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 (4).  (1) 

 (2)  (3) 

1

,
n

Ji i

i

T Aδ
=

=∑
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2

1 2

1

,
2

n

Ji i

i

A
T t C t Cδ

=

= + +∑

C C2 – .

 (4) 

1 1 2 2

1 1 1

; ; ,
n n n

Ji Ji Ji

i i i

a A T C C T C C T
= = =

′ ′= = =∑ ∑ ∑

 (4) 

2

1 2 ( 1, ...., )
2

i i

at
C t C i nδ δ′ ′ ′= − − − = . (6)

 (6)  (1) 

:

1
( , ..., ) ( 1, ...., ).

Ji i i i i n Ji
T f T a i nδ δ δ δ δ′ ′ ′ ′ ′= − − − = (7)

 (1)  (7) -

.

 (5)  (7) -

, δij = 

= δi - δj [13].  (7), -

,  [11] 

0 ( 1, ...., ),i it i nδ ω δ′ ′ ′= + = (8)

ω’
 –  , i , δ’

i0 – -

.

,  (1), -

,  (6) :

2

0 ( 1, ...., ),
2

i i

at
t i nδ ω δ= + + = (9)

ω – , -

ω’
C

’
1: ω = ω’

 + C
’
1; δ’

i0 (i = 1, …, n)

δi0 (i = 1, …, n) : δi0 = δ’
i0 + C

’
2.

, δi0 δ’
i0  (5). 
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 (9) 

 [13], 

.

 (9)  (1) -

 (8)  (7) 

 [11, 13]. ,  (7) -

(1)

1 2( , , ..., ) ,n Ji iu u a Tδ δ δ δ′ ′ ′ ′= − ∑ (10)

u –  (1).  (10) 

,

[13].

u
(1)

, -

.

-

 “ -

”

. , -

.

,
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-
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.
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. ,

-
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-
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-
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. -  (

d q, -

), ,  [3] 

d a d d qu r i p 0ψ ωψ+ + + = ; (1)

q a q q du r i p 0ψ ωψ+ + − = . (2)

.

 (ψd)  (ψq) -

:

d d d ad yad ydx i x i x iψ = + + ; (3)

q q q yaq yqx i x iψ = + . (4)

 (3)  (4)  (1)  (2), 

d a d d d ad yad yd q q yaq yqu r i px i px i px i x i x i 0ω ω+ + + + + + = ; (5)

q a q q q yaq yq d d ad yad ydu r i px i px i x i x i x i 0ω ω ω+ + + − − − = . (6)

-

y yd ad dx i x i x iψ = + + ; (7)

yd y yd yd yad dx i x i x iψ = + + ; (8)

yq yq yq yaq qx i x iψ = + . (9)

 (7)–(9) -

:

yd y ad yd yad y

yd d2 2 2

yd y yd y yd y

x x x x x x
i i

x x x x x x x x x
ψ ψ

−
= − −

− − −
; (10)

y yad ad y

yd yd d2 2 2

yd y yd y yd y

x x x xx
i i

x x x x x x x x x
ψ ψ

−
= − −

− − −
; (11)

yaq

yq yq q

yq yq

x
i i

x x
ψ= − . (12)
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 (5)  (6) -

-

 (10)-(12), 

yd y

d a d d d ad 2 2

yd y yd y

y ad yd yad y

yd d yad yd2 2 2

yd y yd y yd y

y yad ad y

q q2 2

yd y yd y

y

yad yq q

yq

x x
u r i px i px

x x x x x x

x x x x x x
i px

x x x x x x x x x

x x x x x
i x i

x x x x x x

x
x i

x

ψ ψ

ψ ψ

ψ ω

ω ψ


+ + + − −

− −
 −

− − + − 
− − −  

−
− − + +

− − 

+ − aq

yq

0;
x

 
= 

  

;
(

(13)

yaq

q a q q q yad yq q d d

yq yq

yd y

ad yd2 2

yd y yd y

ad yd yad y

d yad yd2 2

yd y yd y

y yad ad y

d2 2

yd y yd y

x
u r i px i px i x i

x x

x x
x

x x x x x x

x x x x x
i x

x x x x x x

x x x x x
i 0

x x x x x x

ψ ω

ω ψ ψ

ω ψ

ψ

 
+ + + − − − 

  


− − −
− −

 −
− + − 

− −  
−

− − =
− − 

.

(14)

 [4], 

d a d d d q q d qu r i px i x i E pE 0ω ω′′ ′′ ′′ ′′+ + + − + = ; (15)

q a q q q d d q du r i px i x i E pE 0ω ω′′ ′′ ′′ ′′+ + + − + = , (16)

yaq

d yq

yq

x
E

x
ψ′′ = − ; (17)

ad yd yad yad dy ad

q yd2 2

y y y y

x x x x x x x x
E

x x x x x x
ψ ψ

− −
′′ = +

− −
; (18)
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2

yaq

q q

yq

x
x x

x
′′ = − ;

2 2

ad yd ad yad y yad

d d 2

yd y

x x 2x x x x x
x x

x x x

− +
′′ = −

−
.

c cp sω ω δ ω= + = + , (19)

ωc - -  (

); s = pδ -

 (s = ω - ωc).

 (15)  (16) :

d a d d d c q q q q c d d qu r i x pi x i sx i E sE pEω ω′′ ′′ ′′ ′′ ′′ ′′+ + + + = + − ; (20)

q a q q q c d d d d c q q du r i x pi x i sx i E sE pEω ω′′ ′′ ′′ ′′ ′′ ′′+ + − − = + + . (21)

, , -

(20)  (21) :

d a d d q du r i x i E′′ ′′+ + = ; (22)

q a q d d qu r i x i E′′ ′′+ − = . (23)

.

-

u r i pψ= + , (24)

, -

 ( `q), 

qe ad qE i x T pE′= + , (25)

Eqe - , -

 (U );

ad
q

x
E

x
ψ′ = ; (26)
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T x r= - .

-

 (18)  (26) -

:

2

yd y ad yd yad y

yd q q

yad y ad ad yad y ad

x x x x x x xx
E E

x x x x x x x x x
ψ

− −
′′ ′= −

− −
. (27)

 (26)  (27)  (10) 

( )
( )

( )( )
y ad yd yad yyd

q 2 2

ad yd y ad yd y yad y ad

y ad yd yad y

q d 2

yad y ad yd y

x x x x x xx x
i E

x x x x x x x x x x x x

x x x x x
E i .

x x x x x x x

 −
′  = + −

− − −  
−

′′− −
− −

(28)

 (28)  (25), -

:

( )
( )( )

y ad yd yad yy yd

qe q 2 2
yd y yd y yad y ad

x x x x x xx x
E E

x x x x x x x x x x

 −
′  = + −

− − −  

( )ad ad yd yad yy ad

q d q2

yad y ad yd y

x x x x xx x
E i T pE .

x x x x x x x

−
′′ ′− − +

− −
(29)

E’
q ≈ E’’

q ,

y yad ad adx x x x x x≈ ≈ = − ,

( ) ( )2

ad ad yd yad y ad yd ad

d d2 2

yd y yd ad

x x x x x x x x
x x

x x x x x x

− −
′≈ ≈ −

− −
,

 (29) 

( )q qe q d d dT pE E E i x x′ ′ ′= − + − . (30)



163

.

.

d

yd yd yd ydx i T p 0ψ+ = . (31)

                                                      
yd

yd

yd

x
T

r
= .

,

yd yd yd yad d yx i x i x iψ = + + ,

Xyd iyd ,  (31), 

yd yad d y yd ydx i x i T p 0ψ ψ− − + = . (32)

 (27)  (28)  (32) 

( )
( )

( )
( )

( )( )
( )

2
ad yd yad yyd y

q q yad d

yad y ad ad yad y ad

2

y ad yd yad yyad y

q 2 2

ad yd y ad yd y yad y ad

2
y ad yd yad yy

q d

yad y ad yd

x x x x xx x x
E E x i

x x x x x x x x x

x x x x x xx x x
E

x x x x x x x x x x x x

x x x x xx
E i

x x x x x x

−−
′′ ′− − −

− −

 −
′  − + +

− − −  

−
′′+ +

−

( )

2

y

2
ad yd yad yyd y

yd q yd q

yad y ad yad y ad

x

x x x x xx x x
T pE T pE 0 .

x x x x x x x x

+
−

−−
′′ ′+ − =

− −

(33)

, -

:
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( )
( )

2
2

yad y ad yd y

q q d yd q2
ydyd y

ad yd yad y

yd q

yd ad

x x x x x x x
E E i T pE

x xx x x x

x x x x
T pE 0 .

x x

− −
′′ ′ ′′− − + −

−

−
′− =

(34)

,

ad yad yx x x≈ ≈
( )22

ad ad

d d

yd

x x x
x x

x

−
′ ′′≈ − ,

 (34) :

( )
2

ad ad
q q d d d yd q yd q

yd yd

x x
E E i x x T pE T pE 0

x x x

   
′′ ′ ′ ′′ ′′ ′− − − + − − − =      

   
. (35)

q

yq yq yq yqx i T p 0ψ+ = , (36)

                                                 yq

yq

yq

x
T

r
= .

 (12)  (17)  (36) 

2

yaq

d q yq d

yq

x
E i T pE 0

x
′′ ′′+ + = , (37)

, ( )2

yaq yq q qx x x x′′= − ,

( )d q q q yq d
E x x i T pE 0′′ ′′ ′′+ − + = . (38)

.

d q

d q q dM i iψ ψ= − . (39)

, -

,
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( ) ( ){ } ( ){ }j j

q d d d q q d q
p e E x i j E x i p e jδ δ ψ ψ ′′ ′′ ′′ ′′+ − − + = −  ,

,

q d d dE x i ψ′′ ′′+ = ; (40)

d q q qE x i ψ′′ ′′− + = . (41)

,  (40)  (41),  (39) 

( ) ( )q d d q d q q dM E x i i E x i i′′ ′′ ′′ ′′= + + − ;

( )d d q q d q d qM E i E i x x i i′′ ′′ ′′ ′′= + + − . (42)

. -

2

jT p Dp Mδ δ+ = − , (43)

δ - -

; D - ;

 - ; j -

.
. ,

 ( , )
.

:

( )

( ) ( )

qe qe0 qe U 0 U

c p

2

I 0 I I f 0 f

pE E E K U U K pU
T

K I I K pI K p I K f f K pf ,

ω
′= − − − + +

′ ′′ ′ + − + + + − + 

(44)

 - ; qe0 - qe

;

U UK ,K ′ , I I I f fK ,K ,K ,K ,K′ ′′ ′  - -

, U0, I0, f0 - .

ƒ

( )q df p a r c tg u u s = − +  . (45)
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U

2 2

d qU u u= + .

1 1

2 2 2 2

d d q q d d q q

d q d q

u pu u pu u u u u
pU

u u u u

+ +
= =

+ +
, (46)

                                   1 1;d d q qu pu u pu= = .

,

22

qd iiI +=
,

11
1

2 2 2 2
;

q qd d

d q d q

i ii i
I pI

i i i i
= = +

+ +
; (47)

( )
( )

2
2 2

1 11 1 2 22

2 1 32 2 2 2 2

d d q qd q d d q q

d q d q

i i i ii i i i i i
I pI p I

i i i i

++ + +
= = = −

+ +
, (48)

2

1 2 1; ;d d d d di p i i p i p i= = = 2

1 2 1;q q q q qi p i i p i p i= = = .

.

, ,
.

:

0

1
( )

c c

s
p

T
µ µ µ

σ
= − + , (49)

 - ; δ  - 

; µ - , -

µmin ≤ µ ≤ µmax;

µ0  - .
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-

1
( )m m

m

p kµ µ µ= − , (50)

 - ; µ0 - -

; k - ,

.

, -

,

(1 ) mkµ µ µ∑ = − + . (51)

, , -
-

,  (20), (21), (29), (34), (37), 
(42)-(44), (49)-(51). 

 [5] 
( ).

 (22), (23), (30), (35), (38), (42)-(44), (49)-(51) 
, -

, -
-

.

1. . .
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. -

-
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-

.
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K . . . .
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= .
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.
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.
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P
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Q
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Z .
g jb

=
−

-

d p d p j
22 2

2

j
q p

( jx jx ) jx ( jx jx ) jx
Y ; Z Z e

Z Z

( 90 );

Z jx
Z jx jx ; Y Y e ( 90 ).

jx Z Z

ψ

ψ

ψ

ψ

+ + + + ⋅
= = = ⋅

>

⋅
= + + = = ⋅ <

+

-

:

q q 0 d d 2 0 2

d0 q q 0U

J

0

0
q q0 q0 0 2 0 2

q0

q 0 d 0 0 d 2 0 2

E E ( h ) U ( x x )Y sin( ) ;

T p E E K ( U U );

T ps P;

p s;

P
P E ( E Y sin ) E U Y cos( ) ;

E

ˆ ˆU E [cos x Y cos( )] U x Y sin( ) ;

U

∆ ∆ δ α ∆δ

∆ ∆ ∆ ∆

∆

∆δ ω

∆ ∆ α δ α ∆δ

∆ ∆ δ δ α δ α ∆δ

∆

′ ′= − − − −

′ + = − −

= −

=

= + + −

= − + − −

q 0 d p 0

0 d p 2 0 2 U

E [cos ( x x )Y cos( )]

U ( x x )Y sin( ) U ( pT )pT ,

∆ δ δ α

δ α ∆δ ∆














= − + + −


′− + − − +

∆E’
q, ∆Eq, ∆U , ∆U , ∆U , ∆ , ∆δ – , ,

;

P0 , U0 , Eq0 – ,

, q ;

Td0 , TJ , TU , T – ,

, ,

, ,

;

xd , x’d , xmp – -
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, -

;

0δ , 0δ̂ , 0δ , 0δ , 0δ ′  – ,

, q -

, -

-

;

d dh ( x x )Y cosα′= −  – .

-

:

5 4 3 2
0 2 3 4 5b p b p b p b p b p b 0+ + + + + = ,       (1) 

            0 0 Ub a T T= ;

0 Ub a T a T T= + ;

2 2 Ub a T a T T= + ;

J
3 2 3 U 0U 0 d 0

0

T
b a T a T T K (cos ( x x )Y cos( )δ δ α= + + − + +

                                        4 3b a T= ;

'
5 0U E 0 d 0 0 d 2 0 2b K S cos ( x x )Y cos( ) U ( x x )Y sin( )δ δ α δ α = − + + + + −  ;

0, , 2, 3 – ,

;

SE – .

,

:

3 2
0 2 3c p c p c p c 0+ + + = ,              (2) 

   

0 d0 Uc T ( h )T T= − ;

d0 Uc T ( h )T T T K= − + ;

2c T K= ;

3 0Uc K N= ;



172

d d

0U 0 d 0

h ( x x )Y cos ;

ˆ ˆK K cos x Y cos( )

α

δ δ α

′= −

 = + − + 
;

0 d 0N cos ( x x )Y cos( )δ δ α= + + .

. 3 -

TU T  ( -

-

, -

) -

 «CLUSTER». 
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, . , -

- ,

, -

,

. -
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Qi - ,

.

n -

:

( )
2

1

1

2
1

2 i

i i i
n

i i i
i

i

Q
P P Q Q

Q
Q Q Q x

U=

  
 − + ⋅ −    = − − ⋅∑  
 
 
  

. (2)

-

-

-

. j-

‹ i

Qi

•p i

Q
M const

Q
= = , (3)

MQi - -
i- , j- ; Q . i - -

i- , Qmax i

Qmin i

.
-
-

, , -
, , -

.
 (3) 

( 1 ) 1

1

i

i i

Q
Q Q

Q
≠ = ⋅ , (4)

Q   - j- .
.

.
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 (2)  (4), :

( )

( )

2
2

1 1 1 1

1 1 12

2

2

1

1

1 2
2 1

( )

.

i

i

i i i
n

i

i i

i i

P P Q Q
Q Q Q x

U

Q
P P Q Q

QQ
Q Q x

Q U=

− + −
= − − ⋅ +

   − + ⋅ −    + ⋅ − − ⋅ 
 
  
 

∑
(5)

( )

1 1

2

1

2

2
1

1

;

;

;

n
i

i

n
i

i i

n
i i

i

i i

n

i

i

Q
A

Q

U
B

x

P P
C x

U

S Q

=

=

=

=

=

=

−
= ⋅

=

∑

∑

∑

∑

Q ,

( )
1

40,5
1 1

Q CB S
Q

A B A

 ⋅ +⋅  = − − +
 
 

. (6)

Q
,  (4), -

.
,

-
,

, S A .

-

, , .
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, . 2. -

.

:  – -

,  – .

Z

Z , -

.

, -

,  c [8]. 

T T

A A

B B

C

R R R R R

C

2 n- n

2 3 n- n n+

. 2. , n

 (
)

,
. -
i- Hi -

 ( . 3):

/

i i i maxH H H h
3

= − − , (1)

H
‘
i – i-

; Hi  – i- ; hmax – -
.

:

/

max . .h H H G= − − , (2)
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H
’

.  – ;
H .  – ; G – .

:

( ) l
−

= ⋅Y Z  , ( ) l

2

−
= ⋅Y Z , (3)

l  – .
-

, . .
, -

 ( - ).

G

h

h

max

max

H
H

H

. .
. .

. .

/

/3

. 3. 

, -
, .

1.  ( . 4) -

:

I I I II I II

ABC ABC T ABC ABC T

I I I II I II

T ABC T T ABC T

II I II I II II II II III II III

ABC ABC T ABC ABC T ABC T ABC ABC T

II I II I II II

T ABC T T ABC T

II II

T ABC T

3 4 5 7 8 9 0 2 3

3

4

5 7

8

9

0 2
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Y Y Y Y

Y Y Y Y
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Y Y Y Y

Y Y
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− −

−
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−

=Y
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Y Y Y Y
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−

− −
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n

Tn 3 n nΣ= ⋅ + , (5)

nΣ – ; nT – ,

.

T T

A A

B B

C C

R R
II III

5 0

2 6

3 7 2

4 8 9 3

I II III

. 4. 

2. ,

, :

II II

T T II
Y Y

R
= + , III III

T T III
Y Y

R
= + . (6)

3. , , -

,  ( . 5 

 – 5, 6, 7, 8, 9). -

 2nΣ .

I I I III I III

ABC ABC T ABC ABC T

I I I III I III

T ABC T T ABC T

III I III I III III

ABC ABC T ABC ABC T

III I III I III III

T ABC T T ABC T

3 4 5 7 8

3

4

5 7

8

Y Y Y Y

Y Y Y Y

Y Y Y Y

Y Y Y Y

− −
− −

− −
− −

− −
− −

− −
− −

− −

−

−

′ ′ ′ ′

′ ′ ′ ′
=

′ ′ ′ ′

′ ′ ′ ′

Y
, (7)

Y
’k

i – i- k-  ( ,
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.
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 1. -377 

∆∆∆∆Pl
R ,

S,

% P

1 497,77 + j 34,8 3,1821 0,639 

5 497,70 + j 34,8 3,1795 0,639 

10 497,67 + j 34,8 3,1777 0,639 

 2. -377 

 I 

∆∆∆∆Pl
R ,

S,

% P

1 497,79 + j 34,8 3,1918 0,641 

5 497,84 + j 34,8 3,1902 0,641 

10 497,81 + j 34,8 3,1886 0,641 

 3. -377 

∆∆∆∆Pl
R ,

S,

% P

0,629 497,71 + j 35,5 3,1314   

5 497,71 + j 35,5 3,1310 0,629 

10 497,71 + j 35,5 3,1309  0,629 

-

, . 2 (

).

, . 3 (

).

. 4. 

 4. -377 

,

∆∆∆∆Pl - ∆∆∆∆P
R , , ∆∆∆∆Pl, ∆∆∆∆P ,

% ∆∆∆∆Pl

1 3,1918 3,1314  60,4 1,89 

5 3,1902 3,1310  59,2 1,86 

10 3,1886 3,1309  57,7 1,81 

. 4, 5 ,

, -
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.

 II  377 ( ),  I -

 10 -

 500 ,  0,34 %  – 3,19 .

 5. -377 

,

 I

∆∆∆∆Pl - ∆∆∆∆P
R , , ∆∆∆∆Pl, ∆∆∆∆P ,

% ∆∆∆∆Pl

1 3,1821 3,1918 9,7 0,30 

5 3,1795  3,1902 10,7 0,33 

10 3,1777  3,1886 10,9 0,34 

 I (  13,2 ) :

0,9
0,82

3,2
= .

. 1  3 

, -

 II. 

 6. -377 

,

 II 

∆∆∆∆Pl - ∆∆∆∆P
R , , ∆∆∆∆Pl, ∆∆∆∆P ,

% ∆∆∆∆Pl

1 3,1821 3,1314 50,7 1,59 

5 3,1795 3,1310 48,5 1,53 

10 3,1777 3,1309 46,8 1,47 

. 6 , -

50,7
,73

29,2
= .

400
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. ., . .,

-

 [t0 , T],  [1–4]. 

-

 ( ) , -

,

.

y – . ti (i = 0, ,

…, n) , tn ≤ T, yi y.

-

t, t0, … tn;                 (1) 

y, y0, … yn.

-
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i 0 0 i i l l i iy f ( t ) f ( t ) ... f ( t ) , l n,θ θ θ ε= + + + + < (2)

 (1),

0 lf ( t ), f ( t ), ..., f ( t ) (3)

– ,

0 l, , ...,θ θ θ (4)

– ,

 (1), εi (i = , …, n) – 

 ( ).

 ( ) -

                                            M[εi] = 0, 

                                             D[εi] = σ2
.

σ2
-

 (4). 
 (2) ,

y -

t 0 0 l ly f ( t ) f ( t ) ... f ( t ),θ θ θ= + + + (5)

.

θi  (4) -
 ( ).

T ˆ( F F ) Fy ,θ⋅ = (6)

F  (l+ )(n+ ):

0 0 0 0 n

0 n

l 0 l l n

f ( t ) f ( t ) ... f ( t )

f ( t ) f ( t ) ... f ( t )
F ,

. . . . . . . . . .

f ( t ) f ( t ) ... f ( t )

 
 
 =
 
 
  

(7)
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 «T» . , θ̂
y  (6) :

T T
0 l 0 n

ˆ ˆ ˆ ˆ( , , ..., ); y ( y , y , ..., y ).θ θ θ θ= = (8)

 (6) l+ l+ -

i
ˆ ( i 0, , ..., l )θ = , .

F⋅FT , -

, . -

 (6) -

yi y.

,  (8), . .

yi (i = 0, , …, n) i
ˆ ( i 0, , ..., l )θ = .

 (6) 

l

k k
k 0

ˆŷ( t ) f ( t )θ
=

= ∑ (9)

n
2 2

i i
i 0

ˆ ˆ[ / n l ] ( y y ) ,σ
=

= − ⋅ −∑ (10) 

i i
ˆ ˆy y( t )= . ŷ( t ) t 2σ̂ .

 (9) -

t > T. .

-

p -

2
ˆ ˆ ˆy ( t ) y( t ) y ( t )≤ ≤ ŷ( t ) . ŷ ( t ) ,

2ŷ ( t )  [5] -

2
ˆ ˆ ˆ ˆy ( t ) y( t ) ( t ); y ( t ) y( t ) ( t ),β β= − = + (11) 

2 2
p

2

ˆ( t ) C ( t ) t ( n l ),β σ += ⋅ − (12) 
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2 2 2ˆ ˆD[ y( t )] ( t ) C ( t )β σ= =  –  (9), p

2

t ( n l )+ −  – 

n–l .

 (11)  (12) 

C
2
(t).  [2, 3] -

, l+  (3) 

ti (i = 0, , …, n),

.  [6, 7] -

y y -

 (n+ )×(n+ ) A.

y -

y Ay.= (13) 

y y -

.

, -

E:

                                                 A = E.

 (6) -

T ˆ( F F ) Fyθ⋅ = ,

 (13) 

T ˆ( F F ) FAyθ⋅ = (14) 

A = E, . . ,  (6). 

 (14) -

F⋅FT -

:

Tˆ ( F F ) FAy.θ −= ⋅ (15) 

bij (i = 0, , …, l; j = 0, …, n)
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TB ( F F ) FA,−= ⋅ (16) 

 (15).  (7) bij

, αij -

A .

θ̂

T
n n n

0 j j j j lj j
j 0 j 0 j 0

ˆ b y ; b y ; ...; b y .θ
= = =

 
=  

  
∑ ∑ ∑

 (9) ,

θ̂

[ ]T

0 lf ( t ) f ( t ), f ( t ), ..., f ( t ) ,=

 (3), 

:

n n n

0 0 j j j j l lj j
j 0 j 0 j 0

ŷ( t ) f ( t ) b y f ( t ) b y ... f ( t ) b y
= = =

= + + +∑ ∑ ∑ ,

:

n l

j k kj
j 0 k 0

ŷ( t ) y f ( t )b .
= =

 
=  

 
∑ ∑ (17) 

, ŷ( t ) -

.  (9) -

k
ˆ ( k 0, , ..., l )θ = ,  (17) -

yi (i=0, , …, n). l<n,  (9) -

,  (17).  (9) 

ŷ( t )

t.  (17) 

, yi (i = 0, ,…, n)

. ,
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t

2
n l

2
k kj

j 0 k 0

ˆ ˆD[ y( t )] f ( t )b .σ
= =

 
=  

 
∑ ∑ (18) 

 (18) C
2
(t), -

 (12): 

2
n l

2
k kj

j 0 k 0

C (t ) f ( t )b ,
= =

 
=  

 
∑ ∑ (19) 

,

j–  (16). 

,  (17) – (19) -

l

j k kj
k 0

( t ) f ( t )b ( j 0, ..., n )µ
=

= =∑ (20) 

 (16), 

bkj  (3) t.

T
0 n(t ) [ ( t ), ( t ), ..., ( t )] ,µ µ µ µ=

 (20) -

BT,  (16), 

f ( t ) :

T T T T T( t ) B f ( t ) A F [( F F ) ] f ( t ).µ −= = ⋅

F⋅FT -

T T T( t ) A F ( F F ) f ( t ).µ −= ⋅ (21) 
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 (20)  (17) 

 (8) -

( t )µ :

Tŷ( t ) ( y , ( t )) ( t )yµ µ= = ,

 (21) ( t )µ

T Tŷ( t ) f ( t )( F F ) FAy ,−= ⋅ (22) 

F⋅FT.

,  (17)  (22) ,

 (9). 

 (18)  (19)  (20) 

n
2 2 2 2

i
i 0

ˆ ˆD[ y( t )] C ( t ); C ( t ) ( t ).σ µ
=

= ⋅ = ∑ (23) 

 (17), (18)  (21)–(23) 

 (F⋅FT).  [8] -

. -

 [8], -

 (21)–(23). 

x  – ,  (F⋅FT)–

f ( t ) . , x -

T( F F )x f ( t ),⋅ = (24) 

 (7) 

, f ( t )  – 

 (3) t. F
ti.

x  (24) -

, -
, .
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x ( t )µ  (21) -

:

T T( t ) A F x ,µ = (25) 

 (22), (23) -

t.

 (22)–(25) -

.

. 1 – .

. 1. –

 (9)  (23) 

 (11)  (12) 

t

p.

 (17)  (18). -

bij  (16), -

t

( )f t

F  (7) F⋅FT

 (24) 

( )tµ  (25) 

 (23) 
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 (F⋅FT
) – 1. -

,  (16) 

T( F F )B FA,⋅ = (26) 

F⋅FT
 – (l+l)×(l+l) , FA –  (l+l)×(n+l)

. B  (l+l)×(n+l).

 (26) -

n+ , FA.

n+ -

F⋅FT
. -

, , -

,

FA.

 B  (18) 

t, , ,  (11), (12) 

 (9). 
, -

 (24)  (26), -
. -

t. , , -
t, .

m . -
m , -

.

t -

n+  ( yi) -

.

 B, 

.

-

. , l+

 (6),  (14)  (24) 

n+ .

.

–

-

,  « ». -

 [3] 
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                                 , t, cos ω t, sin ω t, 

ω ,

 [4]. -

 (11), (12) 

p = 0,9 p = 0,95. -

.

-

. -

, -

 «16– ». 

“ ” , . 1. -

. 1, 

 1994 .  1995 .  (  – 

1995 .) 

.

 1.  « » 994- 995 .

1994 1995

6
10

10

9
12

16
18

7

10
8

6
5

10
6

3

11
13

20
12

7

9
5

5
9

 (  –  1995 .)

-

.

ŷ( t ) 0,6 0, t , sin 0,49t 3,8 cos 0,49t ,= − + ⋅ − ⋅
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 1995 . . 2. 

 p = 0,95 

,

. 1. -

,  (11), (12). 

. 2 -

, .

 2.  « »

 4 995 .

 1995 .
 1995 .

 1995 .

 1995 .

3,5 
0,9 

–0,9 

–1,5 

7,6 
5,5 

4,1 

3,8 

9
5

5

9

11,6 
10,0 

9,1 

9,2 

 (9). 

(22), y

[ ]T
0 nY Y( t ),Y( t ), ...,Y( t ) ,= (27) 

iY( t ) , -

yi . -

 y iY( t )  (i = 0, , …, n),

iM [Y( t )] .  (27) -

( )T
0 nM [Y ] M [Y( t )], M [Y( t )], ..., M [Y( t )] .= (28) 

y  (27)  (22) ŷ( t )

,

T Tˆm[ y( t )] f ( t )( F F ) FA M [Y ],−= ⋅ ⋅ (29) 

T TM [Y ] [ M [Y ]]= ,

TM [Y ]  (28). 
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 (29)  (22) ,  (22) -

y Y , -

ŷ( t ) :

o
T Tˆ ˆy( t ) m[ y( t )] f ( t )( F F ) FAY ,−= + ⋅ (30) 

o

iY
o

Y -

.

o

i i iY Y( t ) M [Y( t )] ( i 0, , ..., n ).= − =

 (21) Tf ( t )( F F ) FA−⋅  (30) 

µi(t) (i = , …, n).  (30) -

n o

i i
i 0

ˆ ˆy( t ) m[ y( t )] Y ( t ).µ
=

= + ∑ (31) 
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45,954 

48,656 

5 ,363 

54,080 

56,799 

59,528 

,874 

3,675 

2,68

2,690 

2,694 

2,702 

2,707 

2,7 7

2,7 9

2,729 

-0,609 

,799 

- ,006 

0,009 

0,004 

0,008 

0,005 

0,0 0

0,002 

0,0 0

:

.  32-36 (

), -

.

2. t -

 0,007 .

3. t ,  0,25 %, 

, -

t , . . -

,

70 % (  42). 

. -

-

, .

.

. . . . .: - -

. - , 986. 

2.  // : . −−−−

−−−− . . .: . ., 970. 



-

246

 62 .3 .925:68 .3

-

. . , −−−− . , . . , . .

. ,

 ( ) -

 ( ),

 ( ). , ,

, -

 ( ) 330- 50 ,

 6-35 . [ -3]. -

.

-
, -

, -
, -

.  ( ) -
, -
, , - -

, .

-
- -

. -
- - -

-
, -

 – -
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, -

 [6]. -

-  (

).

-  ( -

- )

 ( , , .)

,

 ( , -

, . .), .

-

-

-

: -

- , -

- , -

,

, L = f(i), C = f(u)

. . -

-

.

LR-  ( . ), ,

LR- , -

 ( )

,

GC- .

. . LR-
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-

-

LR-

GC- :

[ ] [ ] [ ]{ [ ] [ ][ ] [ ][ ]}IRUQQLI LQCUEQL E
dt

d
−−= − ;             ( )

[ ] [ ] [ ]{ [ ] [ ][ ]}UIU CLC GHC
dt

d
−= − ,                       (2) 

 [LQ], [RQ]  - -

LR-  (  "Q" ,

-

, , Q Q2 ; [IL] = [i , i2,

..., in]
T
 - LR- ; [U] = [U ,

U2,.., Un]
T
 -  ( UC , 

GC- ,  LR-

); [E] = [e , e2,..., en]
T
 - -

; [QE], [QU] - , -

,

; [C], [G] - 

GC- ; [H] - , -

 (  0) -

LR- G - .

 ( )  (2) LR- GC- -

, -

L(i), R(i) . . .

-

 ( , -

.).

-

,

. -

.

.

-
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. -
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, ,

 ( )

. -

-
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-

:

)  ( -

) ,

-

 ( );

) ,

, -

 ( . 2);

. 2. 

)

 ( , -

),  - ;
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)

, ,  " "; -

, -

;

) -

 - 

-

 ( . 3);

)

)

. 3. 
:  -

;  - 
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, -
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 " - ", -

 -  " - ";  

) -
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,

 " - "

,

.

, . 4, -

-

(LR), LR- , -

,

,

-  (GC)

.

-

LR-

GC-  ( )  (2).  

, -

-

-

- . 4. 

-

, -

-
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-
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-

.

-
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. 4. -  « -
 – n -  – » ( -

)

 ( )  (2) 

. , -

 (2) GC- ,

, ,

 ( ), . . LQ, RQ, Q.

 ( )

, -

, , n , -

- ,  ( . 2, ,

). -

, n- , -

-

 ( . 4).  . 4 

 " - " k = a, b, c j-  (j = ,2,..., 

n)

ik i i j k j j j k

i kG GNjk j jk jkk
i(i j )

q ( ) ( )
dt 2 2 dt 2 2 dt

di di diL L L M
eq q q qU L L

−
−

≠

  
+ = + + + + + +      

∑
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(j j k i ij

ikG Gik jkj k j k jk
i( i j )

i i H k

G Gjk jk jk H kjk jk jk j k jk j k H k jk H k

q )
2 2 dt 2 2

,
2 2 dt

diL R RM
q q qi iR R

diR R
q q q q q q q q qi i U iL R

+
+

≠

− +− +

 
+ + + + + +   

+ + + + +

∑
(3)

l = , 2,..., n.

 (3)  (k = a, b, c)

(l = , 2,..., n)

UN  (3), -

,

 "  - " .

LR- -

-

. -

 ( ), :

2 n H

2 22 2n 2 H

Q

n n2 nn nH

H H 2 Hn HH

....

....

.... ..... .... ..... .....

....

....

L L L L
L L L L

L
L L L L
L L L L

 
 
 

   =   
 
 
 

;                                (4) 

2 n H

2 22 2n 2 H

Q

n n2 nn nH

H H 2 Hn HH

....

....

.... ..... .... ..... .....

....

....

R R R R
R R R R

R
R R R R
R R R R

 
 
 

   =   
 
  

;                              (5) 

E E E2 En E’
...Q Q Q Q Q  =   ;

E U U 2 U n
...Q Q Q Q   =  

.

 (4)  (5) ,

[Lij], [Rij]. ,  (3), 

 [Lij], [Rij]. -

...n -

:
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j

jj Q j Q G

j

ij Q G

j

jj Q j Q G

j

ij Q G

L L L L

L L L

R R R R

R R R

∆

∆

∆

∆

      = + −        
    = −      


      = + −         
    = −      

 .                       (6) 

 [LQ j], [LQG], [RQ j], [RQG] - 

j-  ( -

), ;

[ ]
















=

LLL

LLL

LLL

L
j
ac

j
ab

j
aa

j
ac

j
ab

j
aa

j
ac

j
ab

j
aa

j

∆∆∆
∆∆∆
∆∆∆

∆  ;                                     . 

) )( ( )
j j j

jaj j j

aa ba ca G ia ja ja jb ja jc ja jb ja jc
iik

k i

2 2 2

q L L Mq q q q q q q q q qL L L L
q

∆ ∆ ∆
 

= = = − + + + + + + +    
∑∑ ∑

;

) )( ( )
jj j

jbj j j

ab bb bc G ib jb jb jc jb ja jb jc jb ja
i

i k
k i

2 2 2

q ML Lq q q q q q q q q qL L L L
q

∆ ∆ ∆
  = = = − + + + + + + +   

∑∑ ∑
;

) )( ( )
j j j

jcj j j

ac bc cc G ic jc jc ja jc jb jc ja jc jb
iik

k i

2 2 2

q L L Mq q q q q q q q q qL L L L
q

∆ ∆ ∆
 

= = = − + + + + + + +    
∑∑ ∑

.(7)

 [∆Lj
] :

j

QjG Qj 2
Q QL L L∆         = +        

,                          (8) 

[ ]

) ) )
) ) )
) ) )























 +


 +


 +



 +


 +


 +



 +


 +


 +

=

∑∑∑

∑∑∑

∑∑∑

∑∑

i
jcicjc

i
jbibjb

i
jaiaja

i
jcicjc

i
jbibjb

i
jaiaja

i
jcicjc

i
jbibjb

i
jaiaja

i
ik

k

qqqqqqqqq

qqqqqqqqq

qqqqqqqqq

q
Q

;

[ ]
















=
∑∑

qqq

qqq

qqq

q
Q

jcjbja

jcjbja

jcjbja

i
ik

k

2
 . 
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 [∆Rj
] , -

 (4), (8).  

 [Lj ],  (3), 

’

j’ QjG QjG QjG QL L L L L∆          = − = −           ,                 (9) 

’a ia ’b ib ’c ic
i i i

’

’a ia ’b ib ’c ic
i i i

ik
k i

’a ia ’b ib ’c ic
i i i

q q q q q q
q

Q q q q q q q
q

q q q q q q

 
 
 

   =   
 
  

∑ ∑ ∑

∑ ∑ ∑∑ ∑
∑ ∑ ∑

  . 

 [Rj ] ,

 (9). ,  " "

, ,

 (4) −−−− (9)  

 [QEj]  [QUj]  (9) :

[ ]
E j E j

Q Q∆   = −      
;                                      ( 0)

[ ]
U j U j

Q Q∆   = −      
;

[ ]




















=

∑∑∑

∑∑∑

∑∑∑

∑∑

i
ic

i
ib

i
ia

i
ic

i
ib

i
ia

i
ic

i
ib

i
ia

i
ik

k

Ej

qqq

qqq

qqq

q
Q∆ ;

[ ]
















=
∑∑

qqq

qqq

qqq

q
Q

jcjbja

jcjbja

jcjbja

i
ik

k

Uj
∆ .

-

:

( ) ( ) ( )

( )

k k
G Gk k N Nk k k ik

i

C Gk ikk k ik
i

dt dt

.

di diq q q q qe e U U L L L

q q q q qi iR R L

− + − = + + +

+ +

∑

+ ∑
 ( )
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k  =  a, b, c 

( )  (UN – UN ),  [L j],  

[L ], [R j], [R ], [QE ], [QU ] :

HH QH QG

HH QH QG

Hj QG 4

Hj QG 4

L L L

R R R

QL L

QR R

   = +       
   = +      


    =       
    =      

                           ( 2) 

[ ]
















=
∑

qqqqqq

qqqqqq

qqqqqq

q

q
Q

jc’cjb’bja’a

jc’cjb’bja’a

jc’cjb’bja’a

’
’k

’
4

 ; 

[ ]

[ ]
UH

EH EH

0Q

Q Q∆

  = 
   = −   

;

Ha Hb Hc

H

EH Ha Hb Hc

Hk
k

Ha Hb Hc

q q q
q

Q q q q
q

q q q

∆

 
 

   =   
  

∑
 . 

, -
 [LQ], [RQ], [QE]  [QU] -

 [Q ]-[Q4], -
.

-
 ( , , -

, -

. .),  (3) UN = 0  (6) [∆Lj
] = 0, 

[∆Rj
] = 0.  

 2 ( . 3), 

, -

, n-  « », 

.
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.
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, -
),(

K (
),,(

K ),
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K ),,(
K .

 (
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K ,
),,(

K ),  (
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K ),  (
),,(

K ) −

)(1
K  ( ) -

, ,

 (
),(

K ,
),,(

K ) +  (
),(

K ) +  (
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K ) = . -
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. =  (
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K ,
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K )⋅  +  (
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K )⋅ 2 +  (
),,(

K )⋅ 3,             ( )

− , , -

, ; 2 −
, , -

, ; 3 − -

, , , -

, .

, 2 3 -

-

 ( ) [2] 

n
N

mn
NN

m
N

C

CC
)m,n(P

−
−⋅

= ,       (2) 

N − ; N − , -

, ; n − , -
)(1

K ; m − , -

, )(1
K .

, n << N, m << N P2 P3

,  [ ].

 (2) 

P  = P (m = , n = ) = N /N;    (3) 
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P2 = P(m = , n = 2) + P(m = 2, n = 2) = 
)N(N

)N(N

)N(N

)NN(N
2

−

−
+

−

−
⋅ ; (4) 

P3 = P(m = , n = 3) + P(m = 2, n = 3) + P(m = 3, n = 3) = 

=
)2N)(N(N

)2N)(N(N

)2N)(N(N

)NN)(N(N
3

)2N)(N(N

)NN)(NN(N
3

−−

−−
+

−−

−−
⋅+

−−

−−−
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N
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 + 

+  (
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⋅

)N(N

)N(N
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),,(
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−−

−−−
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)NN)(NN(N
3






−−

−−
+

−−

−−
⋅+

)2N)(N(N

)2N)(N(N

)2N)(N(N

)NN)(N(N
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)(
K -

, ,
, ,

N

N
P =′      (7) 

(  [ ] P′ N,

, , . .
)(

K -

, ).
 ( ) , -

, :

−

( )(NN ) ⋅−= ;   (8) 
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Q KS. -
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, -
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:

A m

B m

C m

e E sin( t );

2
e E sin( t );

3

2
e E sin( t ),

3

ν

ν

ν

ν

ν

ν

ν ω ϕ

π
ν ω ϕ

π
ν ω ϕ


= ⋅ ⋅ ⋅ + 


⋅ = ⋅ ⋅ ⋅ + − 

⋅

= ⋅ ⋅ ⋅ + + 


∑

∑

∑

                              ( )
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ν = , 3, 5, 7… −−−− , ω = 2πƒ −−−− , -

ƒ = 50 .

,

. , :

A
A A A N

B
B B B N

C
C C C N

di
e L i R u u ;

dt

di
e L i R u u ;

dt

di
e L i R u u .

dt

= ⋅ + ⋅ + − 

= ⋅ + ⋅ + − 



= ⋅ + ⋅ + − 

                                (2) 

 (2) uN −−−− -

, :

)(
3

0 CBAN uuuuu ++⋅== .                                     (3) 

 (2) 

 (  – -

).

A
A A A N

B
B B B N

C
C C C N

di
( e i R u u );

dt L

di
( e i R u u );

dt L

di
( e i R u u ).

dt L


= ⋅ − ⋅ − + 


= ⋅ − ⋅ − + 



= ⋅ − ⋅ − + 


                               (4) 

iA , iB , iC

GMC, GOC,

+⋅−⋅−⋅⋅++=
dt

du
G

dt

du
G

dt

du
GGii C

MC
B

MC
A

MCOCAA 2 )2(

OC MC A MC B MC C( G 2 G ) u G u G u ;+ + ⋅ ⋅ − ⋅ − ⋅                                 (5) 

−⋅−⋅⋅++⋅−=
dt

du
G

dt

du
GG

dt

du
Gii C

MC
B

MCOC
A

MCBB 2 )2(

MC A OC MC B MC CG u ( G 2 G ) u G u ;− ⋅ + + ⋅ ⋅ − ⋅                                 (6) 

CA B
C C 2 MC MC OC MC

dudu du
i i G G ( G 2 G )

dt dt dt
= − ⋅ − ⋅ + + ⋅ ⋅ −

MC A MC B OC MC CG u G u ( G 2 G ) u .− ⋅ − ⋅ + + ⋅ ⋅                               (7) 
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 (5) – (7) :

[ ] [ ] [ ] [ ] [ ]C C 2C U` G U` I ,∆ −⋅ + ⋅ =                                       (8) 

[ ]
)2(

)2(

)2(

MCCOMCMC

MCMCCOMC

MCMCMCCO

C

CCCC

CCCC

CCCC

C

⋅+−−
−⋅+−
−−⋅+

=  - 

;

[ ]

dt

du
dt

du
dt

du

U

C

B

A

` =  -  - 

;

[ ]
)2(

)2(

)2(

MCCOMCMC

MCMCCOMC

MCMCMCCO

C

GGGG

GGGG

GGGG

G

⋅+−−
−⋅+−
−−⋅+

=  - -

;

[ ]
C

B

A

u

u

u

U =  -  - -

;

[ ]
2

2

2

2

CC

BB

AA

ii

ii

ii

I

−
−
−

=∆ −  - i i2.

 (8) 

:

[ ] [ ] [ ] [ ] [ ]C 2 CU` C ( I G U ).∆−
−= ⋅ − ⋅                                    (9) 

 (9) [ ]−
CC  - -

:
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[ ]

)3()3()3(

)3()3()3(

)3()3()3(

MCOCOC

MCOC

MCOCOC

MC

MCOCOC

MC

MCOCOC

MC

MCOCOC

MCOC

MCOCOC

MC

MCOCOC

MC

MCOCOC

MC

MCOCOC

MCOC

C

CCC

CC

CCC

C

CCC

C

CCC

C

CCC

CC

CCC

C

CCC

C

CCC

C

CCC

CC

C

+⋅
+

++

++
+

+

+++
+

=− .

,
 ( ) - (9). -

-
,

Q K.
,

, Q .

−
−
−
−

=⋅

+

+

+

2

2

2

2

2

2

222

222

222

CC

BB

AA

C

B

A

uu

uu

uu

dt

di
dt

di
dt

di

LLLL

LLLL

LLLL

A2

B 2

C 2

R R R R

2 2 2 i
R R R R

i .
2 2 2

i
R R R R

2 2 2

+

+
− ⋅

+

                                   ( 0)

Q -
qA, qB, qC

. -

Q , .
, q = 0,  (

), q = −−−− . :

22 AAA iqi ⋅= ;

22 BBB iqi ⋅= ;

22 CCC iqi ⋅= .
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, qA, qB, qC  ( 0)
:

.
dt

di2

q, -

[ ]−
L , -

q = 0.
2. -

,

 ( , q = 0, i2 = 0 02 =
dt

di
).

3.
, -

,  ( ) .
:

[ ] [ ] [ ] [ ] [ ]222̀ IRULI QQ ⋅−∆=⋅ − ,                                  ( )

[ ]

A2

B2
2

C 2

di

dt

di
I`

dt

di

dt

= −−−−  - i2;

[ ]
2

2

2

2

CC

BB

AA

iq

iq

iq

I

⋅
⋅
⋅

= −−−− ;

[ ]

222

222

222

CBCA

CBBA

CABA

Q

LLL
qq

L
qq

L
qq

LLL
qq

L
qq

L
qq

LL

L

+
⋅⋅⋅⋅

⋅⋅
+

⋅⋅

⋅⋅⋅⋅
+

= −−−− -

;

[ ]
)(

)(

)(

2

2

2

2

CCC

CBB

AAA

uuq

uuq

uuq

U

−
−
−

=∆ −  - ;
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[ ]
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Q

RR
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R
qq

R
qq

R
qq

RR
q

R
qq

R
qq

R
qq

RR
q

R

+

+

+

= −−−− .

 ( ) ,

[ ] [ ] [ ] [ ] [ ]222̀ IRULI QQ ⋅−∆⋅⋅= −
−

,                                   ( 2)

[ ] ⋅








+



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




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(
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(
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(
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




 +++

++++
−






 +

⋅  -  

−−−− .
. ,

.
q K

i2, i3. -
 (9) :

[ ] [ ] [ ] [ ] [ ]2 2 3 2U` C ( I G U ),∆−
−= ⋅ ⋅ − ⋅                               ( 3)

[ ]

dt

du
dt

du
dt

du

U

C

B

A

2

2

2

2̀ = ;
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[ ]
)2(

)2(

)2(

MOMM

MMOM

MMMO

GGGG

GGGG

GGGG

G

⋅+−−
−⋅+−
−−⋅+
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[ ]

)3(

)(

)3()3(

)3()3(

)(

)3(

)3()3()3(

)(

MOO
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MOO
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MO
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+
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+

+

+++
+

=− ;

[ ]
2

2

2

2

u

u

u

U B

A

= , [ ]
32

32

32

32

CCCC

BBBB

AAAA

ikiq

ikiq

ikiq

I

⋅−⋅
⋅−⋅
⋅−⋅

=∆ − .

Q K , -

-

, , ,

.  ( 2) -

R , :

[ ] [ ] [ ] [ ] [ ]K 2 KI` L ( U R I ),
−= ⋅ ⋅ − ⋅                                ( 4)

[ ]

dt

di
dt

di
dt
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I

C

B

A

3

3

3

3̀ = , [ ]
A A3

3 B B3

C C3

k i

I k i

k i

⋅
= ⋅

⋅
, [ ]
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2

CC

BB

AA

uk

uk

uk

U
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2
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[ ] ⋅
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





+














 +
++−







 +
=−

223

2
2

22
)(

2
CBACBCABA

k
L

kkk
LLL

kkkkkk
LL

L



280

424

)
(

4

)
(

4

)
(

424

)
(

4

)
(

4

)
(

42

222222

222222

222222

BA
A

CB
B

CA

A
CBCA

C
BA

B
CA

C
BACB

L
kk

LLLLLLk
kk

LLLLk
kk

LLLLk
kk

L
kk

LLLLLLk
kk

LLLLk
kk

LLLLk
kk

L
kk

LL

−





 ++⋅+⋅++
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−






 +++

++++
−






 +

⋅ .

-

:

)(
3

2220 CBA iiii ++⋅= .                                     ( 5)

,

. 4 , -

,  - , -

6- 0 , -

 ( ), (3), ( 5)

 (4), (9), ( 2)–( 4). 
.

, -
,  ( .  2) -

-
:

– ;
– ;
–  ( - ) .

-
-

 6- 0 :
– ;
–  ( -

)
( , , );

– ;
– ;
–  ( -

 – ).
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 ( -

) :

) ;

2) , . .  ( -

, -

, );

3) ;

4)  ( );

5)  – -

 « »; 

6) ;

7)

.

-
, -

.
, .

-

 ( -

) , -

,  ( ) .

, t = 0 -

 ( , )

 ( -

) -

, .

-

-

:

–  ( -

);

– ;

–  ( )

 ( ) , -

;
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–  3i0

3u0 ( du0/dt) -
;

–
.

. 5. , -
, -

-
. . 6 , ,

,  (
). . 5  6 -

:

t  = 0,0050  –  « » ;

t2 = 0,0055  –  « » ;

t3 = 0,0060  –  « » ;

t4 = 0,0 20  –  « » 2 ;

t5 = 0,0 25  –  « » 2 ;

t6 = 0,0 30  –  « » 2 ;

t7 = 0,0 60  –  « » 3 ;

t8 = 0,0 63  –  « » 3 ;

t9 = 0,0 65  –  « » 3 ;

t 0= 0,0250  –  « »  R =0, ;

t = 0,0320  –  « » ;
t 2= 0,0450  –  « » ;
t 3 = 0,0530  –  « » 2  (

); 
t 4 = 0,0650 –  (  « »

 Q2 2); 
t 5 = 0,0660 –  (  « »

 Q2 2); 
t 6 = 0,0667 –  (  « »

 Q2 2); 
t 7 = 0,0699 –  « » ;
t 8 = 0,0730 –  « »  « » ;
t 9 = 0,0750 –  « », « »

;
t20 = 0,0870 –  3-  (  « »  Q

); 
t2  = 0,0880 –  3-  (  « »  Q

); 
t22 = 0890 –  3-  (  « »  Q

); 

. .  6: . – .: , 200 . – 592 .

2. . Simulink 4. . – .: , 2002. – 528 .
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 – -  ( -

) , -



288

 – 

.

-

 ( , ) ,

, -

,

. -

-

 – , -

.

. -

-

 ( , , . .) -

, , -

,  ( -

, ),

. .

-

-

.

.

.

-

. -

- , -

.

,

-

, , .

 [3] - 

-

.

 (« -

») . ,

-

.



289

 ( ) -

-

. -

, -

.

-

. -

, -

.

-

-

,

.
-

.

,
, , -

, , -
, .

-

-

.

.

 – ,

ti: t0 = 0, t , t2, … , tn = T ; 

yi: y0, y , y2, … , yn . 
( )

 ( ) yi (i = 0, ,…, n)

 (ti, ti+ ). yi

 ( , -

,

. .)

( , , . .).

ti ti+ i, -

.
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-

, . . -

 ( ), -

. -

, -

.

yi -

,

. ,

-

 ( )  [5]: 

yi = d(ti) + (ti), i = 0, ,…, n. (2) 

 (2) d(ti)

yi -

, -

. -

-

,

.

,

(ti). -

,  [5]. 

-

 « » – -

 ( [ i] = 0) -

 (D[ i] = 2).

,

,

, , -

,  [5]. 

-

-

,

-

.
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 (2) 

 [5]: tr(ti), s(ti) -

(ti), . .

d(ti) = tr(ti) + s(ti) + (ti), i = 0, ,…, n. (3) 

, -

,

.

:

tr(t) = b0 + b t. (4) 

, -

: , , -

,  [4]. 

-

-

 ( -

 – 2- ).  [6] -

-

6

( ) [ cos sin ],j j

j

S t A j t B j tω ω
=

= +∑ (5)

 = 2 / 2 –  ( ) -

2 ; Aj, Bj – .

 (5) 

« ». 

-

,

. -

-

. -

 [6] 

( ) [ cos(2 ) sin(2 )],
r

p p p p

p

t A f t B f tπ π
=

= +∑ (6)
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r – ; fp  (p = , 2,…, r) -

; Ap, Bp – .

 ( -

, )

(5), , 2- -

, .

-

-

, -

-

,

, , -

. , -

 [7]. -

 ( ) -

,
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2 975 5242,52 4 0,27 

3 976 5242,52 8 0, 5

4 977 5242,52 9 0, 7

5 978 5708,52 2 0,2

6 979 5708,52 7 0,30 

7 980 6 66, 2 7 0,

8 98  6365,72 22 0,35 

9 982 632 ,42  0, 7

0 983 662 ,72 3 0,20 

984 68 6,7 32 0,47 

2 985 7090,99 3 0, 8

3 986 7436,79 27 0,36 

4 987 00 4,2 4  0,4

5 988 00 4,2 24 0,24 

6 989 9985,6 50 0,50 

7 990 02 4,27 46 0,45 

8 99 0585, 7 33 0,3

9 992 0585, 7 27 0,26 

20 993 0585, 7 40 0,38 

2 994 0585, 7 27 0,26 

22 995 9437,369 25 0,26 

23 996 960 , 89 38 0,40 

24 997 960 , 89 46 0,48 

25 998 0075,697 87 0,86 

26 999 0376,387 44 0,42 

27 2000 0376,387 53 0,5

28 200 0376,387 76 0,73 
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dt , 2 .α αδ ω α= =∫ (1)

,

, ω2 ( ).
-

2s ω ω= − . (2)

-
-

, -

2 0 z sin( ( t ) )δ δδ δ δ φ φ= + + + ; (3)

0u u z cos( ( t ) )φ φ= + + , (4)

δ0 - -

ω2  ( . 2); z ,δ δφ  - 

; z ,φ  - 

;
t

2

0

( t ) sdtφ δ δ= = −∫ .

. 2. :

N1 - ω1; N2 - ω2
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-
 [6] ,

c pω δ= ,

:

j j j j
a 2

ˆU r I pe x ( p )I e x ( p )I e pe G( p )uδ δ δ δ− = + + = −  ; (5)

2
J c T

ˆT p D( p ) M Re( j I )δ δ ω Ψ+ − = + , (6)

U , I ,Ψ  - , -

; r  - ; TJ, D - -

-

; MT - ; 2x ( p ) , x ( p ) ,G( p )  - 

,

d q 2 d qx ( p ) x ( p ) x ( p ) ; x ( p ) x ( p ) x ( p ) .
2 2

   = + = −   

-

2U U U= + ; (7)

2I I I= + , (8)

jU U e αδ
α α= ; jI I e ( ,2 )αδ

α α α= = .

,

jz sin( ( t ) ) j( ( t ) ) j( ( t ) )
0

j2( ( t ) ) j2( ( t ) )
2

e J ( z ) J ( z ) e e

J ( z ) e e ,

δ δ δ δ

δ δ

φ φ φ φ φ φ
δ δ

φ φ φ φ
δ

± + + − +

+ − +

 = ± − + 

 + −  (9)

iJ ( z )δ  -  (i = 0, 1, 2). 

 (7)-(9)  (5) -

-

:
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E E

E E

j( ) j( )j2 2
a ( ) ( 2 ) 2

j( ) j( )j 2 2
2( ) 2( 2 ) 2

U r I pe [( z ( p )I z ( p )I e )e

ˆ ˆ( z ( p )I z ( p )I e )e ] pe E ;

π πβ δ β δδ

π πβ δ β δδ

+ + − + +

+ + + +−

+ + + +

+ + = −
(10)

E2 2 E2

E2 2 E2 22

j( ) j( )j2 2
2 a 2 ( 2 ) ( 22 ) 2

j( ) j( )” 2 2
2( 2 ) 2( 22 ) 2 2

U r I pe [( z ( p )I e z ( p )I )e

ˆ ˆ( z ( p )I z ( p )I )e ] pe E ,

π πβ δ β δδ

π πβ δ β δ

+ + − + +

+ + + +− 

+ + + +

+ + = − (11)

( ij ) 2( ij )z ( p ) , z ( p ) , ( i, j ,2 )=  – 

 ( -

. 1); 

j( )
0 2

j( )
0

E J ( z )G( p )u [ J ( z )G( p js )z e
2

J ( z )G( p js )z e ] ;

δ

δ

φ φ
δ δ

φ φ
δ

−

− −

= − + + +

+ − (12)

j( )
2 0

j( )

E J ( z )G( p )u [ J ( z )G( p js )z e
2

J ( z )G( p js )z e ] .

δ

δ

φ φ
δ δ

φ φ
δ

−

− −

= − − + +

+ − (13)

 (10), (11) Eβ
2Eβ -

-

 ( . 2): 

2E 0 E 0;
2 2

δ
π π

β δ φ β δ= − − = − . (14)

 (10) 

ω ,

(11) – ω2.

 (10), (11) 2x ( p ), x ( p ) , -

.

. 1 

( ij ) 2( ij )z ( p ) , z , ( i, j ,2 )= -

 (p = 0)

.
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( 2 ) ( 2 )z ( p ) , z ( p )α α

(10), (11) -

.

-

 ( . 1, 2) 

.

 (6) 

ˆM Re( j I )Ψ= − . (15)

E E 2 2j( ) j( )
2 2

2e e
π πβ δ β δ

Ψ Ψ Ψ
+ + + +

= + , (16)

 (10), (11) 

E

E

j( )j 2
( ) ( 2 ) 2

j( )j 2
2( ) 2( 2 ) 2

E [ z ( p )I z ( p )I e ]e

ˆ ˆ[ z ( p )I z ( p )I e ]e ;

π β δδ

π β δδ

Ψ
+ +

− + +−

= + + +

+ +

E 2 22

E 2 22

j( )j 2
2 2 ( 2 ) ( 22 ) 2

j( )j 2
2( 2 ) 2( 22 ) 2

E [ z ( p )I e z ( p )I ]e

ˆ ˆ[ z ( p )I e z ( p )I ]e .

π β δδ

π β δδ

Ψ
+ +

− + +−

= + + +

+ +

-

:  (M ) -

 (M ), , . .

0M M M= + .

:

E E 2 E

E E

E 2 E 2

E 2

j j j
0 2 2 ( )

j j
( 2 ) 2 2( ) 2( 2 ) 2

j j
2 ( 2 ) ( 22 ) 2 2( 2 )

j
2( 22 ) 2

ˆ ˆ ˆRe( I e I e ) Re{ jI e [ ( z ( p )I

ˆ ˆz ( p )I )e ( z ( p )I z ( p )I )e jE ]

ˆ ˆjI e [ ( z ( p )I z ( p )I )e ( z ( p )I

ˆz ( p )I )e

β β β

β β

β β

β

Ψ Ψ
−

−

−

= + = − +

+ + + − +

+ − + + +

+ 2jE ]} ,− (17)
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E E 2j( ( t )) j( ( t ))
2 2

2

ˆ ˆRe( I e I e )

M cos( ( t ) ) M sin( ( t ) ) ,

β φ β φ

δ δ

Ψ Ψ

φ φ φ φ

− += + =

= + − + (18)

E E 2 jj j
2 2 2

ˆjM ( I e Ie )e δφβ βΨ Ψ −−+ = + .

. 3, 

 4 

W (p),  5 

.  1, 2, 3 Wi(p)

-

i i i∆ ∞= − .

-

qe, qe
′ .

W3(p)

W2(p)

W(p)

W(p)

∆ 3

∆ 2

∆
..3

4 5

Eqe∞

Eqe

. 3. 

( i ) ,  ( ) -

i,

2j j
e( i ) i i2n e eδ δ= + , (19)

ij
i i e ( , 2 )αφ
α α α= = ,

2 2
i i i2 i i2 i2 i2 cos( ( t ) )φ φ φ= + + + − ; (20)

2 2
i 2 i2 2 i i2 i2 i

i 2 2
i i2 i i2 i2 i

( ) cos( ( t ) )

2 cos( ( t ) )

ω ω ω ω φ φ φ
ω

φ φ φ
+ + + + −

=
+ + + −

. (21)
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i∆ ,  (12), (21), 

i in ,α αφ

i i0 i iz cos( ( t ) )∆ ∆ φ φ= + + , (22)

i0 i i i

0

( )d( ( t ) )
π

∆ φ φ
π ∞= − +∫ ;

i i i i i

0

2
z ( )cos( ( t ) )d( ( t ) )

π

φ φ φ φ
π ∞= − + +∫ .

 (20) -

-

i0 i i2 i

2
( )E( K , )

2
π∆

π ∞= + − ; (23)

2 2 2
i0 i i2 i i22

i i2

8
n [( ) F( K , ) ( )E( K , )] ,

2 23 K ( )
π π∆

π
= − − +

+ (24)

F( K , ) , E( K , )
2 2

π π  - -

( ) ( )i i2 i i2K 2= + .

. 3 -

 5 

qe qe0 EE E z cos( ( t ) )φ φ′ ′= + + , (25)

qe0 qe i i0
i

E E W ( p ) W ( p )∆∞′ = + ∑
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-

q eE ∞ -

,

d ij j
E i i

i

z e W ( p ) W ( p )z e
φ φ= ∑ (26)

.

,

 5 

qe qe0 EE E W z cos( ( t ) )φ φ= + + , (27)

qe0 qe0 0 EE E W z′= + ; (28)

0W , W  -  [6], 

qe0 EE , z′ , :

qeE qe2E , -

2 2
0 2 2 2W [( d arccos( d ) d ) ( d arccos( d ) d ) ]

π
= − − − − − ; (29)

2 2
2 2 2 2W [arcsin( d ) d d arcsin( d ) d d ]

π
= + − + + − ; (30)

qe qe0

E

E E
d

z

′−
= ;

qe0 qe2

2

E

E E
d

z

′ −
= . (31)

 (27) -

 (4) 

q e 0 E
0

E W z
u , z

G ( 0 ) G ( 0 )
= = , (32)

G(0) - p = 0.

, -

 (10), (11) -

 (12), (13) 
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-

.

 [1], 

. -

. 4,  3 -

, -

.

 1 W -

, -

W = .

W2(p)  2 

. W2(p)

. -

X∆ . 4 -

, pσ  – .

W(p) W2(p)

∆X

Pδ - ω
σp

2 3

PTω

PT
P’T

. 4. 

-

 ( -

),  (14), -

c E2 2 cp p ( ) z scos( ( t ) )δ δδ ω β ω ω φ φ− = + − + + . (33)

 3, . 5, 

c
T T T

p

p
P P W ( p ) X

δ ω
∆

σ∞

 −
′ = + − + 

  
, (34)
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TP ∞  – ;

T 2W ( p ) W W ( p )= .

 (33)  (34) -

 - :

T T0 M TP P z cos( ( t ) )δφ φ φ′ ′= + + + , (35)

T 0 T T E2 2 c

p p

P P W ( p ) X p ( )∆ β ω ω
σ σ∞

 
′ = + − − − 

  
;

( )M T

p

z z s W ( js )δσ
= ;

T Trg(W ( js ))φ = .

,

T T cM P ω= ,

-

T T T T E 2 2 c

c c p

0 M M T

M M W ( p ) X W ( p )[ p ( )]

W z W z cos( ( t ) ) ,δ

∆ β ω ω
ω ω σ

φ φ φ

∞= + − + − +

+ + + +
(36)

0W , W  - , -

 (29), (30) 

T T 0 T 0 T 2
2

M M

P P P P
d , d

z z

′ ′− −
= = ,

T T 2P , P  - 

.

,  (36) X 0∆ = .
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 (6)  (15), 

(33)  (36) :

• -

ω2

2 c
J 2 c 0 M T T 0

c p

T ( p ) D( ) W z M W ( p ) M
ω ω

ω ω
ω σ∞

 −
= − − + + − − 

  
, (37)

2
J J T

c p

( p ) T p D W ( p ) p
ω σ

 
= + + 

  
;

•

2
J

M T

T p [ z sin( ( t ) )] Dp[ z sin( ( t ) )]

W z cos( ( t ) ) M ,

δ δ δ δ

δ

φ φ φ φ

φ φ φ

+ + + =

= + + −

 (18) :

2 2
J M T 2

J

M T

T [ p z z ( s p ) ] Dpz W z sin M 0 ;

T [ 2 pz ( s p ) z ( s p )] Dz ( s p )

W z cos M 0 .

δ δ δ δ

δ δ δ δ δ δ

φ φ

φ φ φ

φ

− + + + − =

+ + + + + −

− + =

; (38)

,

 (10), (11), (37)  (38).

-

,

-

- .

- , -

, -

,

, , -

,

.
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. 1 

-1500/200-88, 

-

 "  - " -

- . -

.

 1. - 500/200-88  

                        

s, . . U , . . U2, . . U3, . . I , . . I2, . .
I3,

. .

-
0.02 0.337 0.824 0.041 0.126 1.04 0.028 

0.03 0.316 0.822 0.04 0.125 1.041 0.027 

0.05 0.295 0.819 0.036 0.118 1.052 0.024 

0.08 0.248 0.815 0.032 0.108 1.065 0.019 

-
0.02 0.352 0.836 - 0.151 1.048 - 

0.03 0.341 0.835 - 0.146 1.051 - 

0.05 0.314 0.828 - 0.134 1.066 - 

0.08 0.271 0.8212 - 0.120 1.081 - 

. 2 -

,

.

 2. - 500/200-88  

                        

U , . . U2, . . U3, . . I , . . I2, . . I3,

. . .

- u =const 0.250 0.942 0.025 0.364 1.386 0.061 

-  0.114 1.017 0.04 0.552 1.455 0.124 

-  0.206 0.980 0.036 0.507 1.423 0.093 

- u =const 0.253 0.962 - 0.398 1.325 - 

-  0.148 1.031 - 0.461 1.589 - 

-  0.215 0.994 - 0.520 1.413 - 

. 1  2, 

 "  - 

". -
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 ( -

),

.

,  (

),  10 %, -

. , -

, ,

, -

.

1. -

,

-

, .

-

, , -

-

.

2.

-

.

3.

. -

, ,

 - 

 10%. 

4. -

 “ -

 - ”.

,

, , -

.
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-

.

 1 

, -
 (10), (11), 

2 2
( ) 0

2
2

z ( p ) J ( z )x ( p js ) J ( z )[ x ( p ) x ( p j2s )]

J ( z )[ x ( p js ) x ( p j3s )] ;

δ δ

δ

= − + + − +

+ + + −
( -1) 

j
( 2 ) 0

2

z ( p ) e { J ( z )J ( z )[ x ( p js ) x ( p )]

J ( z )J ( z )[ x ( p j2s ) x ( p js )]} ;

δφ
δ δ

δ δ

−= − − +

+ − − +
( -2) 

j2
( 2 ) ( 2 )z ( p ) e z ( p ) ;δφ= ( -3) 

2 2
( 22 ) 0

2
2

z ( p ) J ( z )x ( p ) J ( z )[ x ( p js ) x ( p js )]

J ( z )[ x ( p j2s ) x ( p j2s )] ;

δ δ

δ

= + + + − +

+ + + −
( -4) 

2
2( ) 2 0 2 2 2z ( p ) J ( z )x ( p ) J ( z )J ( z )[ x ( p js ) x ( p js )] ;δ δ δ= + + + − ( -5) 

j
2( 2 ) 2 2 2

0 2 2

z ( p ) e { J ( z )J ( z )[ x ( p js ) x ( p j2s )]

J ( z )J ( z )[ x ( p ) x ( p js )]} ;

δφ
δ δ

δ δ

= + + − −

− + −
; ( -6) 

j
2( 2 ) 2 2 2

0 2 2

z ( p ) e { J ( z )J ( z )[ x ( p js ) x ( p j2s )]

J ( z )J ( z )[ x ( p ) x ( p js )]} ;

δφ
δ δ

δ δ

−= − + + −

− + +
( -7) 

2 2
2( 22 ) 0 2 2 2

2
2 2 2

z ( p ) J ( z )x ( p ) J ( z )[ x ( p js ) x ( p js )]

J ( z )[ x ( p j2s ) x ( p j2s )] .

δ δ

δ

= − + + − +

+ + + −
; ( -8) 
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