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-

-
. , 

-
-

 ( ) 
 ( ). , 

-
. -

, -
, , -

.

, -
, -

 ( .2), 
, -

 [2]. -
 MatLab  6.5.

. 2
, -

, :
AD1, AD2 – 

;
DB – ;
TT – , ;

Ld – ;
R – ;
SIFU – ;
POWER – .

, -
-

 ( , , 
.), -

, -

, 
.

 SIFU 

. -
1 -

 30 . , -
2

 0  150 . -
-

. -

-
 [2] . 3.

. 4
-

,   – ,  –
, -

,  = 0,67 -2, 
t = 190 . -

. 2.  MatLab
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,

 ( ) -
, 

, 
 ( ) 

. -
-

:

cM M J
t

; (1)

J const
t

, (2)

 – ; – 
; J – ,  – -

t.
, 

,  [3] 
J = 1280 2, -

t  = 190 . t
= 4 ,  J = 13,5 2

.
. 5 -

, , 
Is  Id -

. 
-

 120  145 .  ( . . 4). 
, 

, , -
 ( ) -
. 

, 

. -

. 3. 

. 4. 

. 5. =f(t), M=f(t),
Is=f(t), Id=f(t) 
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-
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, W  –
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) / d0, d0 – 
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 ( -
), . 4, .
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-
. -
 6  ( . 4, ).

. 5
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 ( -
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-
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, -
-

R, :

01 ( ) sign( )R
R R TR R

dJ F R t M
dt

; (1)

01 ( )R R
dL R t
dt

, (2)

J R = J R + JM(t) – 
, 

, 2; F01 –
 1

, ; MTR – ,
; L01 – , .

, 

-
, -

-

, . , J R

 110, 45  10 2

RR = 0.4, 0.333  0.2 .
-

RLSELLF /)( 011001 , (3)

L10 – ,  1 , ;
 = 22000 2 – 

; S = 7–28 2 – .
, 

, . 2 ,  
 1  5 -

 (1),  6, 7  (2),
 8  10 –  (3).  10

-
.

, -
N:

4 34 sign( )N
N N TN N

dJ M F R M
dt

; (4)

43
N N

dL R
dt

, (5)

J R=J N+JMN+JDiN2 – -
, -

, 
, 

, 2; F34 –  3
, ; 4 – 

, 
; TN – -

,  ; iN – 
.

-
 ( . 3)  (4) 

. 2.  EMCR

. 3.  EMCN
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 1  5,  (5) –  6  7.
-

 355, 390  455 2

RN=0.2, 0.333  0.4 .
-

:

( )Vi
V Vi V

dJ M F F R
dt
sign( )TV VM ; (6)

ViV
Vi R

dt
dL

; (7)

)1/( 1eLL Vii ; (8)

)1( 2eLL Vii ; (9)

( 1)( 2 ) :i Pi i iF L L L E S

: ( 2 ( 2))K PiL L d , (10)

Vi – i -

, 1/c; J V=JV+JDiVi
2 – 
, -

,
, 2; F+, F– – 
, ; L–i, L+i, LVi – -

, , -
, ; e1, e2 – 

-
; LPi – ,

 (LPM=0.8 ).
 ( . 4) 

(6)  1  6,  (7)
–  7  8,  (10) – 
13  17.  30%

1=0.1 2=0.05. 
1= 2=0. 

, -

1 2.

. 4.  EMC1

. 5.  CAR1
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2Pi
i i i
dVm m g F
dt
sign( )TPi Pi d PiF V K V ; (11)

Pi
Pi V

dt
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, (12)
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, ; F i –
, ; Kd – -
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, -
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 ( ) 

-
:

1

2 2

2

1 2

2 2

( ) ( ) :
: ( 2.5 1);

( ) ( ) /( 1);
( ) ( ( ) ( )) :

: ( 1.4* 1),

ZM P ZM

M M

ZM P C F

D ZM ZM M

P P

U P L P K
T P T P

U P L P T P T P
M P U P U P K

T P T P

 (13)

TM, KZM –  -
 «  1»;

, TF – 
 «  2»; ,

 – -
.

. 5,   1   10
 (11)  (12), 

 (13)  11
 16. -

, 
, . 

 CAR3 
-
-

 ( ) 
 ( ), 

-
.

-
. 6. 

EMCR,  EMCN 
1- 3, -

 CAR1-CAR3 
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-
-
-

.  0  5 , -

. 6. 



, , 

———————————————————————————————————     . . . .  2. 2006.64

.  5  30 -

10 1/ . 

. 1 2.
. 7

-
 ( -

-
). -

. 
-

 100%, -
 7 , 

.
-

, -
, -

. ,
, -

. -

. -
 ±8%.

,
-

. -
 AMTK-F 160 [2] (18,5 ,

1500 , 142 , J =0,065 2), -

. 7. 

. 8. 

 1

. . . 1 2 3 . . .

1  J 110 45 10 3,8 3,8 2 10 45 110
2  J . 0 0 0 126,6 95,5 345 345 345 345
3  J . 0 0 0 6,5 5 16 16 16 16
4 J 110 45 10 164,6 99,3 347 355 390 455
5 J 110 45 10 10,3 8,8 18 26 61 126
6 J / J 1 1 1 16 11,3 19,3 13,7 6,4 3,6

 2

f i
 -  0,022 0,015 0,01 2,0 0,12 0,02
 - 0,006 0,005 0,005 0,5 0,04 0,005
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– ;
–

;
– .

1. . SIMULINK:  / . . . . .: ,
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2. . -F.  //
. . 2006, . . 2.
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2 2
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, -
 (a=const), ,

z

, -

0t
z

.   (1) -

.
=0 -

t(x,y)=t0.  (DE)
:

DE
tq
x

, q – -

;  – -
.

 ( 2) -
-
-

. -
 [2], -

:

0,46668 exp 14,689q v
24,3376 5,5939 3,1608h h h

8 50,007815/ / 5,7084 10h v h , (2)

h – -
, ; v – ,

.

2/

H

Y

X

D
E

F
S

O

O’

R

d/2

2/

H

Y

X

D
E

F
G

O

O’

D/2

S V

                                                                                                 

Y

X

2/
b

2/a

D E

FG

H
O

h

X

S V

Y

X

2/
b
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D E
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G

H
O

h

X

d /2S V
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 ( )  ( )
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(DO),  (EF)  (RS)

0DO
EF
RS

t
y

. 

 (GF) -
:

t t ; GF
GF

t t t t
x x h

,

tn – -
; h – 

.
 (SF) 

 (SV) 

SF
SV

t
t t

x
,

 – 
; t – -

.
-

(OH), (HG),( ’) (O’R) -
:

OH
HG
OO
O R

t t t
x

,

t – ; t  –
.

-
-

 [2]:

0,250,8 0,430,021Re Pr Pr Prc
dNu ,

Re W d
 – ; W  – -

;
4 fd
P

 – -

; f – -
; P – 

.
d d ,

2
d D , -

2abd
a b

 –

2 2

2 ( )
( ) 4

b a dd
a d a d b

.

Pr -
 10  210°C 

0,8563Pr( ) 89,666t t .

. -

, -
, 

 [3]. 
 [4].

, -
-
-

. -
-

, .
, 

-
=42 , -

t0=40°C 
-

=300 /( ). -
v=0,74 ,

W =2,5 /c,
t =23° . -

, 
h=200 , -

 (2) 
q=1150 2.

. 2
-

 (b+C=40 ) 
. , -

-
 ( E), -

 ( ) -
H .

-

 ( . 3).
-

, 
, -

, , -
.

 (a=15 ,
b=21 )  (a=20 ,
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d=10 , b=21 ) . 4, 
.
, -

 6…10 . 
, -

-
 [5], -

, -
 [2].

-
, 

p

q
t t

, pt  – -

; t .– .

75-100
50-75
25-50
0-25

0 6

13 19 26 32 38
0

4
8

13
17

21

0

25

50

75

100

T,

75-100
50-75
25-50
0-25

0 6

13 19 26 32 38

0
4

8
13

17
21

0

25

50

75

100

T,

                                                                                                       

225-250
200-225
175-200
150-175
125-150
100-125
75-100
50-75
25-50
0-25 0 6

13 19 26 32 38

0
4

8
13

17
21

0
25
50
75

100
125
150
175
200
225
250

T,
250-275
225-250
200-225
175-200
150-175
125-150
100-125
75-100
50-75
25-50
0-25 0 6

13 19 26 32 38

0
4

8
13

17
21

0
25
50
75

100
125
150
175
200
225
250
275

T,

                                                                                                          
. 2. 

 30  ( , )  600  ( , )

0 10 20 30 40 50
.0

10.5

21.1

.
25.
50.
75.

100.
125.
150.
175.
200.
225.
250.

225.-250.

200.-225.

175.-200.

150.-175.

125.-150.

100.-125.

75.-100.

50.-75.

25.-50.

.-25.

0 8 16 24 32 40
.0

10.5

21.1

.
25.
50.
75.

100.
125.
150.
175.
200.
225.
250.
275.
300.
325.

300.-325.

275.-300.

250.-275.

225.-250.

200.-225.

175.-200.

150.-175.

125.-150.

100.-125.

75.-100.

50.-75.

25.-50.

                                                                                                    
. 3. d=20  ( ) 

D=28,3  ( )  600 



… , , 

. . . .  2. 2006.      ——————————————————————————————————— 69

 [6], 
K -

, . . -
-

q t .
-

L, . 5. 
L= –d/2, d=20 -

L=H–D/2, D=28,3  ( . . 1), 
L=C, a=15 ,

b=21 . f
, -

L.
, -

,  10%, ,
 40%. 

-
, . 

-

2 3,54L f f . (3)

-
, , -

, -
.

2 2,5L f f . (4)

-

22
[ ]

ff aL a f n f
a af

. (5)

, . 5, 
n 3,21.  (3)–(5),

: 2 1,4
L
L

; 1,1
L
L

.

, -
-

-
.

, 
 ( . 6, ).

-
, 

H=40  =const -
.

a
, 

0

50

100

150

200

250

0 2 4 6 8 10
, .

t, 

0

50

100

150

200

250

0 2 4 6 8 10
, .

t, 

                                                                                                
. 4. t , t ,

t t
 ( )  ( )

3700

4200

4700

5200
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6200

6700

7200

7700

10 15 20 25 30

L, 

, /( )

. 5. 
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 b , ,
L. , -

-
. . 6, , -

n .
-

-
 10% a>d.

, -
-

, 
-

. 

6–10 .
, 

, -
. 

, 
, -

, 
, .

-
, -

, 

. -

, 
-

.

1. ., ., .  // . 1985.
 6. C. 33–36.

2. .  / . . . . : 
 – « », 2003. 320 .

3. . . : , 1967.
234 .

4. . . .: , 1977. 356 .
5. ., .  // -

 63-  2003–2004 .: . . . 2. : , 2004. . 190–193.
6. ., . -

 // . . . 2004.  8(37). . 4. .91–93.
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. 6.  ( ) n ( )

 (5)  (f=a b=315 2=const)
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, /( )

. 7. 
a

f=315 2=const, b=21 =const
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.
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.
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, -
-

, -
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-
-

, 

.

-
-

, -
.

-
, , -

-
. 

, ,

, , -
, .

 [3]:

2 20r r ;  (1)

0k kx x ,  (2)

20 0, kr x  – , -

.
-
-

:

20 21
2

1
1

r s r s s
r

s
;  (3)

0 1 1

1

k k
k

x s s x s s
x

s s
,  (4)

21 1, kr x  – , -

; s , s – -
; s1 = 0,7–0,9.

 0,7÷0,9, -
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1k kx x . (5)

-
-

, , 
 – 

 ( , 
).

 « », -
 3 .

, -
, 

, -

, 
, -

.
-

, 
. -

-
. , 

-

-
 ( . 1 , 2).

,  
-

. -
, -

 ( .  3). -

. 1. 

. 2. 



 … … , , , 

. . . .  2. 2006.      ——————————————————————————————————— 73

. 3. 

. 4. 

. 5. 



, , ,  … …

———————————————————————————————————     . . . .  2. 2006.74

. 6. 

. 7. 

. 8. 



 … … , , , 

. . . .  2. 2006.      ——————————————————————————————————— 75

, , -
.

, -

-
, -

.

-
 [4].

-
-

. -

. -
.

-
 ( . 4, 5).

-
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 ( . 6, 7). -
 ( . 8).

, 
-
-

, -
.

-
, -

. -
-

, -
.

, -
-
-

, 
-

, -
.

1. . : . . : , 2002. 283 .
2. .  / . . . .: , 1979. 456 ., .
3. ., ., . . .: , 1981. 208 ., .
4. . . 2- ., . . .:

. ., 1970. 472 ., .
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. -

-
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, .
-

. 
-

.  -
.

, -
. 

, 
, -

.
-

, 

-
, 

-
. -

-
, 

.  -
-

.

, 

.
-

0

1
0

ll

l

N N N dN dN , (1)

NT0, NT1 – 
; l0 –

; l  – 
.
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