( ,(  . 34%, $", %*1(  3%B<" B' %<8?M , . O; ; ( >( %8$
0%' J; ( <. I " 8(-  @B1.I  C, E (  G  0.1:= . Q>%8( $2 ) " *$. $8?% (  I <%' %88?% ,<( $%<((  , " )%*$I"  (  J<. I %<( $2 " 0%,I "$8. *$2
' . 0%1( .

 ! #! $%&'($ *%+(  &, . ! 0%+(  #1315(' 3+

g 9.80665:= ' /*2 - S*, . <%8(% *I . 3. 08. T. J" 0%8(-

)+
180

!
:= 5"B' %<8. *$2 . 08. T. <" 0( " 8"

" B 0.0065:= '  - U,*>%8$<( *( $%$ J<( 1. W%8(-  I %<$( ," 128.M *( 1?

r k 0.081:= '  - 5"0( @* J. 1@,. 12>%I .M J<@W( 8?  1

r C 0.025:= '  - 5" 0(@* I 8%X8%T. , . 12>"  2, B"J<%**. I ? I " %' . T. I  , .<J @* . 34%,$"

r A 0.006:= '  - 5" 0(@* , . 12>"  3, B" J<%**. I ? I "%' . T. I  . *2 ,<%J1%8(-  J. 1@,. 12>%I .M
J<@W( 8?

r B 0.015:= '  - 5" 0(@* , . 12>"  5, B" J<%**. I ? I "%' . T. I  . *2 ,<%J1%8(-  I %<$( , " 128.M $- T(

b 0.03:= '  - Y ( <( 8"  , . 1%>

Q0 100:= Z"  (Q0
0.001

g 0.01
2

×

× 102=  $/*'
2
) - 7. 8$" ,$8.% 0" I 1%8(% , . 1%>

f 0.1:= 7. O; ; ( >( %8$ $<%8(-  *, . 12W%8(-  I " 1.I  J.  I 8@$<%88%M J. I %<98. *$(  , . 1%>
I <" L " $%128?9 J"<

 ! #! $%&'($ *%+(  &, . ! 0%+(  #1315(' 3+

61 ,,+

m'( 2:= ,T -  " **"  J. 1@,. 12>%I.M J<@W( 8?  1

m2 0.5:= ,T -  " **"  , . 12>%I .M I$@1,(  2 (. *2 G)

m3 0.2:= ,T -  " **"  , . 12>%I .M I$@1,(  3 (. *2 C)

m4 1.5:= ,T -  " **"  I " 1" -O,*>%8$<( ,"  4

m5 1:= ,T -  " **"  , . 12>%I .M I$@1,(  5 (. *2 E)

m6 3:= ,T -  " **"  I %<$( ," 128.M $- T( 6

61 ,,+



 " $%'" $() %*, "-  '.0%12  . 34%, $" 2

8 9, '; ! , '&

C'( 5 10
7

×:= [ \ *$, . *$2 J. 1@,. 12>%I.M J<@W( 8?  1, ̂ /'  (
g 1000×

C'(
1.96 10

4-
´=  '' /,T)

C2 2 10
7

×:= [ \ *$, . *$2 , . 12>"  2, ̂ /'  (
g 1000×

C2
4.9 10

4-
´= '' /,T)

C3 1.5 10
7

×:= [ \ *$, . *$2 , . 12>"  3, ̂ /'  (
g 1000×

C3
6.54 10

4-
´= '' /,T)

C4 130 10
7

×:= ST1. I "-  W\ *$, . *$2 I " 1" -O,*>%8$<( ,"  4, ̂ ' /<"0  (
g )+× r C×

C4 0.001×
1.08 10

5-
´= T<" 0@*/,T)

C4' 4 10
7

×:= [ \ *$, . *$2 , . 8* . 1(  I " 1" -O,*>%8$<( ,"  4, ̂ /'  (
g 1000×

C4'
2.45 10

4-
´= '' /,T)

C5 6 10
7

×:= [ \ *$, . *$2 , . 12>"  5, ̂ /'  (
g 1000×

C5
1.63 10

4-
´=  '' /,T)

C6 3.922 10
7

×:= [ \ *$, . *$2 I %<$( , " 128.M $- T( 6, ̂ /'  (
g 1000×

C6
2.5 10

4-
´= '' /,T)

C( 0.4 10
7

×:= [ \ *$, . *$2 J. ,<?$(-  (W\ 1$?M >I %$), ̂ /'  (
g 1000×

C(
2.45 10

3-
´= '' /,T)

C# 1850:= [ \ *$, . *$2 I %<$( , " 128.M $- T(, ̂ /'

8 9, '; ! , '&

<1, >9' %+(  5! 5( %'+  &%( 3?&&, ;@·52

J1 m'( r k
2

×:=

J2 m2 r C
2

×:=

J3 m3 r A
2

×:=

J4 m4 r C
2

×:=

J5 m5 r B
2

×:=

r 6 #( ) " B cos #( )×:=

J6 #( ) m6 r 6 #( )× r B×:=

<1, >9' %+(  5! 5( %'+  &%( 3?&&, ;@·52

<1, >9' %+(  ;! ABB &?&( %'+  C@$! E!F  C#3C@! , '& , H·5/310

C1'( C'( r k
2

×:=

C21 C2 r C
2

×:=



 " $%'" $() %*, "-  '.0%12  . 34%, $" 3

C42

C4 C(× r C
2

×

C4 C( r C
2

×+

:=

C31 C3 r A
2

×:=

C43

C4' C(×

C4' C(+
r A

2
×:=

C54 C5 r B
2

×:=

C65 #( )
C6 C(×

C6 C(+
r B× r 6 #( )×:=

<1, >9' %+(  ;! ABB &?&( %'+  C@$! E!F  C#3C@! , '& , H·5/310

 0.1:= 7. O; ; ( >( %8$ 0%' J; ( <. I " 8(-  J. ,<?$(-  * $<%3@%' ? '(  $<( 3. 1. T( )%*,( '(
9" <" ,$%<( *$( ," '(

  ! #$%&& ( ) +, ! - . #&0:

y0 0.0005:= '  - C' J1( $@0"  I 8%X8%T. *' %L %8(-

y1 y0 0×:= '  - C' J1( $@0"  $<%$2%M T"< ' . 8( ,(  I 8%X8%T. *' %L%8(-

$ 4:= `>  - a" *$. $" I 8%X8%T. I . B0%M*$I (-

type 7:= b(J  I %*. I .M ;@8,>((  . ,8"  01-  *T1" W( I " 8(-  *J%,$<" 128?9 9"<" ,$%<( *$(, :
0 - J<- ' . @T. 128.% I %*. I .% . ,8.  (0...1);
1 - , . 8( )%*, .% J<- ' . @T. 128.% I %*. I .% . ,8. ;
2 - $<%T. 128.% I %*. I .% . ,8. ;
3 - I %*. I .% (*T1" W( I " KL %%) . ,8.  dO'' ( 8T";
4 - I %*. I .% (*T1" W( I " KL %%) . ,8.  d" 88" ;
5 - I %*. I .% (*T1" W( I " KL %%) . ,8.  ̂ " $" 11" ;
6 - I %*. I .% (*T1" W( I " KL %%) . ,8.  f 1O, ' " 8" ;
7 - I %*. I .% (*T1" W( I " KL %%) . ,8.  ̀ " @**"  (2...20);
8 - I %*. I .% (*T1" W( I " KL %%) . ,8.  7" MB%<" (2...20);
9 - I %*. I .% (*T1" W( I " KL %%) . ,8.  a%3?X%I"  (50...).

nseg_dividend 4.5:=

nshift_multipli er 0.5:=

a0costaper 0:=

a7gaussian 2.7:=

b8kaiser 4.7:=

b9cheby 50:=

B 3:= 7. 1( )%*$I.  0( "J"B. 8.I  ) " *$. $? 8"  . 08@ . , $" I@ (1, 3, 12 ( 1(  24)

Z5g i gjk ^Q -i QZSGbl  mg S5QE^l  n l ol ag G7ld  Egj l al^  (QZQ5^ mg o^ Cag ^ lp )
01-  . >%8,(  , " )%*$I"  *( *$%'?
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J'+

""$  &. ( )! . +, ./ 0/1$  &2$3/ ) 1$41) 6)  ) 79. 24, 1/:  f"

"" /1 . ( )! . ;$! $& <&2) >0/+ ) &2/  !)  $?!./2 <(,  L"

"" /1 . ( )! . ;$! $& <&2) >0/+ ) &2/  !)  9$;,   "

""$  &. ( )! . 0$&2) 21@> ! )  $;$2, .A  ) . , B$2, . A1) &2/  M"

""$  &. ( )! . 0$&2) 2$ !)  <&. ) +/C  A(! ) = A(0), D3"

"" /1 . ( )! . 0$&2) 2$ !)  <&. ) +/C  A(! ) = 0.707A(0), D3"

"" /1 . ( )! . 4,; ) 1$1&1$: 0$&2) 2$ A[! (4)] = Amax, D3"

""$  &. ( )! .  +$(4 . /1 2, 64.  4/2 , 4/>   $0,&2+$ I"

""$  &. ( )! .  +$(4 . /1 2, 64.  4/2 , 4/>   $0,&2+$ I`"

""$  &. ( )! . /12, 64. ) 3, 1 $ <! 4<6)-/1 , 43/ ) 11@E &/.  I(c)"

""$  &. ( )! . /12, 64. ) 3, 1 $ /1 , 43/ ) 11@E &/.  I(m)"

""$  &. ( )! . /12, 64. ) 3, 1 $ &/.  24, 1/:  I(&) !4 .)"

""$  &. ( )! . ) 3, 1 $ &/.  94/ 3/ ) 11@E $+2)  ) . , B$1/>  I(94. )"

"" /1 . ( )! . ) 3, 1 $ (/1 $?/0 .  ) 79. ( , ?! 9/ 4)+$1/:  I(" )"

""$  &. ( )! . +4, ?:  ;$! $;( @+$1/:  t(; ), &"

""$  &. ( )! . ?/1 . +4, ?:  1$4$&2$1/:  t(1.min), &"

""$  &. ( )! . ?$ &. +4, ?:  1$4$&2$1/:  t(1.max), &"

""$  &. ( )! . +4, ?:  4, 6<./ 4)+$1/:  t(4), &"

""$  &. ( )! . +4, ?:  <&2$1) +/+G, 6) &: ;1$0, 1/:  h[t(max)], &"

""$  &. ( )! . ! , 4, 4, 6<./ 4)+$1/,  #, %"

""$  &. ( )! . ( ) B4)21) &2A Q"

"" /1 . ( )! .  ) 79. ( , ?! 9/ 4)+$1/:  $"

""$  &. ( )! . 0/ &.)   ) . , B$1/>  4, 6<./ 4<, ?)> +, ./ 0/1@ N"

""$  &. ( )! . ./1 , >1@> /12, 64$. A1@>  4/2 , 4/>   $0,&2+$ I(1)"

""$  &. ( )! . ./1 , >1@> /12, 64$. A1@>  4/2 , 4/>   $0,&2+$ I(2)"

0.0535

15

60

2.376

470

490

190

5.4 10
5-

×

3

0.055

0.033

0.055

0.01

0.7

0.0009

0.0013

0.0043

0.029

0.05

30

10.5

0.95

3

1.5 10
4-

×

4.8 10
4-

×
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÷
÷
÷
÷
÷
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÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
ø

:=

 1353, . 7 59  &#7 .: 5&5) (3#&0:
sgn x( )

x

x
2

0.00001+

:= z 0.1- 0.09-, 0.1..:=

0.1- 0.05- 0 0.05 0.1

1-

1

H )4) &2A

tstart 0:=

tend 60:=

niter 60000:=

nstart round 0.98333 niter×( ) 59000=:=

" t
tend tstart-

niter
0.001=:= Z%<( .0  0( *,<%$( B" >(( , *

%max
1

" t
1000=:= a" *$. $" 0( *,<%$( B" >(( , ̀ >

<1, >9' %+(  ;! ABB &?&( %'+  , ! #3! ' &E$( %&J, H·5·, /310

&42  4 J4× C42××:=

&43  4 J4× C43××:=

&65 #( )  4 J6 #( )× C65 #( )××:=

<1, >9' %+(  ;! ABB &?&( %'+  , ! #3! ' &E$( %&J, H·5·, /310
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<1, >9' %+(  , &$+ ' 3( %&J

S2 2 !× r C× b×:= 7. 8$" ,$8"-  J1. L " 02 , . 1%>

S3 2 !× r A× b×:=

S5 2 !× r B× b×:=

F-+21 f
Q0

S2
×:= G( 1"  $<%8(- , 0%M*$I@KL "-  I  , . 8$" ,$% , . 1%>

F-+31 f
Q0

S3
×:=

F-+54 f
Q0

S5
×:=

n@8,>(-  I 8%X8%M 8" T<@B,(  8"  . 34%,$

' 0 t( ) y0 sin 2 !× $× t×( )× y1 sin 6 !× $× t×( )×+:=

n@8,>(-  I 8%X8%T. I . B0%M*$I (-  8"  ' . 0%12

F. t( ) # asin
' 0 t( )

" B

æ
ç
è

ö
÷
ø

¬

d#
t
' 0 t( )d

d

" B 1
' 0 t( )

2

" B
2

-×

¬

k
r k r A r C+( ) f× sign # d#×( )×+

" B cos #( )× r C r B+( ) f× sign # d#×( )×-
¬

u " B cos #( )× r C r B+( ) f×-éë ùû 0>¬

x round t 5, ( )¬

y round
C# #×

1000 g×
4, 

æ
ç
è

ö
÷
ø

¬

z round k
C# #×

1000 g×
× 4, 

æ
ç
è

ö
÷
ø

¬

s "J 4, ?:  = { 0} ; alfa = { 1} ;  k = { 2} ;  L$B) 2) &! ) &) B1) &2A = { 3} ;  N$64<;  $ = { 4} 2; H/.$  = { 5} 2"¬

tr ace s x, round # )+× 4, ( ), round k 4, ( ), u, y, z, ( )

pause "P&. ) +/,  4$B) 2) &! ) &) B1) &2/  1,  +@!) .1 , 1) !"( ) u 1¹if

k C#× #×return

:=

<1, >9' %+(  , &$+ ' 3( %&J

 &BB( 3( %?&1$*%+(  C31E%( %&J

 ; 3=3>?#9.  ! @>) (&0:
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s

0

0

0

0

0

0

0

0

0

0

0

0

æç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
çè

ö÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷ø

:=

D t s, ( )

s
6

s7

s
8

s
9

s
10

s11

1

J1
F-+ 31 r A× sgn s

8
s
6

-( )× C1'( s
0

×- C31 s
2

s
0

-( )×+éë ùû×

1

J2
F-+21- r C× sgn s

7( )× &42 s
9

s
7

-( )×+ C21 s
1

×- C42 s
3

s
1

-( )×+éë ùû×

1

J3
F-+31- r A× sgn s8 s6-( )× &43 s9 s8-( )×+

C31- s
2

s
0

-( )× C43 s
3

s
2

-( )×++

...é
ê
ë

ù
ú
û

×

1

J4
&42- s9 s7-( )× &43 s9 s8-( )×- F-+54 r B× sgn s10 s9-( )×+

C42- s
3

s
1

-( )× C43 s
3

s
2

-( )×- C54 s
4

s
3

-( )×++

...é
ê
ë

ù
ú
û

×

1

J5
F-+54- r B× sgn s10 s9-( )× &65 s5( ) s11 s10-( )×+

C54- s
4

s
3

-( )× C65 s
5( ) s

5
s
4

-( )×++

...é
ê
ë

ù
ú
û

×

1

J6 s
5( )

&65 s5( )- s11 s10-( )× C65 s5( ) s5 s4-( )×- F. t( ) r 6 s5( )×+éë ùû×

é
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ê
ë

ù
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
ú
û

:=

X Radau s tstart, tend, niter, D, ( ):=

X submatr ix X nstart, niter, 0, 12, ( ):=

T X 0á ñ
:= - I <%' %88.M ( 8$%<I "1 ;

# '( X 1á ñ
:= # 2 X 2á ñ

:= - J%<%' %L %8(-  ' " ** , ' ;

# 3 X 3á ñ
:= # 4 X 4á ñ

:=

# 5 X 5á ñ
:= # 6 X 6á ñ

:=

d# '( X 7á ñ
:= d# 2 X 8á ñ

:= - *, . <. *$( J%<%' %L %8(-  ' " ** , ' /*.

d# 3 X 9á ñ
:= d# 4 X 10á ñ

:=

d# 5 X 11á ñ
:= d# 6 X 12á ñ

:=

s. ' 0 T( )
r k

" B
×:= - I %<$( ," 128.% *' %L %8(% $- T(, ''

G( 1? , I . B8( ," KL (% I  O1%' %8$"9  , . 8*$<@, >((

i 0 niter nstart-..:=

FC
1

r C
F-+21 r C× sgn d# 2( )× C21 # 2×+( )×:=

FA
1

r A
F-+31 r A× sgn d# 3 d# '(-( )× C31 # 3 # '(-( )×+éë ùû×:=
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FB
1

r B
F-+54 r B× sgn d# 5 d# 4-( )× C54 # 5 # 4-( )×+éë ùû×:=

Ni F. T i( ):= G( 1"  I 9. 08. T. I . B0%M*$I (-  8"  . 34%,$

( FA:= G( 1"  $" 8T%8>( " 128. T. *' %L %8(-

Nmax max N( ) 4828.8=:=  " ,* ( ' " 128"-  8. <' " 128"-  *( 1" , ̂

( max max (( ) 295.4=:=  " ,* ( ' " 128"-  $" 8T%8>( " 128"-  *( 1" , ̂

) N stdev N( ) 2465.5=:= G<%08%% , I" 0<"$( )8.% . $,1. 8%8(% 8" T<@B,( , ̂

) F stdev (( ) 143.3=:= G<%08%% , I" 0<"$( )8.% . $,1. 8%8(% *( 1?  I . B0%M*$I (- , ̂

7. O; ; ( >( %8$ $<%8(-  I.  I <" L " $%128?9 J" <"9  $<%8(-

fA
i

if
FA

i

N
i

1> NaN, 
FA

i

N
i

, 
æç
ç
è

ö÷
÷
ø

:=

fB
i

if
FB

i

N
i

1> NaN, 
FB

i

N
i

, 
æç
ç
è

ö÷
÷
ø

:=

fC
i

if
FC

i

N
i

1> NaN, 
FC

i

N
i

, 
æç
ç
è

ö÷
÷
ø

:=

n@8,>(-  I . BI <" L " %$ ' " $%' "$( )%*, .% . W( 0" 8(% I %,$.<" , %*1(  0" 88?% *. 0%<W"$ 8%)( *1. I ?% 0" 88?%

Nmean M( ) newM M 0á ñ
¬

newM stack newM M iá ñ
, ( )¬

i 1 cols M( ) 1-..Îfor cols M( ) 1>if

newM fil terNaN newM( )¬

mean newM( )

:= Nmean fA( ) 0.063=

Nmean fB( ) 0.429=

Nmean fC( ) 0.258=

G1%0@KL "-  ;@8,>(-  I . BI <" L " %$ *T1" W%88@K I %<*(K  0" 88?9, *T%8%<( <. I " 88@K O,*J. 8%8>( " 128?'
*T1" W( I" 8( %' * I %* .'  a.

( ) ( )
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fil t fx( ) x expsmooth fil terNaN fx( ) 0.25, ( )¬

id matchNaN fx( )¬

m / &012 id( )¬

n / &012 fx( )¬

k 1-¬

l 1¬

l 0¬

break

i id
j

=if

j 0 m 1-..Îfor

yi 0¬ l 0=if

k k 1+¬

y
i

x
k

¬

otherwise

i 0 n 1-..Îfor

mark NaN y id, ( )return

:= f1A fil t fA( ):= mA Nmean f1A( ) 0.063=:=

f1B fil t fB( ):= mB Nmean f1B( ) 0.428=:=

f1C fil t fC( ):= mC Nmean f1C( ) 0.257=:=

 &BB( 3( %?&1$*%+(  C31E%( %&J

K1, ' ! ' %+(  . 131;'( 3&, ' &;& 5(' ! 0!5  C, 3( 0%9%%+.  #!  E3( 5( %& #( 3&! 0! @3155

     Z%<( . 0. T<" ''"  . J<%0%1- %$*-  I ?<" W%8( %':

Pxx e
i $×( ) Sxx e

i $×( )
FU

= ;  Pxx e
i $×( ) 1

F

1

n
0

n 1-

k

w
k

x
k

× e
i- k× $×

×æ
è

ö
øå

=

é
ê
ê
ë

ù
ú
ú
û

2

×

1

n
0

n 1-

k

w
k( )2å

=

×

×= ,

T0% F - %0( 8( >"  ) " *$. $? . >( ; <. I " 88. T. *( T8" 1" , J.  @' . 1) " 8(K  2! ;
       U - O8%<T(-  0( *,<%$8. -I <%' %88. T. . ,8" .
       Sxx - , I " 0<"$ " ' J1( $@08?9 T"< ' . 8(,  f Zn ;
       wk - . $*) \ $? I %*. I .M ;@8,>((  . ,8" .
     Z%<( . 0. T<" ''"  0I@9 I %,$.< .I  0" 88?9 . J<%0%1- %$*-  I ? <" W%8( %':

Pxy e
i $×( ) 1

F

1

n
0

n 1-

k

w
k

x
k

× e
i- k× $×

×æ
è

ö
ø w

k
y

k

¾
× e

i- k× $×
×æ

è
ö
ø×é

ë
ù
ûå

=

×

1

n
0

n 1-

k

w
k( )2å

=

×

×= ,

T0% yk

¾
 - , . ' J1%,*8. -* . J<- W\ 88?M . $*) \$ I %,$. <" y.

     Z%<( . 0. T<" ''"  8% - I1-%$*-  *. *$. - $%128.M . >%8,.M *J%,$<" 128.M J1. $8. *$(  ' . L 8. *$( , J. *, . 12,@
0( *J%<*(-  $" , .M . >%8,(  *<" I 8( '"  * , I " 0<"$.'  %\ ' " $%' "$( )%*, . T. . W( 0" 8(- . G <. *$.'  ) ( *1"
( *J. 12B@%' ?9 . $*) \ $.I  0" 88?9 B8")%8(-  J%<( . 0. T<" ''?  8" ) ( 8" K$ I *\  3? *$<%% ; 1@,$@( <. I " $2.
     G. B0" 0('  I *J. ' . T" $%128@K ; @8,>(K  01-  I ? ) ( *1%8(-  I %,$.<"  ) " *$.$,
T0% (  - ( 8$%<I "1  . $*) \ $.I  I  *%,@80"9;
       n - , . 1( )%*$I.  ) " *$. $8?9 T"< ' . 8(,  J<%.3<" B. I" 8(- ;
       r = 1 - J<( B8",  0%*$I ( $%128. -B8" )8?9 0" 88?9 01-  J<%. 3<" B. I " 8(- .
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freqz ( n, r, ( ) freq_res
1

( n×
¬

w
i

freq_res i×¬

i 0 n 1-..Îfor

Nyq
0.5

(
¬

half_res 0.5 freq_res×¬

halfNPTS 0.5 n 1+( )×¬

w
halfNPTS 1-

Nyq half_res-¬

whalfNPTS Nyq half_res+¬

mod n 2, ( ) 0¹if

halfNPTS 0.5 n× 1+¬

w
halfNPTS 1-

Nyq¬

otherwise

w
n 1-

1

(
freq_res-¬

n halfNPTS¬ r 1=if

Wi wi¬

i 0 n 1-..Îfor

Wreturn

:=

 >@435A. 23.  5B. 7CD; AF28G BA8C285C3 I 8J 285C3 BKC.I  M@435A. 23N K5D. =2O228G B. D38=8QD; I I@
 RSA4;
      SO1)  (Welch) I 8\*  I  ' %$.0  f " <$1%$$" 0I"  @* . I%<X%8*$I . I " 8(- : ( *J. 12B. I" 8(% I%* . I .M ;@8,>((  (
<" B3( %8(% 8"  J%<%,<? I " KL (%*-  ; <" T' %8$?. Z<( ' %8%8(% I%*. I .M ; @8,>((  J. BI . 1- %$ . *1" 3( $2
<" *$%," 8(% *J%,$<"  (  @' %82X( $2 *' %L %8(% J. 1@)"%' .M . >%8,(  *J%,$<"  J1. $8. *$(  ' . L 8. *$(  >%8.M
8%B8") ( $%128. T. @9@0X%8(-  <" B<%X" KL %M *J. *. 38. *$(. Z%<%,<? $(% *%T' %8$.I  I I %0%8.  01-  $. T.,
) $. 3?  @I %1( ) ( $2 (9  ) ( *1.  (  @' %82X( $2 0( *J%<*(K  . >%8,( .
     l $", , I ? ) ( *1%8(-  J<(  ( *J. 12B. I " 8((  ' %$. 0"  SO1)"  (' %$. 0"  @*<%08%8(-  ' . 0( ; ( >( <. I " 88?9
J%<( . 0. T<" '' ) . <T" 8( B@%$*-  *1%0@KL ('  . 3<" B.' .
     1) E%,$.<  . $*) \ $.I  *( T8" 1"  0%1( $*-  8"  J%<%,<? I " KL ( %*-  *%T' %8$?. 7",  J<" I ( 1. , 8"  J<" ,$( ,%
( *J. 12B@%$*-  J%<%,<?$(% 8"  50 % ( 1(  75 %. G$<. T. T. I .<- , . J$( ' " 128"-  *$%J%82 J%<%,<?$(-  B" I ( *($
.$ ( *J. 12B@%' .M I %*. I .M ; @8,>(( . ̂ " J<( ' %<, 01-  T" @**. I *, (9  *1@) " M8?9 J<. >%**.I  J<(
( *J. 12B. I" 8((  . ,8"  d" 88"  ' ( 8( ' " 128"-  0( *J%<*(-  . >%8,(  *J%,$<"  J1. $8. *$( ' . L 8. *$( J. 1@)" %$*-
J<(  J%<%,<?$((  *%T' %8$.I  8"  65 %.
     2) 7" W0?M *%T' %8$ @' 8. W" %$*-  8"  ( *J. 12B@%' @K I%* . I@K ;@8,>(K .
     3) i 1-  IBI %X%88?9 *%T' %8$.I  I? ) ( *1- K$*-  ' . 0( ; ( >( <. I " 88?% J%<( . 0. T<" ''? .
     4) Z%<( . 0. T<" ''?  I *%9 *%T' %8$.I  @*<%08- K$*- .
    b" ,W% , ",  (  01-  J%<( . 0. T<" ''?  f "< $1%$$", 0( *J%<*(-  . >%8,( , J. 1@) " %' "-  ' %$. 0.'  SO1)" ,
@' %82X" %$*-  J<( ' %<8.  J<. J. <>( . 8" 128.  ) ( *1@ *%T' %8$.I . f1 " T. 0" <-  J%<%,<?$(K  I  ' %$. 0% SO1)"
( *J. 12B@%$*-  3. 12X% *%T' %8$.I , J. O$. '@ 0( *J%<*(-  . >%8,(  *J%,$<"  J1. $8. *$(  ' . L 8. *$(  . , " B? I " %$*-
' %82X%, )%' 01-  ' %$. 0"  f " <$1%$$".
      %$.0  SO1)"  - I1- %$*-  8" (3 . 1%% J. J@1- <8?'  J%<( . 0. T<" '' 8?'  ' %$. 0.'  *J%,$<" 128. T. " 8" 1( B".
     G. B0" 0('  ; @8,>(K  01-  I ? ) ( *1%8(-  J%<( . 0. T<" ''? ,
T0% x - " 8" 1( B( <@%' ?M I %, $.<  0" 88?9  (I ?9.0 );
      y - " 8" 1( B( <@%' ?M I %, $.<  0" 88?9  (I 9.0 );
      w - I %*. I .% . ,8. ;
      n - ) ( *1.  ) " *$.$ 01-  I ? ) ( *1%8(-  *J%,$<" 128.M J1. $8. *$( ' . L 8. *$(;
      nseg - ) ( *1.  . $*)%$.I  8"  *%T' %8$;
      nshift - ) ( *1.  . $*)%$.I , *.. $I %$*$I @KL %% *0I (T@ ' %W0@ *%T' %8$" '( ;
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      (  - ( 8$%<I "1  . $*) \ $.I  I  *%,@80"9.

welch x y, w, npsd, nseg, nshift, (, ( ) nx / &012 x( )¬

(
1

2 !×
¬ ( 0£if

nseg floor
nx

4.5
æç
è

ö÷
ø

¬ nshift 0<if

nseg floor
nx 7 nshift×+

8
æç
è

ö÷
ø

¬ otherwise

nseg 1<if

nshift f loor 0.5 nseg×( )¬ nshift 0<if

npsd max 256 2

floor
log nseg 1-( )

log 2( )

æ
ç
è

ö
÷
ø

1+

, 

æ
ç
è

ö
÷
ø¬ npsd 256<if

r 0¬

lmo nseg nshift-¬

ns max 1 floor
nx nshift-

lmo
æç
è

ö÷
ø

, æç
è

ö÷
ø

¬ lmo 0>if

ns 1¬ otherwise

S
j

0¬

j 0 npsd 1-..Îfor

idx j k 1-( ) lmo×+¬

xwj xidx wj×¬

yw
j

y
idx

w
j

×¬

r Im x
idx( ) 0=¬ r 0=if

idx nx<if

xw
j

0¬

yw
j

0¬

otherwise

j 0 nseg 1-..Îfor

xw
j

0¬

yw
j

0¬

j nseg npsd 1-..Îfor

X CFFT xw( )¬

Y CFFT yw( )¬

S
j

S
j

X
j

Y
j

¾
×+¬

j 0 npsd 1-..Îfor

k 1 ns..Îfor

npsd 2

floor
log npsd( )

log 2( )

æ
ç
è

ö
÷
ø= nseg npsd£Ù nshift nseg<Ùif

2

:=
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scale
( npsd

2
×

ns w× w×
¬

halfNPTS 0.5 npsd× 1+¬ mod npsd 2, ( ) 0¹if

halfNPTS 0.5 npsd× 1+¬ otherwise

Pi 2 scale× Si×¬

i 0 halfNPTS 1-..Îfor

P
0

0.5 P
0

×¬

P
halfNPTS 1-

0.5 P
halfNPTS 1-

×¬ mod npsd 2, ( ) 0=if

r 1=if

P
i

scale S
i

×¬

i 0 npsd 1-..Îfor otherwise

W freqz ( npsd, r, ( )¬

augment W P, ( )return

n@8,>(-  01-  J<. I %<,(  (  @*%)%8(-  , . 1( )%*$I"  . 3<" 3"$? I " %' ?9 J<(  *J%,$<" 128.'  " 8" 1( B% 0" 88?9

Xf loor2 data( ) m / &012 data( )¬

k 2

floor
log m 1-( )

log 2( )

æ
ç
è

ö
÷
ø

1+

¬

y
i

data
i

¬

i 0 m 1-..Îfor

y
i

0¬

i m k 1-..Îfor

yreturn

:=

46 7 8 9; <>8@

x Xf loor2 N( ):= E9. 08.M *( T8"1  (@*( 1(% I  I %<$( ," 128.M $- T%, ̂ )
y Xf loor2 (( ):= E?9. 08.M * ( T8"1  (@*( 1(% I  J. 1@,. 12>%I .M J<@W( 8%, ̂ )

n / &012 x( ):= - . 3L %% , . 1( )%*$I.  0" 88?9;

- , . 1( )%*$I.  0" 88?9 I  *%T' %8$%;
nseg z floor

n

nseg_dividend

æ
ç
è

ö
÷
ø

¬

z z 1+¬ type 7= type 9=Ú( ) mod z 1- 2, ( )Ùif

zreturn

:=
nseg 227=

nshift f loor nshift_multipli er nseg×( ) 113=:= - *0I (T 0" 88?9 ' %W0@ *%T' %8$" '(  50 %;

floor round
n nshift-

nseg nshift-
æç
è

ö÷
ø

æç
è

ö÷
ø

8= - , . 1( )%*$I.  *%T' %8$.I  0" 88?9;

E?3.<  I %*. I .M ; @8,>((  . ,8" , J. BI . 1- KL %M J. 1@)( $2 *T1" W%88?% *J%,$<" 128?% . >%8,(

( )
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window type( ) w costaper nseg a0costaper, ( )¬ type 0=if

w taprect nseg( )¬ type 1=if

w tr iangular nseg( )¬ type 2=if

w hamming nseg( )¬ type 3=if

w hanning nseg( )¬ type 4=if

w nuttall nseg( )¬ type 5=if

w blackman nseg( )¬ type 6=if

w gaussian nseg a7gaussian, ( )¬ type 7=if

w kaiser nseg b8kaiser, ( )¬ type 8=if

w cheby nseg b9cheby, ( )¬ type 9=if

wreturn

:=

j 0 nseg 1-..:=

0 100 200

0.2

0.4

0.6

0.8

1

window type( )
j

j

- I %,$.<  ) " *$.$  (  *J%,$<" 128"-  J1. $8. *$2 ' . L 8. *$(

Sxy welch y x, window type( ), n, nseg, nshift, " t, ( ):= - I 9. 08. T. (  I ?9. 08. T. *( T8" 1"

Sxx welch x x, window type( ), n, nseg, nshift, " t, ( ):= - I 9. 08. T. (  I 9. 08. T. *( T8" 1"

% Sxx 0á ñ
:= E%,$.<  ) " *$.$

Wxy
Sxy 1á ñ

Sxx 1á ñ
:= 7. ' J1%,*8?M , . O; ; (> ( %8$ J%<%0" )(

m / &012 Wxy( ):= j 0 m 1-..:=

%1

%max

2 m 1-( )×
0.977=:= a" *$. $" 1-.M T" <' . 8( ,(

A
j

Wxy
j

:= C' J1( $@08"-  ) " *$. $8"-  9"< " ,$%<( *$( ,"

#
j

arg Wxy
j( ):= * phasecor #( ):= n " B. I "-  )" *$. $8"-  9"< " ,$%<( *$( ,"

P
j

A
j

cos #
j( )×:= E%L %*$I%88"-  ) " *$. $8"-  9"< " ,$%<( *$( ,"

Q
j

A
j

sin #
j( )×:=  8( ' "-  ) " *$. $8"-  9" <" ,$%<( *$( ,"

n@8,>(-  1( 8%M8.M ( 8$%<J. 1- >((  0"88?9

InterpY x1 x2, y1, y2, x, ( ) y1
y2 y1-

x2 x1-
x x1-( )×+:=

InterpX x1 x2, y1, y2, y, ( ) x1
x2 x1-

y2 y1-
y y1-( )×+:=

InterpH h1 h2, y, ( ) Re h1( )
Re h2( ) Re h1( )-

Im h2( ) Im h1( )-
y Im h1( )-( )×+:=
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n@8,>(-  I ? ) ( *1%8(-  ) " *$. $8?9 . >%8.,  , " )%*$I"

frq mode( ) Wz
Wxy

1 Wxy+
¬ mode 1=if

Wz Wxy¬ otherwise

Amax 0¬

A
k

Wz
k

¬

"7. L,; ) 1$1&1$: 0$&2) 2$ ! (4), D3"

Amax A
k

¬

x7 %
k

¬

y7 Wzk¬

Amax A
k

<if

k 0 m 1-..Îfor

"4. Q$&2) 21@> ! )  $;$2, .A  ) . , B$2, . A1) &2/  M"

m4 A
0

¬

n4 k¬

m4 A
k

¬

x4 %
k

¬

y4 Wz
k

¬

break

A
k 1-

A
k

< A
k

A
k 1+

>Ù A
k

A
0

³Ùif

k 1 m 2-..Îfor

"5. Q$&2) 2$ !)  <&. ) +/C  A(! )=A(0), D3"

n5 k¬

x5 InterpX %
k 1-

%
k

, A
k 1-

, A
k

, A
0

, ( )¬

y5 InterpY %
k 1-

%
k

, A
k 1-

, A
k

, x5, ( )¬

break

A
k 1-

A
0

³ A
k

A
0

£Ùif

k n4 1+ m 2-..Îfor

"6. Q$&2) 2$ ! ) . ) &@ ! 4) ! <& $1/:  A(! )=0.707A(0), D3"

n6 k¬

x6 InterpX %
k 1-

%
k

, A
k 1-

, A
k

, A
0

2

2
×, 

æ
ç
è

ö
÷
ø

¬

y6 InterpY %
k 1-

%
k

, A
k 1-

, A
k

, x6, ( ) e
i InterpY %k 1- %k, arg Wzk 1-( ), arg Wzk( ), x6, ( )×

×¬

break

Ak 1- A0
2

2
×³ Ak A0

2

2
×£Ùif

k n5 1+ m 2-..Îfor

m4

A
0

x4 y4 x5 y5 x6 y6 x7 y7 if x5 0¹
1

x5
, 0, æç

è
ö÷
ø

if x5 0¹
0.5

x5
, 0, æç

è
ö÷
ø

æ
ç
è

ö
÷
ø

T
return

:=
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0è ø

n@8,>(-  I ? ) ( *1%8(-  ( 8$%T<" 1"  ' %$. 0.'  $<"J%>(M (  G( ' J*. 8"

tr apz x( ) n / &012 x( )¬

s 0.5 x
0

×¬ n 1=if

s 0¬

s s
x
k

x
k 1-

+

2
+¬

k 1 n 1-..Îfor

otherwise

sreturn

:= simp x( ) s1 0¬

s2 0¬

n / &012 x( )¬

s1 s1 xi+¬ mod i 2, ( ) 0¹if

s2 s2 x
i

+¬ otherwise

i 1 n 1-..Îfor

2

3

x
0

x
n 1-

-

2
2 s1×+ s2+

æ
ç
è

ö
÷
ø

×return

:=

1. S*$" 8. I ( I X%%*-  B8" )%8(% , . O; ; ( >( %8$" $<%8(-  (I  *$" >( . 8"< 8. -@*$. M) ( I .'  *. *$. - 8(( )

f0 A0:=

2. a" *$. $" *<%B" 01-  . >%8,(  B"J" *"  @*$. M) ( I . *$(  J.  " ' J1( $@0%; B" J"*  @*$. M) ( I . *$(  J.  " ' J1( $@0% (
, . ' J1%,* 8"-  " ' J1( $@0"

kua S cspline % A, ( )¬

A1 $( ) interp S %, A, $, ( )¬

R cspline % #, ( )¬

# 1 $( ) interp R %, #, $, ( )¬

$ max floor %last %( )( )¬

i 1-¬

z k¬

a + root ! # 1 z( )+ z, ( )on error¬

i i 1+¬

b
i

a¬

a 0> a %last %( )£Ùif

k 1 $ max..Îfor

b csor t b 0, ( )¬

n / &012 b( )¬

i 1-¬

i i 1+¬

c
i

b
k

¬

b
k

b
k 1+

- 0.1>if

k 0 n 2-..Îfor

c
i 1+

b
n 1-

¬

n / &012 c( )¬

m 0¬

s 0¬

di 200 20log
1

A1 c
i( )

æ
ç
è

ö
÷
ø

×on error¬

( ) ( )( )

i 0 n 1-..Îfor

i 1->if

:=
$ c2 kua 0á ñ( )

0
é
ë

ù
û0

:=

L kua 0á ñ( )
0

é
ë

ù
û1

:=

AL kua 0á ñ( )
0

é
ë

ù
û2

:=

L r Re AL( ):=

csort kua 1á ñ( )
0 1, é

ë
ù
û

249.047

250

494.143

495.109

15.857

15.891

59.007

60.379

0.161- 0i+

0.16- 0i-

0.001-

0.001- 0i-

æç
ç
ç
çè

ö÷
÷
÷
÷ø

=
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è ø

ei A1 ci( ) exp i # 1 ci( )×( )×¬

m Re e
i( )¬

s i¬

m Re e
i( )>if

c
0

0¬

d0 200¬

e
0

0¬

otherwise

c
s

d
s

e
s( )T augment c d, e, ( )é

ë
ù
ûreturn

3. a" *$. $" *<%B" 01-  . >%8,(  B"J" *"  @*$. M) ( I . *$(  J.  ; " B%; B" J"*  @*$. M) ( I . *$(  J.  ; " B% (
, . ' J1%,* 8"-  " ' J1( $@0"

kuf S cspline % A, ( )¬

A1 $( ) interp S %, A, $, ( )¬

R cspline % #, ( )¬

# 1 $( ) interp R %, #, $, ( )¬

$ max floor %last %( )( )¬

i 1-¬

x k¬

a + root A1 x( ) 1- x, ( )on error¬

i i 1+¬

b
i

a¬

a 0> a %last %( )£Ùif

k 1 $ max..Îfor

b csor t b 0, ( )¬

n / &012 b( )¬

j 1-¬

j j 1+¬

c
j

b
k

¬

b
k

b
k 1+

- 0.1>if

k 0 n 2-..Îfor

c
j 1+

b
n 1-

¬

n / &012 c( )¬

m 0¬

s 0¬

d
i

# 1 c
i( ) !+

deg
¬ # 1 c

i( ) 0£if

d
# 1 ci( ) !-

¬ otherwise

i 0 n 1-..Îfor

i 1->if

:= $ c1 kuf 0á ñ( )
0

é
ë

ù
û0

:=

, kuf 0á ñ( )
0

é
ë

ù
û1

:=

A, kuf 0á ñ( )
0

é
ë

ù
û2

:=

* Re Re A,( ):=

* Im Im A,( ):=

csort kuf 1á ñ( )
0 2, é

ë
ù
û 0 0 0( )=
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di

( )
deg

¬ otherwise

e
i

A1 c
i( ) exp i # 1 c

i( )×( )×¬

m Re e
i( )¬

s i¬

m Re e
i( )>if

c0 0¬

d
0

0¬

e
0

0¬

otherwise

c
s

d
s

e
s( )T augment c d, e, ( )é

ë
ù
ûreturn

4. Z. , " B" $%12 , . 1%3"$%128. *$( , >%8$<" 128"-  ) " *$. $" (  , . ' J1%,*8"-  " ' J1( $@0"  (01-  <" B. ' ,8@$.M (
B" ' ,8@$.M *( *$%'):

M1 frq 0( )0 1.001=:= M2 frq 1( )0 1.001=:=

$ M1 frq 0( )1 3.906=:= $ M2 frq 1( )1 3.906=:=

AM1 frq 0( )2 0.054 1.998i 10
4-

´+=:= AM2 frq 1( )2 0.051 1.799i 10
4-

´+=:=

5. a" *$. $" *<%B" J.  @*1. I (K  A(r ) = A(0), 9"<" ,$%<( B@KL "-  01( $%128. *$2 J%<%9. 08. T. J<. >%**"
(01-  <" B. ' ,8@$.M (  B" ' ,8@$.M *( *$%'):

$ c31 frq 0( )3 6.218=:= $ c32 frq 1( )3 6.218=:=

Ac31 frq 0( )4 0.054=:= Ac32 frq 1( )4 0.051=:=

6. a" *$. $" *<%B" J.  @*1. I (K  A(r ) = 0,707A(0), 9"< " ,$%<( B@KL "-  *J. *. 38. *$2 *( *$%'?
I . *J<. ( BI . 0( $2 I ? * . , . ) " *$. $8?% J. ' %9(  (01-  <"B. ' ,8@$.M (  B" ' ,8@$.M *( *$%'):

$ 01 frq 0( )5 322.894=:= $ 02 frq 1( )5 326.2=:=

A01 frq 0( )6 0.011- 0.036i+=:= A02 frq 1( )6 7.998- 10
3-

´ 0.035i+=:=

7. 5%B. 8" 8*8"-  ) " *$. $" (01-  <" B. ' ,8@$.M (  B" ' ,8@$.M *( *$%'):

$ p1 frq 0( )7 158.203=:= $ p2 frq 1( )7 166.016=:=

Ap1 frq 0( )8 0.228 0.481i-=:= Ap2 frq 1( )8 0.166 0.416i-=:=

8. Q<( %8$( <. I . )8.% I <%'-  J%<%9. 08. T. J<. >%**"  (01-  <" B. ' ,8@$.M (  B" ' ,8@$.M *( *$%'):

t( 1 frq 0( )9 0.161=:= t( 2 frq 1( )9 0.161=:=

9. Q<( %8$( <. I . )8.% I <%'-  0. *$( W%8(-  J%<I. T. ' " , *( ' @'"  (01-  <" B. ' ,8@$.M (  B" ' ,8@$.M
*( *$%'):

tB1 frq 0( )10 0.08=:= tB2 frq 1( )10 0.08=:=

10 7I " 0<" $( )8?M (8$%T<" 128?M ,<( $%<(M ," )%*$I" , 9"< " ,$%<( B@KL (M 0( 8" ' ( )%*,@K . X( 3,@,
I . B8( ," KL@K J<(  . $,1( ,% *( *$%'?  8"  I 9. 08.% I . B0%M*$I (% $( J"  ; @8,>((  dOI ( *" M0"
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I n / &012 Wxy( )¬

x
i

Wxy
i

1 Wxy
i

+
¬

y
i

if %
i

0= 0, 
x
0

x
i

-( )2

%
i( )2

, 

éê
ê
êë

ùú
ú
úû

¬

i 0 n 1-..Îfor

simp y( )

!
return

:=

11 7I " 0<" $( )8?M ( 8$%T<" 128?M ,<( $%<(M , " )%*$I" , 9" <" ,$%<( B@KL (M 0( 8" ' ( )%*,@K . X( 3,@,
I . B8( ," KL@K J<(  . $,1( ,% *( *$%'?  8"  I 9. 08.% B"0" KL%% I . B0%M*$I (% $( J"  ;@8,>((  i ( <" ,"

I' n / &012 Wxy( )¬

x
i

Wxy
i

1 Wxy
i

+

æç
çè

ö÷
÷ø

2

¬

i 0 n 1-..Îfor

simp x( )

!
return

:=

12 l 8$%T<" 128"-  . >%8," , 9"< " ,$%<( B@KL "-  @J<@T.-( 8%<>( . 88?% *I . M*$I"  *( *$%'? ,
*J. *. 3*$I@KL (% @I %1( )%8(K  *31( W%8(-  J. I %<98. *$%M $<%8(-  (  I . B<" *$" 8(K  J. $%8>( " 128.M
O8%<T((

IC n / &012 P( )¬

x
i

P
i

¬ P
i

0³if

xi 0¬ otherwise

i 0 n 1-..Îfor

%
1

n
simp x( )×return

:=

13 l 8$%T<" 128"-  . >%8,"  ( 8%<>( . 88?9 *I . M*$I *( *$%'? , *J. *. 3*$I@KL (% I . B<" *$" 8(K
,( 8%$( )%*, .M O8%<T(( , "  $" ,W% *8( W%8(K  @*$. M) ( I . *$(  *( *$%'?

Im n / &012 P( )¬

x
i

P
i

-¬ P
i

0<if

xi 0¬ otherwise

i 0 n 1-..Îfor

%
1

n
simp x( )×return

:=

14 l 8$%T<" 128"-  . >%8,"  *(1  *. J<. $( I 1%8(-  J%<%' %L%8( -' , 9"< " ,$%<( B@KL "-  0( **( J" $( I 8?%
*I . M*$I"  *( *$%'? , *J . *. 3*$I@KL (% I . B<" *$" 8(K  *(1  *. J<. $( I1%8(-  . $8. *( $%128?'  *' %L %8( -'
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IQc n / &012 Q( )¬

x
i

Q
i

-¬ Q
i

0<if

xi 0¬ otherwise

i 0 n 1-..Îfor

%
1

n
simp x( )×return

:=

15 l 8$%T<" 128"-  . >%8,"  *(1 , I ?BI " 88?9 ; <( ,>( . 88? '(  " I $. , . 1%3" 8( - '( , 9"< "$%<( B@%$
0( **( J" $( I 8?% *I . M* $I"  *( *$%'? , , . T0"  I %,$.<  *(1  *.J< . $( I 1%8(-  0I ( W%8(K  *. 8"J<" I 1%8 *
I %,$. <.'  *, . <. *$( . $8. *( $%128. T. *, . 12W%8(- . g\  I . B<" *$" 8(% *J. *. 3*$I @%$ *8( W%8(K
@*$. M) ( I . * $( , <"B<? I@ ; <( ,>( . 88?9 *I - B%M.

IQC n / &012 Q( )¬

x
i

Q
i

¬ Q
i

0³if

xi 0¬ otherwise

i 0 n 1-..Îfor

%
1

n
simp x( )×return

:=

16 l 8$%T<" 128"-  . >%8,"  , . O; ; ( >( %8$" 0%' J; ( <. I " 8(- , 9"<" ,$%<( B@KL "-  . $8.X %8(%
0( **( J" $( I 8.M ,  , . 8*%<I "$( I 8.M O8%<T((  ; <( ,>( . 88. -' %9" 8( )%*, .M *( *$%'?

I  
1

1
1

IQc IQC+

IC Im+

æ
ç
è

ö
÷
ø

2
+

:=
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tabl1

"R) 799/3/ , 12 ( , ?! 9/ 4)+$1/:                                                "

""$  &. 1)4?$. A1$: &/.$ , N                                                     "

""$  &. 2$16, 13/ $. A1$: &/.$ , N                                               "

"1. P&2$1) +/+G,,&:  ;1$0.  ) 79. 24, 1/:                                   "

"2. S$! $& <&2) >0/+ ) &2/  !)  $?!./2 <(,  L, (T                              "

"Q$&2) 2$ &4,;$ , D3                                                             "

"R) ?!. ,  &1$: $?!./2 <($ 1$ 0$&2) 2, &4,;$                           "

"3. S$! $& <&2) >0/+ ) &2/  !)  9$;,   , 64$( <&                               "

"Q$&2) 2$ &4,;$ , D3                                                             "

"R) ?!. ,  &1$: $?!./2 <($ 1$ 0$&2) 2, &4,;$                           "

"4. Q$&2) 21@> ! )  $;$2, .A  ) . , B$2, . A1) &2/  M                        "

"U, 124$. A1$: 0$&2) 2$, D3                                                 "

"R) ?!. ,  &1$: $?!./2 <($ ( .:  3, 124$. A1)> 0$&2) 2@            "

"5. Q$&2) 2$ !)  <&. ) +/C  A(! )=A(0), D3                                    "

"R) ?!. ,  &1$: $?!./2 <($                                                   "

"6. Q$&2) 2$ ! ) . ) &@ ! 4) ! <& $1/:  A(! )=0.707A(0), D3               "

"R) ?!. ,  &1$: $?!./2 <($                                                   "

"7. L,; ) 1$1&1$: 0$&2) 2$ ! (4), D3                                           "

"R) ?!. ,  &1$: $?!./2 <($ 1$ 0$&2) 2, ! (4)                           "

"8. V4/ , 12/4)+) 01),  +4, ?:  ! , 4, E) (1 ) 6) ! ) 3,&&$ t(! ), &         "

"9. V4/ , 12/4)+) 01),  +4, ?:  1-6) ?$ &/? <?$ t(?), &                 "

"10. R+$( 4$2/01@> /12, 64$. A1@>  4/2 , 4/>   $0,&2+$ I            "

"11. R+$( 4$2/01@> /12, 64$. A1@>  4/2 , 4/>   $0,&2+$ I'           "

"12. V3, 1 $ <! 4<6)-/1 , 43/ ) 11@E &/.  I(c)                                "

"13. V3, 1 $ /1 , 43/ ) 11@E &/. , &! )&. ! ) 2, 4,  <&2) >0/+ ) &2/  I(m)"

"14. V3, 1 $ &/.  24, 1/:  I(24.)                                                 "

"15. V3, 1 $ &/.  94/ 3/ ) 11@E $+2)  ) . , B$1/>  I(94. .)             "

"16. V3, 1 $ (/1 $?/ 0,& ) 6)  ) 79. ( , ?! 9/ 4)+$1/:  I(" )            "

 

Nmax

( max

f0

L

$ c2

AL

,

$ c1

A,

M2

$ M2

AM2

$ c32

Ac32

$ 02

A02

$ p2

Ap2

t( 2

tB2

I

I'

IC

Im

IQc

IQC

I  

æ
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
ç
è

ö
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
÷
ø

:=

K1, ' ! ' %+(  . 131;'( 3&, ' &;& 5(' ! 0!5  C, 3( 0%9%%+.  #!  E3( 5( %& #( 3&! 0! @3155

 ! $( !; '1 E%+F 1%1$&L

n@8,>(-  01-  I ? ) ( *1%8(-  0( " J" B. 8"  ) " *$.$  J<(  . ,$" I 8.'  ( 1(  0. 1%.,$" I 8.'  *J%,$<" 128.'  " 8" 1( B%.
E9. 08?% J"< " ' %$<?:
     b - ) ( *1.  0( " J" B. 8.I , J<( 9. 0- L ( 9*-  8"  . ,$" I@ (1, 3, 12 ( 1(  24)
     nf - ) ( *1.  ) " *$. $8?9 T" <' . 8(,
     t - J%<( .0  0( *, <%$( B" >((  0" 88?9
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octave b nf, t, ( ) g 10
0.3

¬

fn
0.5

t
¬

f1
fn

nf 1-
¬

j 1-¬

imax 16-¬

imax imax 1+¬

g
imax

1000× fn<while

temp g
i

1000×¬

j j 1+¬

fb
j

temp¬

f1 g
0.5

temp×<if

i imax 15- imax..Îfor

b 1=if

imax 51-¬

imax imax 1+¬

g

imax

b
1000× fn<while

temp g

i

b
1000×¬

j j 1+¬

fb j temp¬

f1 g

1

2 b×
temp×<if

i imax 50- imax..Îfor

b 3=if

imax 202-¬

imax imax 1+¬

g

2 imax×

2 b×
1000× fn<while

temp g

2 i×

2 b×
1000×¬

j j 1+¬

fb
j

temp¬

f1 g

1

2 b×
temp×<if

i imax 201- imax..Îfor

b 12=if

imax 404-¬

b 24=if

:=
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imax 404-¬

imax imax 1+¬

g

2 imax×

2 b×
1000× fn<while

temp g

2 i×

2 b×
1000×¬

j j 1+¬

fb
j

temp¬

f1 g

1

2 b×
temp×<if

i imax 403- imax..Îfor

x
i

g

1

2 b×
-

fb
i

×¬

y
i

fb
i

¬

z
i

g

1

2 b×
fb

i
×¬

x submatr ix x 0, i 1-, 0, 0, ( )¬

y submatr ix y 0, i 1-, 0, 0, ( )¬

z submatr ix z 0, i 1-, 0, 0, ( )¬

break

xi fn>if

i 0 j..Îfor

augment x y, z, ( )return

n@8,>(-  01-  I ? ) ( *1%8(-  . ,$" I 8. T. ( 1(  0. 1%.,$" I 8. T. *J%,$<"
E9. 08?% J"< " ' %$<?:
     hxy - *J%,$<" 128"-  ;@8,>(-  *( T8" 1" , I B" ( ' 8. T. * J%, $<"  ( 1(  J%<%0" $. )8.M ; @8,>(( ;
     fx    - I %,$.<  ) " *$.$ ;
     b     - ) ( *1.  0( " J" B. 8.I  8"  . ,$" I@ (1; 3; 12 ( 1(  24);
     t      - J%<( .0  0( *,<%$( B" >((  0" 88?9, *;
     a     - ' " , *( ' " 128"-  " ' J1( $@0"  X@' . I .M , . ' J. 8%8$? (0 - ; ( 12$<" >((  . ,$" I 8. T. *J%, $<"  8%$);
     type - $(J  <" **) \ $" . ,$" I 8. T. *J%, $<"
              = 1 - *<%08(9  , I "0<"$( )8?9 . $,1. 8%8(M;
              = 2 - @J<@T(9  8" T<@B., ;
              = 3 - ( 8%<>( . 88?9 8" T<@B., ;
              = 4 - *(1  *. J<. $( I 1%8(-  , . 1%3" 8( -' ;
              = 5 - *(1  $<%8(- , . 3@*1. I1%88?9 ; <( ,>( . 88? '(  " I $. , . 1%3" 8( - '( .
E?9. 08?% J"<" ' %$<?:
     0 , . 1. 8,"  - 8( W8--  T<" 8( >"  . , $" I 8.M J. 1. *?  ) " *$.$;
     1 , . 1. 8,"  - " ' J1( $@08.% B8" )%8(%;
     2 , . 1. 8,"  - " ' J1( $@08.% B8" )%8(-  I  0f .
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poctave hxy fx, b, t, -, type, ( ) n / &012 hxy( )¬

hmax max hxy( ) -×¬

fn
0.5

t
¬

h fx
1

¬

g 10
0.3

¬

fb octave b n, t, ( )¬

i 0¬

j 1¬

l 1-¬

m / &012 fb 0á ñ( )¬

s 0¬

low fb
i 0, 

¬

high fb
i 2, 

¬

s 0¬

k 1-¬

isfirst 0¬

break fx
j

high³if

isfirst 1¬

p
j

hxy
j

cos arg hxy
j( )( )×¬

q
j

hxy
j

sin arg hxy
j( )( )×¬

k k 1+¬

s s hxyj . hxyj hmax-( )×( )2+¬ - 0>if

s s hxy
j( )2+¬ otherwise

type 1=if

k k 1+¬

v
k

p
j

¬

type 2= p
j

0³Ùif

k k 1+¬

v
k

p
j

¬

type 3= p
j

0<Ùif

k k 1+¬

v
k

q
j

¬

type 4= q
j

0<Ùif

type 5= q 0³Ùif

otherwise

j n<while

fn low³if

i m<while

:=



 " $%'" $() %*, "-  '.0%12  . 34%, $" 23

k k 1+¬

v
k

q
j

¬

type 5= q
j

0³Ùif

j j 1+¬

l l 1+¬

cl low¬

d
l

s

2
¬ type 1=if

d
l

tr apz v( )¬ otherwise

k 1->if

dl 0¬ otherwise

isfirst 1=if

i i 1+¬

x
j

c
j

¬

y
j

d
j

¬ type 1=if

y
j

%
1

d
j

×¬ otherwise

zj 0¬ yj 0=if

z
j

20 log y
j( )×¬ otherwise

j 0 l..Îfor

x
l 1+

high¬

y
l 1+

y
l

¬

zl 1+ zl¬

augment x y, z, ( )return

DF97 HJ6

n@8,>(-  01-  I ? ) ( *1%8(-  *<%08%T. , I " 0<" $( )8. T. . $,1. 8%8(-  J.  B8")%8( -'  f Zn
E9. 08.M J" <" ' %$<:
     Sx - , . ' J1%,*8?% " ' J1( $@0?  0.  ) " *$. $?  ̂ "M,I ( *$"

) Sx( ) n / &012 Sx( )¬

y
k

Sx
k

n 1-

æ
ç
è

ö
÷
ø

2

¬

k 0 n 1-..Îfor

%max
simp y( )

2

2 n× 1+

2 n×
××return

:=

n@8,>(-  01-  I ? ) ( *1%8(-  *<%08%T. , I " 0<" $( )8. T. . $,1. 8%8(-  J.  B8")%8( -'  . ,$" I 8. T. *J%,$<"
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/ O( ) n / &012 O( )¬

s 0¬

s s 2 O
k( )2

×+¬

k 0 n 2-..Îfor

s

2
return

:=

5" *) \$  ) " *$. $8?9 9"< " ,$%<( *$(,  ' %$. 0.'  f ? *$<. T. J%<%. 3<" B. I " 8(-  n @<2%
3%B ( * J. 12B. I " 8(-  I %*. I ?9 . , .8

n / &012 N( ):= 5"B' %<8. *$2 I %,$. <"  0" 88?9

NW
n 1-

2
1+:= 5"B' %<8. *$2 I %,$. <"  J%<%0" $. )8.M ;@8,>((

j 0 NW 1-..:=

%'1
1

" t n 1-( )×
1=:= a" *$. $" 1 T"< ' . 8( ,(

%'
j

j %'1×:= E%,$.<  ) " *$.$

SN submatr ix CFFT N( ) 0, 0.5 n 1-( )×, 0, 0, [ ]:= GJ%,$<" 128"-  ;@8,>(-  8" T<@B,(  8"  . 34%,$

ON poctave 2 SN× %', B, " t, 0.02, 1, ( ):= Q,$" I 8?M *J%,$< 8" T<@B,(  8"  . 34%,$

) N
1

n 1-
0

n 1-

k

N
k( )2å

=

× 2466.7=:= G<%08%,I " 0<"$( )8.% . $,1. 8%8(% 8" T<@B,(  8"  . 34%,$

) SN( ) 2015.6=

) NO / ON
1á ñ( ) 2462.5=:= G<%08%,I " 0<"$( )8.% . $,1. 8%8(% 8" T<@B,(  8"  . 34%,$,

I ? ) ( *1%88.% J.  B8" )%8( -'  . ,$" I 8. T. *J%, $<"

S( submatr ix CFFT (( ) 0, 0.5 n 1-( )×, 0, 0, [ ]:= GJ%,$<" 128"-  ;@8,>(-  *( 1?  $" 8T%8>( " 128. T. *' %L %8(-
. 34%, $"

O( poctave S( 2× %', B, " t, 0.05, 1, ( ):= Q,$" I 8?M *J%,$< *( 1?  $" 8T%8>( " 128. T. *' %L %8(-
. 34%, $"

) (
1

n 1-
0

n 1-

k

(
k( )2

å
=

×:= G<%08%,I " 0<"$( )8.% . $,1. 8%8(% $" 8T%8>( " 128. T.
*' %L %8(-  . 34%, $"

) S(( )

) ( O / O(
1á ñ( ):= G<%08%,I " 0<"$( )8.% . $,1. 8%8(% $" 8T%8>( " 128. T.

*' %L %8(-  . 34%, $", I ? ) ( *1%88.% J.  B8" )%8( -'  . ,$" I 8. T.
*J%,$<"

OC poctave Wxy %, B, " t, 0, 2, ( ):= Q,$" I 8?M *J%,$< @J<@T(9  8" T<@B.,  8"  . 34%,$

) C

0

last OC
1á ñ( ) 1-

k

OC
1á ñ( )

kå
=

:= G<%08%% , I" 0<"$( )8.% . $,1. 8%8(% @J<@T(9  8" T<@B.,  8"
. 34%,$

Om poctave Wxy %, B, " t, 0, 3, ( ):= Q,$" I 8?M *J%,$< *(1  ( 8%<>( . 88?9 8" T<@B.,  8"  . 34%,$

) m

0

last Om
1á ñ( ) 1-

k

Om
1á ñ( )

kå
=

:= G<%08%% , I" 0<"$( )8.% . $,1. 8%8(% ( 8%<>( . 88?9 8" T<@B.,  8"
. 34%,$

OQc poctave Wxy %, B, " t, 0, 4, ( ):= Q,$" I 8?M *J%,$< *(1  *. J<. $( I 1%8(-  , . 1%3" 8( -'  . 34%,$"

áñ( )
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) Qc

0

last OQc
1áñ( ) 1-

k

OQc
1á ñ( )

kå
=

:= G<%08%% , I" 0<"$( )8.% . $,1. 8%8(% *(1  *. J<. $( I 1%8(-
, . 1%3" 8( -'  . 34%,$"

OQC poctave Wxy %, B, " t, 0, 5, ( ):= Q,$" I 8?M *J%,$< *(1  $<%8(-  . 34%,$", . 3@*1. I 1%88?9
; <( ,>( . 88? '(  " I $. , . 1%3" 8( - '(

) QC

0

last OQC
1á ñ( ) 1-

k

OQC
1á ñ( )

kå
=

:= G<%08%% , I" 0<"$( )8.% . $,1. 8%8(% *(1  $<%8(-  . 34%,$",
. 3@*1. I1%88?9 ; <( ,>( . 88? '(  " I $. , . 1%3" 8( - '(

tO

"XZ LZ" \ ^L "

"HRS 1$64<;  / "

"HRS &/.@ 2$16, 13. &?, ` , 1/: "

"HRS <! 4<6/E &/. "

"HRS &/.  /1 , 43// "

"HRS &/.  &) ! 4)2/+. , 1/: "

"HRS &/.  24., ) B<&.. 94/ . $+2."

"9$ 2"

) N

) (

IC

Im

IQc

IQC

"!)  &! ,  24<"

) NO

) ( O

) C

) m

) Qc

) QC

æ
ç
ç
ç
ç
ç
ç
ç
ç
ç
è

ö
÷
÷
÷
÷
÷
÷
÷
÷
÷
ø

:=

 ! $( !; '1 E%+F 1%1$&L

M3( 5( %%+(  . 131;'( 3&, ' &;&

n@8,>(-  01-  I ? ) ( *1%8(-  8. <'?  I %,$. <"

norm x( ) n / &012 x( )¬

s 0¬

s s x
i( )2

+¬

i 0 n 1-..Îfor

sreturn

:=

Q>%8,"  ' " ,* ( ' " 128.M ) " *$. $? 01-  .J<%0%1%8(-  I <%' %88?9 9" <" ,$%<( *$(,

$ max n / &012 P( )¬

k 0¬

j n 1- i-¬

k j¬

break

Pj 0.05 P0×>if

i 0 n 1-..Îfor

%
k

:= $ max 383.8= %last %( ) 500=

ti i " t×:= E%,$.<  0( *,<%$8?9 ' . ' %8$.I  I <%' %8(

Z%<%9. 08"-  ;@8,>(-  dOI ( *" M0"
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hd0 n / &012 P( )¬

x
k

P
k

%
k

sin 2 !× %
k

× t×( )×¬

k 1 n 1-..Îfor

y detrend
2

!
%1× tr apz x( )×æç

è
ö÷
ø

¬

y y
last y( )

- y
0

-return

:= h0

n / &012 P( )¬

x
k

P
k

%
k

sin 2 !× %
k

× t×( )×¬

k 1 n 1-..Îfor

y detrend
2

!
%

1
× tr apz x( )×æç

è
ö÷
ø

¬

y ylast y( )- y0-return

n / &012 t( )¬

cs cspline % P, ( )¬

P1 $( ) interp cs %, P, $, ( )¬

xk
2

!
0

$ max

$
P1 $( )

$
sin 2! $× tk×( )×

ó
ô
ô
õ

d×¬

k 0 n 1-..Îfor

xreturn

on error:=

l ' J@12*8"-  ; @8,>(-  i ( <" ,"

wn0 n / &012 t( )¬

cs cspline % P, ( )¬

P1 $( ) interp cs %, P, $, ( )¬

xk
2

!
0

$ max

$P1 $( ) sin 2! $× tk×( )×
óô
ôõ

d×¬

k 0 n 1-..Îfor

xreturn

:= w0 n / &012 h0( )¬

z
0

h0
0

¬

zk

h0k h0k 1--

t
k

t
k 1-

-
¬

k 1 n 1-..Îfor

zreturn

:=

kw
max w0( )

max wn0( )
4.501=:= - , .< <%,$( <. I ,"  8%J<%<? I 8.M ( ' J@12*8.M ;@8,>((

h0
i

0
h0

i
hd0

i
-

h0
i

100×on error:= w0
i

0
w0

i
wn0

i
-

w0
i

100×on error:=

h0 expsmooth h0 0.05, ( ):= w0 expsmooth w0 0.05, ( ):=

0 0.2 0.4 0.6 0.8 1

2- 10
3

´

2 10
3

´

4 10
3

´

6 10
3

´ norm h0( ) 380=
norm w0( ) 20122.5=

G( 8$%B( <. I " 88"-  J.  ) " *$. $8?'  (  I <%' %88?'  9"<" ,$%<( *$( ,"'  *( *$%'?  (  8. <' " 128.M 8" T<@B,%
;@8,>(-  *( 1?  $<%8(- , I ? ) ( *1%88"-  * J. ' . L 2K ( 8$%T<" 1"  iK " ' %1- :

x
i

" t N
0

h0
i

×

0

i

k

N
i k-

w0
k

×( )å
=

+
é
ê
ê
ë

ù
ú
ú
û

×:= x
i

" t h0
0

N
i

×

0

i

k

w0
i k-

N
k

×( )å
=

+
é
ê
ê
ë

ù
ú
ú
û

×:=

0 0.2 0.4 0.6 0.8 1

5-

5

10

15
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x submatr ix x 0, n 1-, 0, 0, ( ):= E. **$" 8. I 1%8(% 01( 8?  I %, $. <"

x medfil t1d x 3, ( ):= Z<( ' %8%8(% ' %0( " 88. T. ; ( 12$<"

)
1

n 1-
0

n 1-

j

( j xj-( )2å
=

× 28=:= QX( 3,"  ' . 0%1(

i 1-  3. 1%% 0%$" 128. T. J. *$<.%8(-  J%<%9. 08. T. J<. >%**"  ( B' %8('  ' " * X$"3  I <%' %8(

" t1 x medfil t1d h0 5, ( )¬

n / &012 x( )¬

y
i

if if x
i

x
n 1-

- 0.05 x
n 1-

×£ 1, 0, ( ) 0, i, ( )¬

i 0 n 1-..Îfor

2 " t× t
max y( )

×return

:=

" t 1 10
3-

´=

" t1 5.8 10
5-

´=
t1i i " t1×:=

Z. I $. <8.  I ?) ( *1('  J%<%9. 08@K (  ( ' J@12*8@K ; @8,>((  01-  . >%8,(  I <%' %88?9 9" <" ,$%<( *$(,

h

n / &012 P( )¬

x
k

P
k

%
k

sin 2 !× %
k

× t1×( )×¬

k 1 n 1-..Îfor

y detrend
2

!
%1× tr apz x( )×æç

è
ö÷
ø

¬

y y
last y( )

- y
0

-return

n / &012 t( )¬

cs cspline % P, ( )¬

P1 $( ) interp cs %, P, $, ( )¬

x
k

2

!
0

$ max

$
P1 $( )

$
sin 2! $× t1

k
×( )×

ó
ô
ô
õ

d×¬

k 0 n 1-..Îfor

xreturn

on error:= w n / &012 h( )¬

z
0

h
0

¬

z
k

" t
h

k
h

k 1-
-

t1k t1k 1--
×¬

k 1 n 1-..Îfor

medfil t1d z 10, ( )return

:=

t0 n / &012 h( )¬

( InterpX t1
i 1-

t1
i

, h
i 1-

, h
i

, 0, ( )¬

break

hi 1- 0£ hi 0³Ùif

i 1 n 2-..Îfor

(return

:= E<%'- , *.. $I %$*$I @KL %% h = 0, *

n@8,>((  01-  J. ( *,"  ' " , * ( ' @'"  (  ' ( 8( ' @'"  ;@8,>((  I  ( 8$%<I " 1% ( 80%,* .I
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maxf f a, b, ( ) k 0¬

i a¬

s f
i

¬

i i 1+¬

s f
i

¬

k i¬

s fi£if

i b<while

kreturn

:= minf f a, b, ( ) k 0¬

i a¬

s f
i

¬

i i 1+¬

s f
i

¬

k i¬

s fi³if

i b<while

kreturn

:=

QJ<%0%1%8(% ' " ,* ( ' @' .I  ;@8,>(( :

id m / &012 h( )¬

a 0 0 0 0( )T¬

x0 i 1+¬ h
i 1-

h
i

< h
i

h
i 1+

<Ù h
i 1+

h
i 2+

³Ùif

y0 i¬ h
i 1-

h
i

< h
i

h
i 1+

³Ù h
i 1+

h
i 2+

>Ùif

tr ace "{ 0} -{ 1}" x0, y0, ( ) x0 0> y0 0>Úif

a
0

min x0 y0, ( )¬

a0 0=if

x1 i 1+¬ h
i 1-

h
i

< h
i

h
i 1+

<Ù h
i 1+

h
i 2+

³Ùif

y1 i¬ hi 1- hi< hi hi 1+³Ù hi 1+ hi 2+>Ùif

tr ace "{ 0} -{ 1}" x1, y1, ( ) x1 0> y1 0>Úif

a
1

max x1 y1, ( )¬ x1 0> y1 0>Ùif

a
1

0= i a
0

2.8× if  0.707> 1.786, 1, ( )×>Ùif

x2 i 1+¬ h
i 1-

h
i

< h
i

h
i 1+

<Ù h
i 1+

h
i 2+

³Ùif

y2 i¬ h
i 1-

h
i

< h
i

h
i 1+

³Ù h
i 1+

h
i 2+

>Ùif

tr ace "{ 0} -{ 1}" x2, y2, ( ) x2 0> y2 0>Úif

a
2

max x2 y2, ( )¬ x2 0> y2 0>Ùif

a2 0= a1 0>Ù i a1 1.5×>Ùif

x3 i 1+¬ h
i 1-

h
i

< h
i

h
i 1+

<Ù h
i 1+

h
i 2+

³Ùif

y3 i¬ hi 1- hi< hi hi 1+³Ù hi 1+ hi 2+>Ùif

tr ace "{ 0} -{ 1}" x3, y3, ( ) x3 0> y3 0>Úif

a
3

max x3 y3, ( )¬ x3 0> y3 0>Ùif

a
3

0= a
2

0>Ù a
1

0>Ù i a
2

>Ùif

i 1 m 3-..Îfor

areturn

:=

( 1 t1
id0

0.0029=:= hmax1 max h
id0

h
id1

, h
id2

, h
id3

, ( ) 0.13447=:=
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( 2 x t1
if min id1 id2, ( ) 0> min id1 id2, ( ), id1, ( )¬

if x 0> x, 1-, ( )return

:= hmax2 n / &012 id( )¬

x i¬

break

h
idi( ) hmax1=if

i 0 n 1-..Îfor

y h
id i( )¬

break

h idi( ) hmax1<if

i x n 1-..Îfor

yreturn

0.09067=:=

( 2 0.00905=

0 0.01 0.02
0.1-

0

0.1

0.2

a <1 3/:  b 7+/ &$>($
a <1 3/:  d / 4$ $

hmax2

hmax1

( 1 ( 2

%T* %>* V(  >!( W( ** V(  Y[ ! [ ] , (! #T, # ]# :

T0
1

$
:= - J%<( .0  I ?8@W0%88?9 , . 1%3" 8(M, *

T if ( 2 ( 1> ( 2 ( 1-, +, ( ) 6.148 10
3-

´=:= - J%<( .0  B"$@9" KL (9  , . 1%3" 8(M, *
hL h

n 1-
:= 1) S*$" 8. I ( I X" - *-  " ' J1( $@0"

t1_min n / &012 h( )¬

( InterpX t1i 1- t1i, hi 1-, hi, hL, ( )¬

break

t1
i

t0> h
i 1-

hL<Ù h
i

hL³Ùif

i 1 n 1-..Îfor

(return

:= 18)  ( 8( ' " 128.% I <%'-  8"<" *$" 8(- , *

t# n / &012 h( )¬

j n 1- i-¬

( InterpX t1
j 1-

t1
j

, h
j 1-

, h
j

, 0.5 hL×, ( )¬

break

t1
j 1-

t1_min£ h
j 1-

0.5 hL×<Ù h
j

0.5 hL×³Ùif

i 1 n 2-..Îfor

(return

:= 17) E<%'-  B" J" B0? I" 8(- , *
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t1_max n / &012 h( )¬

( InterpX t1
i 1-

t1
i

, h
i 1-

, h
i

, hL, ( )¬

break

t1i 1- ( 1³ hi 1- hL³Ù hi hL<Ùif

i 1 n 1-..Îfor

(return

:= 19)  " , *( ' " 128.% I <%'-  8"<" *$" 8(- , *

i 1-  . >%8,(  01( $%128. *$( J%<%9. 08. T. J<. >%**"  I ? ) ( *1('  I *J. ' . T"$%128@K ; @8,>(K
' " ,*( ' " 128. T. ( 80%,*"  J%<%9. 08.M ;@8,>((

t( x medfil t1d h 5, ( )¬

n / &012 x( )¬

y
i

if if x
i

x
n 1-

- 0.05 x
n 1-

×£ 1, 0, ( ) 0, i, ( )¬

i 0 n 1-..Îfor

t1
max y( )

return

:= - 01( $%128. *$2 J%<%9. 08. T. J<. >%**" , *

"
0.05 hn 1-× 5×

h
t(

" t1

hL-
:= - ; " ,$( )%*,"-  . X ( 3,"  <%T@1( <. I " 8(- , %

)
hmax1 hL-

hL
100×:= 22) B. D. D. QKA3D8M; 23. , % = [10 ... 30]

dC5C7bg5 l Gbl 7l  oCbSdCs t ld  7Qj gf C^ lu

1 if hmax2 0= 0, 
hmax1 hL-

hmax2 hL-
, 

æ
ç
è

ö
÷
ø

:= Q$8.X %8(% 0I @9 *. *%08(9  " ' J1( $@0

* if 1 0> 1
1

1
-, 0, æç

è
ö÷
ø

:= 24) G$%J%82 B" $@9" 8(-  , . 1%3" 8(M

2 if 1 0> ln 1( ), 0, ( ):= $8Q; D3^I 34.5 73G =. 7D. I . 2C : ; CK0; 23N

Q if 1 0>
2!

*
, 0, æ

ç
è

ö
÷
ø

:= 23) 0. 3<. $8. *$2 , . 1%3" $%128.M *( *$%'?

$
2!

T
:= - ,<@T. I"-  ) " *$. $" B"$@9" KL (9  , . 1%3" 8(M, * -1;

3 if 1 0>
2

T
, 0, 

æ
ç
è

ö
÷
ø

:= - , . O; ; ( >( %8$ B" $@9" 8(- , *-1

$ 0 if 1 0> 3
2

$
2

+, 0, æ
è

ö
ø:= - ,<@T. I "-  ) " *$. $" *. 3*$I%88?9 , . 1%3" 8(M, *-1;

m if 1 0>
3

$
, 0, æ

ç
è

ö
÷
ø

:= - , .< 8%I .M J. , " B" $%12 , . 1%3"$%128. *$(

 if 1 0>
m

1 m
2

+

, 0, æ
ç
è

ö
÷
ø

:= - 78Ŝ ^ 3_3. 2C =. I B^ 3D8M; 23N ; <( ,>( . 88?9 *I - B%M << [1]
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5(* . - U,*J%<( ' %8$" 128"-  (  $%.<%$( )%*, "-  1. $8. *$2 I%<. - $8. *$(  . X( 3.,  ' " $%' " $( )%*,(9  ' . 0%1%M

O D3##),  @>! =3.  (  I . 5( ),  I 5&F>&E. #&&  ! #$& ( *+ - $. 0134- $5&!  #.! 0 (0  01-  >%8$<" 128.M
) " *$(  <" *J<%0%1%8(- .
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15&, . #&,   ) %. #$!  3D. $(37 #) @7&  I)  >&#. G#)G 5. : 5. @@&& @ #. +3(&@&, 9 ,&  ) D&#3$) ()
53@I 5. D. >L##9 ,&  #)5 , 3>?#9 ,&  @>! =3G#9 ,&  ) N&F$3,&

p 2:= - , . 1( )%*$I.  8%B" I ( *( ' ?9 J%<%' %88?9 (<%"128?M
(  *( 8$%B( <. I" 88?M *( T8" 1?  *( 1?  $" 8T%8>( " 128. T.
*' %L %8(- );

Fp
R2

1 R2-

n p- 1-

p
×:= - <" *) \ $8.% B8" )%8(% , <( $%<(-  n ( X%<":

T0% n - ) ( *1.  8" 31K0%8(M, n 1001= ;
       p - , . 1( )%*$I.  8%B" I ( *( ' ?9 J%<%' %88?9, p 2= .

- 0.05:= - @<. I %82 B8") ( ' . *$(  ,<( $%<(- ;

F- qF 1 -- p 1-, n p-, ( ):= - $" 31( )8.% B8" )%8(% ,<( $%<(-  n ( X%<" ;

G0 if Fp F-³ "$( ,  +$21$", "1,  &)) 2+, 2&2+<,2", ( ):=

G0 "$( ,  +$21$"=

     b",  , ",  ' "$%' " $( )%*, "-  ' . 0%12 G
0

"$( ,  +$21$"= , $.  $) BCC&%&. #7  , #)E. @7 ( . ##)G $)5 5. >0%&&

@) ) 7 ( . 7@7 ( ! .7  3#3>&+&5! . , 9,  D3##9, .

 [ =. 7M; C285CF  I ; C. I ; C34. 578G I 8=. A3 B8 7D3C. D3`  TCF` =. 2C;.
      j ( 8%M8?M , . O; ; ( >( %8$ , . <<%1- >((  Z( <*. 8"  rxy - O$.  J. , " B"$%12 9" <" ,$%<"  IB" ( ' 8. T. *$. 9" *$( )%*, . T.
I 1( - 8(-  ( B' %8%8(-  0I@9 *1@)" M8?9 I %1( ) (8 .
     7. <<%1- >(-  - *$" $( *$( )%*, "-  I B" ( ' . *I - B2 0I @9 ( 1(  8%*, . 12, (9  *1) " M8?9 I %1( ) (8 . Z<(  O$.'  ( B' %8%8(-
. 08.M ( 1(  8%*, . 12,(9 (B O$(9  I %1( ) (8  J<( I . 0($ ,  *( *$%' " $( )%*, . '@ ( B' %8%8(K  0<@T.M (1(  0<@T(9  I %1( ) (8 .
 " $%' "$( )%*, .M ' %<.M , .<< %1- >((  *1@) " M8?9 I %1( ) (8  *1@W($ 1( 8%M8?M , . O; ; ( >( %8$ , .<< %1- >((
Z( <*. 8" . G. B0" 0('  ;@8,>(K , I ? ) ( * 1-KL @K , . O; ; ( >( %8$ , .< <%1- >((  Z( <* . 8" :

rxy x y, ( ) n / &012 x( )¬

0

n 1-

i

xi mean x( )-( ) yi mean y( )-( )×éë ùûå
=

0

n 1-

i

x
i

mean x( )-( )2å
= 0

n 1-

i

y
i

mean y( )-( )2
å
=

×

return

:=

E? ) ( *1('  B8" )%8(-  , . O; ; ( >( %8$" , . <<%1- >((  Z( <*. 8"  01-  O,*J%<( ' %8$" 128?9  (  <" *) \ $8?9
B8" )%8(M:

r xy rxy r 1á ñ
r 2á ñ

, ( ):=

     g*1(  rxy = 0, $.  *I - B2 ' %W0@ I %1( ) ( 8" '(  . $*@$*$I @%$, "  ( B' %8%8(% r<1> 8% I 1( - %$ 8"  ( B' %8%8(-

r<2>.  g*1(  0 < rxy < 1, $.  8" 31K0" %$*-  J<- ' "-  ;@8,>( . 8" 128"-  *I - B2, * @I %1( )%8( %' r<1> I . B<" *$"%$

r<2>.   g*1(  -1 < rxy < 0, $.  8" 31K0" %$*-  . 3<" $8"-  ; @8,>( . 8" 128"-  *I - B2, * @I %1( )%8( %' r<1>

@' %82X" %$*-  r<2>.   g*1(  rxy = 1, $.  ( ' %%' ; @8,>( . 8" 128"-  *I - B2, , " W0. '@ B8" )%8(K  r<1> *$<. T.

*. . $I %$*I @%$ . 08.  B8" )%8(% r<2>, $.  %*$2 ( B' %8%8(-  0I @9 I %1( ) (8  ' . W8.  . J( *"$2 ' " $%' " $( )%*, .M
;@8,>( %M.  
      o8" ) ( ' . *$2 1( 8%M8. T. , . O; ; ( >(%8$" , . <<%1- >((  J<. I %<- %$*-  8"  . *8. I% t-,<( $%<(-  G$2K0%8$".
E? ) ( *1('  ; " ,$( )%*, .% B8" )%8(% ,<( $%<(-  G$2K0%8$":

tp
r xy

1 r xy( )2-

n 2-×:=
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t- qt 1
-

2
- n 1-, æç

è
ö÷
ø

:= - $" 31( )8.% B8" )%8(% ,<( $%<(-  G$2K0%8$";

G1 if tp t-³ "$( ,  +$21$", "1,  &)) 2+, 2&2+<,2", ( ):=

G1 "$( ,  +$21$"=

     O #3N.,  @>! =3.  53@@=&7 3##9.  $5&7 .5 &&  &N. 53 & Q7 ?SD. #73  (9 N. , =.,  7 3F>&=#9. , 7)
) FT0@#L##30 D&@I .5 @&0 @! - . @7 ( . ##)  F) >?N. , =.,  #. ) FT0@#L##30, &  , ) D. >& , )E#)  @=&7 37?
 @7 37 &@7 &=. @$& +#3=&, 9 ,& .

M3( 5( %%+(  . 131;'( 3&, ' &;&

OP<6R <PMSHRU <SWKYZH\]   SHH\]   _`  WP]< SHUHR`  M OSa_

Name "XLf " \L ":=

FileName concat Name "-", substr num2str  ( ) 0, 4, ( ), "-", substr num2str 1000y0( ) 0, 4, ( ), "-", substr num2str 1000((, (:=

tabl 0á ñ
T:= tabl 1á ñ

# '(:= tabl 2á ñ
# 2:= tabl 3á ñ

# 3:= tabl 4á ñ
# 4:= tabl 5á ñ

# 5:= tabl 6á ñ
# 6:=

tabl 7á ñ
d# '(:= tabl 8á ñ

d# 2:= tabl 9á ñ
d# 3:= tabl 10á ñ

d# 4:= tabl 11á ñ
d# 5:= tabl 12á ñ

d# 6:=

tabl 13á ñ
N:= tabl 14á ñ

(:= tabl 15á ñ
x:= tabl 16á ñ

s.:= tabl 17á ñ
FA:= tabl 18á ñ

FB:=

tabl 19á ñ
FC:= tabl 20á ñ

f1A:= tabl 21á ñ
f1B:= tabl 22á ñ

f1C:=

tabl

0 1 2 3 4

0

1

2

3

59 -8-5.4·10 -5-4.73·10 -6-2.047·10 -5-7.78·10

59.001 -8-1.016·10 -5-4.726·10 -6-2.003·10 -5-5.01·10

59.002 -71.559·10 -5-4.721·10 -6-1.836·10 -41.615·10

59.003 -74.26·10 -5-4.71·10 -6-1.56·10 ...

=

tbl 0á ñ
t1:= tbl 1á ñ

h:= tbl 2á ñ
w:=

In m '( m2 m3 m4 m5 m6 C'( C2 C3 C4 C4' C5 C6 C( " B r k r A r B r C b Q0 f  Nmax (
æ
ç
è

:=

FileName0 concat FileName ".dat", ( ):= l *9. 08?% 0" 88?% 01-  <" *) \ $.I  (  <%B@12$" $? I ? ) ( *1%8(M
WRITEPRN FileName0( ) In:= In

FileName1 concat FileName "_d$11@,.dat", ( ):= 5%B@12$" $? I ? ) ( *1%8(M
WRITEPRN FileName1( ) tabl:=

FileName2 concat FileName "_J 4b $4.dat", ( ):= E<%' %88?% 9"< " ,$%<( *$( ,(
WRITEPRN FileName2( ) tbl:=

FileName3 concat FileName "_L$? $R$0J 4b $4.dat", ( ):= E<%' %88?% 9"< " ,$%<( *$( ,(
WRITEPRN FileName3( ) tp:=

á ñ á ñ

tbl

0 1 2

0

1

2

3

4

0 0 -38.715·10
-55.8·10 -44.834·10 -39.086·10
-41.16·10 -49.889·10 -39.456·10
-41.74·10 -31.537·10 0.01
-42.32·10 -32.15·10 ...

=



 " $%'" $() %*, "-  '.0%12  . 34%, $" 38

SP0á ñ
%:= SP1á ñ

Wxy:= Z%<%0"$. )8"-  ;@8,>(-  J%<( . 0. T<" '' 8?'  ' %$. 0.'
SO1)"

FileName4 concat FileName "_H!b $4.dat", ( ):=

WRITEPRN FileName4( ) SP:=

FileName5 concat FileName "_V 2H! N.dat", ( ):= Q,$" I 8?M *J%,$< 8" T<@B,(  8"  . 34%,$

WRITEPRN FileName5( ) ON:=

FileName6 concat FileName "_V 2H! T.dat", ( ):= Q,$" I 8?M *J%,$< *( 1?  $" 8T%8>( " 128. T. *' %L %8(-
. 34%, $"

WRITEPRN FileName6( ) O(:=

FileName7 concat FileName "_V 2H! C.dat", ( ):= Q,$" I 8?M *J%,$< @J<@T(9  8" T<@B.,  8"  . 34%,$

WRITEPRN FileName7( ) OC:=

FileName8 concat FileName "_V 2H! M.dat", ( ):= Q,$" I 8?M *J%,$< *(1  ( 8%<>( . 88?9 8" T<@B.,  8"  . 34%,$

WRITEPRN FileName8( ) Om:=

FileName9 concat FileName "_V 2H! Qc.dat", ( ):= Q,$" I 8?M *J%,$< *(1  *. J<. $( I 1%8(-  , . 1%3" 8( -'  . 34%,$"

WRITEPRN FileName9( ) OQc:=

FileName10 concat FileName "_V 2H! Q9.dat", ( ):= Q,$" I 8?M *J%,$< *(1  $<%8(-  . 34%,$", . 3@*1. I 1%88?9
; <( ,>( . 88? '(  " I $. , . 1%3" 8( - '(

WRITEPRN FileName10( ) OQC:=

OP<6R <PMSHRU <SWKYZH\]   SHH\]   _`  WP]< SHUHR`  M OSa_



 " $%'" $() %*, "-  '.0%12  . 34%, $" 39

4- 10
4-

´

2- 10
4-

´

0

2 10
4-

´

4 10
4-

´

 !

P
6)

.,
 6

4$
(<

&

4- 10
3-

´

2- 10
3-

´

0

2 10
3-

´

4 10
3-

´

+2<.  $ 2 (C)

P
6)

.,
 6

4$
(<

&
1-

0.5-

0

0.5

1

+$.  4 (C)

P
6)

.,
 6

4$
(<

&
4- 10

4-
´

2- 10
4-

´

0

2 10
4-

´

4 10
4-

´

6 10
4-

´

+2<.  $ 3 (A)

P
6)

.,
 6

4$
(<

&

59 59.5 60
1-

0.5-

0

0.5

1

+2<.  $ 5 (B)

J 4,?: , &

P
6)

.,
 6

4$
(<

&

59 59.5 60
10-

5-

0

5

10

2:6$ 6 (B)

J 4,?: , &

P
6)

.,
 6

4$
(<

&

5(* . 1 - n@8,>((  @T1. I ?9 *' %L %8(M ' . 0%1(  . 34%, $" I.  I <%' %8(  J<(  " ' J1( $@0% I 8%X8%T. I . B0%M*$I (-  
y0 1000× 0.5= '' , ) " *$. $% , . 1%3" 8(M $ 4= `>  (  , . O; ; (> ( %8$% 0%' J; ( <. I " 8(-  , . 1%> 2, 3, 5  0.1= :
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5(* . 8 - 1/B 3= - 0. 1%. ,$" I 8?% *J%,$<? *<%08%T. , I " 0<" $( )8. T. . $,1. 8%8(- : 1 - I %<$( ," 128.M 8" T<@B,( ; 7 -
*( 1?  8. <' " 128. T. I . B0%M*$I (- ; 8 - *( 1?  $" 8T%8>( " 128. T. *' %L %8(- ;   - @J<@T(9  8" T<@B.,  8"  . 34%,$; 9 -
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