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   ё  

. 

        

     ,  

   .    

  MatLab. 

MatLab       ,  Control 

System Toolbox (  ё   ), Signal Processing Toolbox (  

 ),  Image Processing Toolbox (   )  

.  MatLab       

   Simulink. 

        

  Simulink.  ё     

ё  ,    ё     . 

   ё     

 .  
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1.    

1.1.  ( )   

      

        

      

.        , 

     ,   

  [1- 6]. 

        

  ,      

  120° ( 2π 3⁄ )  a, b, c (  1.1, ).   

      , 

      

   ( )   

 .       

         

 [3; 4; 7; 8]. 

  ,       

   ,  .  

        

   ,     ,   

   : 

ua+ub+uc=0.  1.1.1  

  (1.1.1) ,      

  .       
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    ,   

      .   

         

    .     

      , 

       

(   ,     . .). 

,   ,      

,    ,   

    ,   

 ,  ,    .  

   . .    [6, 9],    

      

  .  ,   , 

     ( )  

 ,      

.  ,       

    .    

        

    .      

 ,    ,   

 ,     

. 

      , 

 . .   . .    [8].   

    ,     

     ua,ub,uc (  1.1, ) 

   U⃗⃗ ,   

uα1,u 1,u 1 (  1.1, ). 
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a

b c

0

ua

ub uc

α1

1

10

uα1

u 1

u 1

U

     )       ) 

 1.1 – )    ; )  

 U⃗⃗      

    U⃗⃗     

  ,     

     U⃗⃗  ,      

       

.        O 

,        , 

      O    α1, 1, 1  

(  1.2).      ON   [10, 

11]: 

cos φ1 = cos φ2 = cos φ3 =
1√3

.  1.1.2  
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α1

1

10

uα1

u 1

u 1

a

b

c

N
ua

ub

uc

φ1

φ3

φ2

 1.2 –       

  

        α1, 1, 1 

 ,   ON,     

     120°     O , . . 

    a,b,c   ua,ub,uc. 

   U⃗⃗      

  α1, 1, 1   ,   

       

( )  : 

{
uα1=ua∙ sin φ1 =

√2√3
∙ua,

u 1=ub∙ sin φ2 =
√2√3

∙ub,

u 1=uc∙ sin φ3 =
√2√3

∙uc.

 1.1.3  
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  (1.1.3)  -    : 

U⃗⃗= [uα1

u 1

u 1

] =
√2√3

∙E∙ [ua

ub

uc

] ,  1.1.4  

 uα1,u 1,u 1 −    U⃗⃗ ;
ua,ub,uc −    ;√2 √3⁄ − ,  :

sin φi =√1- cos2 φi .    (1.1.5) 

E −   ,     

     α1, 1, 1 

: 

E= [1 0 0
0 1 0
0 0 1

] .    (1.1.6) 

     ,   

        

    .    

     α, , ,  α 

     a,   −   ON.     

        π 2⁄  

  α     (  1.3).  

,  α,        (  
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  )   ,    - 

    . 

α1

1

10

uα1

u 1

u N
uα

u

a(α)

u 1

 1.3 –     

     ,  

  U⃗⃗    α, ,        

 α1, 1, 1  :

uα=
√2√3

∙uα1-
1√6

∙u 1-
1√6

∙u 1,

u =0+
1√2

∙u 1-
1√2

∙u 1,

u =
1√3

∙uα1+
1√3

∙u 1+
1√3

∙u 1.

 1.1.7  

 -    (1.1.7)  : 

U⃗⃗ α, , =A1∙U⃗⃗(α1, 1, 1),  1.1.8  
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 A1 −    U⃗⃗    

   : 

A1=

[  
   
 √2√3

-
1√6

-
1√6

0
1√2

-
1√2

1√3
1√3

1√3 ]
.    1.1.9  

  (1.1.3)   (1.1.7)   

     U⃗⃗   α, ,  

    : 

uα=
2
3

∙ua-
1
3

∙ub-
1
3

∙uc,

u =0∙ua+
1√3

∙ub-
1√3

∙uc,

u =
√2
3

∙ua+
√2
3

∙ub+
√2
3

∙uc.

     1.1.10  

 -    (1.2.10)  : 

U⃗⃗ α, , =A∙ [ua

ub

uc

] ,        1.1.11  

 A −      

      U⃗⃗   

    α, , : 



17 

=
[

2
3

-
1
3

-
1
3

0
1√3

-
1√3√2

3
√2
3

√2
3 ]

.  1.1.12  

       

        

   .     

        

 .       

 :  |U⃗⃗ α |    𝜑 

   U⃗⃗ α   U⃗⃗     

 ,    u    , 

  . 

       ,  

      a,   : 

 |U⃗⃗ α |=√uα
2+u2,

𝜑=arctg
uα

u
,  1.1.13  

u =u .
  (1.1.10)   (1.1.13)   

       

 : 
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|U⃗⃗ α |= 2
3

∙√ua
2+ub

2+uc
2-ua∙ub-ua∙uc-ub∙uc, 

𝜑=arctg (√3∙ ( ub-uc

2∙ua-ub-uc
)),  1.1.14  

u =
√2
3

∙ ua+ub+uc .
     (1.1.10)  (1.1.14) ,  

 u        .   

        U⃗⃗ ,   

     .  ,  u ,  

  [7, 9],      . 

        

    ,    

. 

      

         

  [12].      

 u ,    : 

u =
1√2

∙u0.    1.1.15  

      uα  u ,  

      

ua1,ub1,uc1.          

 (1.1.10)      ua,ub,uc  ua1,ub1,uc1   

 (1.1.1). 
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 ,  U⃗⃗ α   ( )  U⃗⃗   

      

   ( )   

    .   

        ,  

u =0. 

 ,      

       

  .       

   [12].     

   ,    [6, 9]  

          

  .  ,    

,     

2 3⁄  (       

     ),    [6, 7, 

9]  .  

   ,    

( )      

    ,   

     -  

.  ,      

      

  .       

      . 
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1.2. -     

  .   
    

  ,    1.1,    

     ,  

      ,   

    .   , 

   ,    1.4. 

wsαusα

α

us

ws

wr

ur

wrα
urα

ur

wr

ws

us

r

 1.4 –      

 ,    1.4,  

      -   

  : 

Us=Rs∙Is+
dΨs

dt
,  (1.2.1) 

Ur=Rr∙Ir+
dΨr

dt
+ r∙B∙Ψr,  (1.2.2) 
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Ψs=Lm∙Ir+Ls∙Is,  (1.2.3) 

Ψr=Lm∙Is+Lr∙Ir,  (1.2.4) 

 Us, Ur, Is, Ir, Ψs, Ψr  −  - ,  

     ,   

        α, , : 

Us= [usα

us

us

] ; Is= [isα

is
is

] ; Ψs= [ sα

s

s

] ,  (1.2.5) 

Ur= [urα

ur

ur

] ; Ir= [irα

ir
ir

] ; Ψr= [ rα

r

r

] .  (1.2.6) 

Rs, Rr −      :

Rs= [rs 0 0

0 rs 0

0 0 rs

] ;  Rr= [rr 0 0

0 rr 0

0 0 rr

] .  (1.2.7) 

Ls, Lr, Lm  −    ,  

    : 

Ls= [ls 0 0

0 ls 0

0 0 ls

] ;  Lr= [lr 0 0

0 lr 0

0 0 lr

] ; Lm= [lm 0 0

0 lm 0

0 0 lm

] .    (1.2.8) 

B –   : 
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= [0 -1 0

1 0 0

0 0 0

] .  (1.2.9) 

   (1.2.1) – (1.2.4)  : 

{
usα=rs∙isα+

d sα
dt

,

us =rs∙is +
d s

dt
,

us =rs∙is +
d s

dt
,

 (1.2.10) 

{
urα=rr∙irα+

d rα
dt

+ r∙ r ,

ur =rr∙ir +
d r

dt
- r∙ rα

ur =rr∙ir +
d r

dt
, 

 1.2.11  

{
sα=ls∙isα+lm∙irα,

s =l ∙is +lm∙ir ,

s =ls∙is +lm∙ir ,
 (1.2.12) 

{
rα=lr∙irα+lm∙isα,

r =lr∙ir +lm∙is ,
r =lr∙ir +lm∙is .  (1.2.13) 

   [8, 9, 13]       

(    ),    

  ,   . 

          

        ,     

          

 . ,     
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 ,    .     

       

   ,  ,  ,  

 .        

     [4, 6, 9, 14]. 

    ,   

  : 

{
u=uα+j∙u , 
i=iα+j∙i ,    

= α+j∙ .
 1.2.14  

  (1.2.14)   -   (1.2.1) 

– (1.2.4),     :

{
us=rs∙is+p s,         
ur=rr∙ir-j∙ r∙ r+p r,

s=lm∙ir+ls∙is

r=lm∙is+lr∙ir,

 1.2.15  

 p –  . 

 ,   (1.2.15)    

       α, .   

       .  

        

      x,y,   

  k [4,6,9].  ,   

    ,  k 

(  1.5).  
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α
x

y

d

q

is φisk

φis

k

k

 1.5 –    is 

   ,     

    ( )   

 (  1.1).   is,     

    φis:

is=is∙ejφis.  (1.2.16) 

        

  φisk=φis- k (  1.5). :

isk=is∙ej(φis- k)=is∙ejφis∙e-j k.  (1.2.17) 

 (1.2.16)  (1.2.17)     

       : 

isk=is∙e-j k,  1.2.18  
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is=isk∙ej k.  1.2.19  

   (1.2.14)    , 

          e-j k.  , 

: 

us∙e-j k=rs∙is∙e-j k+e-j k∙
d s
dt

,  (1.2.20) 

ur∙e-j k=rr∙ir∙e-j k-j∙ r∙ r∙e
-j k+e-j k∙

d r
dt

.  1.2.21  

  (1.2.20) – (1.2.21)   

,  : 

s= sk∙ej k,  r= rk∙ej k; us∙e-j k=usk,  ur∙e-j k=urk;  (1.2.22) 

is∙e-j k=isk,  ir∙e-j k=irk;
d k

dt
= k.     (1.2.23) 

  : 

usk=isk∙rs+j∙ k∙ sk+
d sk
dt

,  (1.2.24) 

urk=irk∙rr+j∙ k- ∙ rk+
d rk

dt
.  1.2.25  

 ,   ,  : 

sk=lm∙irk+ls∙isk,  (1.2.26) 

rk=lm∙isk+lr∙irk,  1.2.27  
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  (1.2.24) – (1.2.27)   

     .  , 

 k     ,  ,  

        

 .       

( , , ),   

        ,    

       . 

       

 ,  ur=0.     

    : 

{
us=is∙rs+j∙ k∙ s+

d s
dt

,       
0=ir∙rr+j∙ k- ∙ r+

d r
dt

,

s=lm∙ir+ls∙is,         
r=lm∙is+lr∙ir.       

 (1.2.28) 

 ,    (1.2.28)    

   ,      

 (    ,     

),     . 

 ,    ,     

(1.2.1) – (1.2.4)   (1.2.28).     

    ,     

  ,     

[6, 9].        

,    -  ,   [6, 

9].  ,      
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      ( )  ,  

       [4].  

,       

    . 

      , 

 (1.2.28)     

   . 

1.3.    .  

 

   ,    

,    .   

       

 ,        .  

         

,        [6, 

9]. 

      pΣ, 

     ,  

   p ,      ∆ps.э

  ∆pr.э        w   

p =dw /d . ,      pΣ  

,       (ps) 

 (pr),       :

ps+pr=p +p +∆ps.э +∆pr.э .  1.3.1  
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    (1.3.1),   [6, 9], 

       

  : 

mЭ=Ψr∙B∙Ir= ry∙irx- rx∙iry.  (1.3.2) 

  (1.3.2)     

       

.           

 [6, 9]: 

{

mЭ=Ψr∙B∙Ir= ry∙irx- rx∙iry;

mЭ=B∙Ψs∙Is= sx∙isy- sy∙isx;

mЭ=B∙Ψm∙Is= mx∙isy- my∙isx;  
mЭ=Ψm∙B∙Ir= my∙irx- mx∙iry;

mЭ=ks∙ Ψs∙B∙Ir =ks∙ sy∙irx- sx∙iry ;

mЭ=kr∙ B∙Ψr∙Is =kr∙ rx∙isy- ry∙isx ;

mЭ=ls
-1∙ B∙Ψm∙Ψs =ls

-1∙ mx∙ sy- my∙ sx ;

mЭ=lr
-1∙ Ψm∙B∙Ψr =lr

-1∙ my∙ rx- mx∙ ry  ;

mЭ=l э
-1 ∙ Ψs∙B∙Ψr =l э

-1 ∙ sy∙ rx- sx∙ ry ;

mЭ=lm∙ Is∙B∙Ir =lm∙(isy∙irx-isx∙iry),

 1.3.3  

 Ψm  − -    [6, 9];

ks, kr,ls , lr , l э − ,   , .

  (1.3.3)    

      [6, 9]: 
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{

mЭ=Im [ r∙i̇r] ; mЭ=Im[kr
̇
r∙is];

mЭ=Im[ ̇
s∙is]; mЭ=Im[ls-1 ̇

m∙ s];
mЭ=Im[ ̇

m∙is];  mЭ=Im[lr-1 m∙ ̇
r];

mЭ=Im [ m∙i̇r] ;      mЭ=Im[ls-1 s∙ ̇
r]; 

mЭ=Im [ks s∙i̇r] ;    mЭ=Im [lmis∙i̇r] .

 1.3.4  

  (1.3.4)     ,   

- .      

       

. 

       

     

      

     

  .   J=const: 

d
dt

=J-1∙ mЭ-mc ,  1.3.5  

d
dt

= ,  1.3.6  

 J  mc −       

      . 

 ,   (1.2.28)    

    ,    

       

       .  

   ,       

    .   
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2.      

      

2.1.       

     

2.1.1      

      

        

 (1.2.28).        

.       

: 

{
us=rs∙is+j∙ k∙ s+p s;

0=rr∙ir+j∙ k- ∙ r+p r;

s=ls∙is+lm∙ir;

r=lm∙is+lr∙ir,

 (2.1.1) 

 ls −     ;

lr −     ;

lm −     ;

p −  . 

ls=l s+lm,  2.1.2  

lr=l r+lm,  2.1.3  

 l s  l r-      . 
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   : 

{
mЭ=lm∙Im [is∙i̇r] ; mЭ=Im[is∙ ̇

s];
mЭ=

kr

l's
∙Im[ s∙ ̇

r]; mЭ=kr∙Im[is∙ ̇
r];

mЭ=Im [i̇r∙ r] ; mЭ=ks∙Im [i̇r∙ s] .

2.1.4  

 i̇r, ̇
s, ̇

r-  -   ir, s,  r  

. 

 ,      

    : ,   

.        

  .     

      ,   

    . 

2.1.2        

    (2.1.1),   

    : 

us∙ejφus=rs∙is∙ejφis+ j∙ k∙ s∙e
jφ s+p( s∙e

jφ s),   (2.1.5) 

0=rr∙ir∙ejφir+j∙ k- ∙ r∙e
jφ r+p( r∙e

jφ r).  (2.1.6) 

  ,   

 (2.1.5), (2.1.6)   : 
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p( s∙e
jφ s)=p s∙e

jφ s+j∙ s∙e
jφ s∙pφ s  (2.1.7) 

p( r∙e
jφ r)=p r∙e

jφ r+j∙ r∙e
jφ r∙pφ r  (2.1.8) 

  (2.1.5), (2.1.6),     (2.1.7), (2.1.8) 

: 

us∙ejφus=rs∙is∙ejφis+ j∙ k∙ s∙e
jφ s+p s∙e

jφ s+j∙ s∙e
jφ s∙pφ s,  (2.1.9) 

0=rr∙ir∙ejφir+j∙ k- ∙ r∙e
jφ r+p r∙e

jφ r+j∙ r∙e
jφ r∙pφ r.  (2.1.10) 

    (2.1.9)  ejφ s,    

(2.1.10)  ejφ r,  :

us∙e
j φus−φ s =rs∙is∙e

j φis−φ s + j∙ k∙ s+p s+j∙ s∙pφ s,     (2.1.11) 

0=rr∙ir∙e
j φir−φ r +j∙ k- ∙ r+p r+j∙ r∙pφ r.  (2.1.12) 

  (2.1.11)  (2.1.12),   

   : 

us∙ cos φus-φ s +j∙ sin φus-φ s =rs∙is∙ cos φis-φ s +j∙ sin φis-φ s ++p s+j∙ s∙pφ s+ j∙ k∙ s,  (2.1.13) 

0=rr∙ir∙ cos φir-φ r +j∙ sin φ -φ r +

+j∙ k- ∙ r+p r+j∙ r∙pφ r.  (2.1.14) 

  (2.1.13) , (2.1.14),  ,    

     : 
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us∙ cos φus-φ s =rs∙is∙ cos φ r-φ s +p s,  (2.1.15) 

0=rr∙ir∙ cos φ s-φ r +p r,  (2.1.16) 

us∙ sin φus-φ s =rs∙is∙ sin φ r-φ s + k∙ s+ s∙pφ s,     (2.1.17)

0=rr∙ir∙ sin φ s-φ r + k- ∙ r+ r∙pφ r.                         (2.1.18)

  (2.1.15) – (2.1.18)   

:      

   ,     

.   :      

 ,     .  

  (2.1.15) – (2.1.18)    ,  

 : 

p s=rs∙is∙ cos φis-φ s +us∙ cos φus-φ s ,   (2.1.19) 

pφ s=-
rs∙is

s
∙ sin φis-φ s - k+

us

s
∙ sin φus-φ s ,   (2.1.20) 

p r==rr∙ir∙ cos φ -φ r ,  (2.1.21) 

pφ r=- rr∙ir
r

∙ sin φir-φ r - k+ .  (2.1.22) 

   .  ,     

(2.1.1)   ,      (2.1.1)  

:  

is=
1
ls

∙ s-
lm
ls

∙ir,  2.1.23  

ir=
1
lr

∙ r-
lm
lr

∙is.  2.1.24  
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  (2.1.23)    (2.1.24): 

ir=
1
lr

∙ r-
lm
lr

∙ (1
ls

∙ s-
lm
ls

∙ir) ,  2.1.25  

    ,  ir    

,    : 

ir-
lm
2

lr∙ls
∙ir=

1
lr

∙ r-
lm

lr∙ls
∙ s,  (2.1.26) 

ir 1-
lm
2

lr∙ls
=

1
lr

∙ r-
lm

lr∙ls
∙ s.  2.1.27  

  =1- lm
2 ls∙lr⁄ –   

 (  , ).   (2.1.27): 

∙ir=
1
lr

∙ r-
lm

lr∙ls
∙ s,  2.1.28  

ir=
1
∙lr

∙ r-
lm
∙lr∙ls

∙ s.  2.1.29  

   (2.1.23)     

(2.1.24): 

is=
1
ls

∙ s-
lm
ls

∙ (1
lr

∙ r-
lm
lr

∙is) .  2.1.30  

    ,  is    

,    : 
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is-
lm
2

lr∙ls
∙is=

1
ls

∙ s-
lm

lr∙ls
∙ r,  (2.1.31) 

is 1-
lm
2

lr∙ls
=

1
ls

∙ s-
lm

lr∙ls
∙ r.  2.1.32  

  (2.1.32): 

∙is=
1
ls

∙ s-
lm

lr∙ls
∙ r,  2.1.33  

is=
1
∙ls

∙ s-
lm
∙lr∙ls

∙ r.  2.1.34  

  (2.1.29)  (2.1.34),  , 

   , . : 

is=
1
l`s

∙ s-
kr

l`s
∙ r,  2.1.35  

ir=-
ks

l`r
∙ s+

1
l`r

∙ r.  2.1.36  

  (2.1.35), (2.1.36),   

   : 

is∙𝑒 𝜑𝑖 =
1
l`s

∙ s∙𝑒 𝜑𝜓 -
kr

l`s
∙ r∙𝑒 𝜑𝜓 ,  2.1.37  

ir ∙ 𝑒 𝜑𝑖 =-
ks

l`r
∙ s∙𝑒 𝜑𝜓 +

1
l`r

∙ r∙𝑒 𝜑𝜓 .  2.1.38  

    (2.1.37), (2.1.38)  

 :  
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is∙(cos φis +j∙ sin φis)=
1
l`s

∙ s∙ cos φ𝜓s +j∙ sin φ𝜓s −
-- kr

l`s
∙ r∙ cos φ𝜓 +j∙ sin φ𝜓 ,  2.1.39  

ir∙(cos φir +j∙ sin φir)=-
ks

l`r
∙ s∙ cos φ𝜓s +j∙ sin φ𝜓s +

+
1
l`r

∙ r∙ cos φ𝜓 +j∙ sin φ𝜓 .  2.1.40  

  (2.1.39),(2.1.40),  ,    

     : 𝑖s∙ cos φis =
1
l`s

∙𝜓s∙ cos φ𝜓s − kr

l`s
∙𝜓r∙ cos φ𝜓 ,                       2.1.41

𝑖s∙ sin φis =
1
l`s

∙𝜓s∙ sin φ𝜓s − kr

l`s
∙𝜓r∙ sin φ𝜓 ,                       2.1.42

𝑖r∙ cos φir = − kr

l`s
∙𝜓s∙ cos φ𝜓s + 1

l`s
∙𝜓r∙ cos φ𝜓 ,   2.1.43  

𝑖r∙ cos φis = − kr

l`s
∙𝜓s∙ sin φ𝜓s + 1

l`s
∙𝜓r∙ sin φ𝜓 ,   2.1.44  

      

    : 
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{

p s=rs∙is∙ cos φis-φ s +us∙ cos φus-φ s ,
pφ s=-

rs∙is
s

∙ sin φis-φ s - k+
us

s
∙ sin φus-φ s ,

p r=rr∙ir∙ cos φ -φ r ,

pφ r=-
rr∙ir

r
∙ sin φir-φ r - k+ ,

𝑖s∙ cos φis =
1
l`s

∙𝜓s∙ cos φ𝜓s − kr

l`s
∙𝜓r∙ cos φ𝜓𝑖s∙ sin φis =

1
l`s

∙𝜓s∙ sin φ𝜓s − kr

l`s
∙𝜓r∙ sin φ𝜓𝑖r∙ cos φir = − kr

l`s
∙𝜓s∙ cos φ𝜓s + 1

l`s
∙𝜓r∙ cos φ𝜓𝑖r∙ cos φis = − kr

l`s
∙𝜓s∙ sin φ𝜓s + 1

l`s
∙𝜓r∙ sin φ𝜓

mЭ = 𝜓 ∙ 𝑖 sin(𝜑 − 𝜑𝜓 )
Jp =mЭ-m .      

 2.1.45  

   (2.1.45)    

      , 

   2.1. 

2.1.3       ψs, ψr

     (2.1.1) ,     

    .  , 

  ,      2.1.2,  (2.1.35), 

(2.1.36),  : 

us=
rs

l`s
∙ s-

kr∙rs

l`s
∙ r+ j∙ k∙ s+p s,  2.1.46  

0=
rr

l`r
∙ r-

ks∙rr

l`r
∙ s+j∙ k- ∙ r+p r,  (2.1.47) 
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  (2.1.46)  (2.1.47),   

    : 

us∙ejφus=
rs

l`s
∙ s∙e

jφ s-
kr∙rs

l`s
∙ r∙e

jφ r+ j∙ k∙ s∙e
jφ s+p( s∙e

jφ s),  (2.1.48) 

0=
rr

l`r
∙ r∙e

jφ r-
ks∙rr

l`r
∙ s∙e

jφ s+j∙ k- ∙ r∙e
jφ r+p( r∙e

jφ r).  (2.1.49) 

  ,   

 (2.1.48), (2.1.49)   : 

p( s∙e
jφ s)=p s∙e

jφ s+j∙ s∙e
jφ s∙pφ s  (2.1.50) 

p( r∙e
jφ r)=p r∙e

jφ r+j∙ r∙e
jφ r∙pφ r  (2.1.51) 

  (2.1.48), (2.1.49),     

(2.1.50), (2.1.51) : 

us∙ejφus= rs

l s̀
∙ s∙e

jφ s-
kr∙rs

l`s
∙ r∙e

jφ r+ j∙ k∙ s∙e
jφ s+p s∙e

jφ s+j∙ s∙e
jφ s∙pφ s,  (2.1.52)

0= rr

l`r
∙ r∙e

jφ r-
ks∙rr

l r̀
∙ s∙e

jφ s+j∙ k- ∙ r∙e
jφ r+p r∙e

jφ r+j∙ r∙e
jφ r∙pφ r.  (2.1.53)

    (2.1.52)  ejφ s,    

(2.1.53)  ejφ r,  :

us∙e
j(φus-φ s)= rs

l s̀
∙ s-

kr∙rs

l s̀
∙ r∙e

j(φ r-φ s)+ j∙ k∙ s+p s+j∙ s∙pφ s,      (2.1.54) 

0= rr

l`r
∙ r-

ks∙rr

l r̀
∙ s∙e

j(φ s-φ r)+j∙ k- ∙ r+p r+j∙ r∙pφ r.  (2.1.55) 
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 2.1 –        . 
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  (2.1.54)  (2.1.55),   

   : 

us∙ cos φus-φ s +j∙ sin φus-φ s =
rs

l`s
∙ s+p s+j∙ s∙pφ s-

-
kr∙rs

l`s
∙ r∙ cos φ r-φ s +j∙ sin φ r-φ s + j∙ k∙ s,  (2.1.56) 

0=
rr

l`r
∙ r-

ks∙rr

l`r
∙ s∙ cos φ s-φ r +j∙ sin φ s-φ r +

+j∙ k- ∙ r+p r+j∙ r∙pφ r.  (2.1.57) 

  (2.1.56) – (2.1.57),  ,   

      : 

us∙ cos φus-φ s =
rs

l`s
∙ s-

kr∙rs

l`s
∙ r∙ cos φ r-φ s +p s,  (2.1.58) 

0=
rr

l`r
∙ r-

ks∙rr

l`r
∙ s∙ cos φ s-φ r +p r,  (2.1.59) 

us∙ sin φus-φ s =-
kr∙rs

l`s
∙ r∙ sin φ r-φ s + k∙ s+ s∙pφ s,  (2.1.60) 

0=-
ks∙rr

l`r
∙ s∙ sin φ s-φ r + k- ∙ r+ r∙pφ r.  (2.1.61) 

  (2.1.58) – (2.1.61)   

:      

   ,     

.   :      

 ,     .  

  (2.1.58) – (2.1.61)    ,  

 ,      
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  (    cos  sin  

:  φ s-φ r  φus-φ s.):

p s=-
rs

l`s
∙ s+

kr∙rs

l`s
∙ r∙ cos φ s-φ r +us∙ cos φus-φ s ,         (2.1.62) 

pφ s=-
kr∙rs

l`s
∙ r

s
∙ sin φ s-φ r - k+

us

s
∙ sin φus-φ s ,   (2.1.63) 

p r=-
rr

l`r
∙ r+

ks∙rr

l`r
∙ s∙ cos φ s-φ r ,  (2.1.64) 

pφ r=
ks∙rr

l`r
∙ s

r
∙ sin φ s-φ r - k+ .  (2.1.65) 

      

    .    

: 

{

p s=-
rs

l`s
∙ s+

kr∙rs

l`s
∙ r∙ cos φ s-φ r +us∙ cos φus-φ s ,

pφ s=-
kr∙rs

l`s
∙ r

s
∙ sin φ s-φ r - k+

us

s
∙ sin φus-φ s ,

p r=-
rr

l`r
∙ r+

ks∙rr

l`r
∙ s∙ cos φ s-φ r ,

pφ r=
ks∙rr

l`r
∙ s

r
∙ sin φ s-φ r - k+ ,

mЭ=
kr

l`s
∙ s∙ r∙ sin φ s-φ r ,

Jp =mЭ-m . 

 2.1.66  

   (2.1.66)    

      , 

   2.2. 
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us

cos(φus-φ s) +

+

×

×

×

×

×

×

s

cos(φ s-φ r)

×

×

×

-

+

1

×

×

÷

+
-

+

×

×

÷

-

+

1
s

s

r

r

s

r φ r

sin(φ s-φ r)

-

+

-

r

s

sin(φ s-φ r)

×

×

÷

us

s

sin(φus-φ s)

1
s -

+

φ s

φ s-φ r

φus-φ s

cos

sin

cos

sin

cos(φ s-φ r) sin(φ s-φ r)

k

φus

mc

rs((l`s/rs) s+1)

l`s

ks

(l`r/rr)s+1
krrs

l`s

krrs

l`s

ksrr

l`r

kr

l`s

Js

 2.2 –        s, r
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2.1.4       is, ψr

       

2.1.3.        

 . 

    (2.1.1)   ,  

          

 .        

 : 

ir=
1
lr

∙ r-kr∙is,  2.1.67  

s=kr∙ r+l's∙is.  2.1.68  

     (2.1.1)    

  (2.1.67)  (2.1.68): 

us=rs∙is+ j∙kr∙ k∙ r+j∙l`s∙ k∙is+p(kr∙ r+l`s∙is),  2.1.69  

0=
rr

lr
∙ r-kr∙rr∙is+j∙ k- ∙ r+p r.    (2.1.70) 

        

     (2.1.69).   

    (2.1.69)  ejφis,     (2.1.70) 

 𝑒 𝜑𝜓 .      

 ,  : 
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us∙(cos(φus-φis) +j∙ sin(φus-φis))=rs∙is+ j∙l`s∙ k∙is+l`s∙pis+j∙l`s∙is∙pφis+

+j∙kr∙ k∙ r∙ cos φ r-φis +j∙ sin φ r-φis +

+kr∙p r∙ cos φ r-φis +j∙ sin φ r-φis +

+j∙kr∙ r∙pφ r∙ cos φ r-φis +j∙ sin φ r-φis ,  (2.1.71) 

0=
rr

lr
∙ r-kr∙rr∙is∙ cos φis-φ r +j∙ sin φis-φ r +

+j∙ k- ∙ r+p r+j∙ r∙pφ r.  (2.1.72) 

  (2.1.71)       

        

 .   (2.1.72)   

  . ,  

       , 

   (2.1.72)     

 ,      ,  

 (2.1.71)     .  ,  

 , : 

pis=- (rs

l`s
+

ks∙kr∙rr

l`r ) ∙is+
kr∙rr

l`s∙lr
∙ r∙ cos φis-φ r -

ks

l'r
∙ ∙ r∙ sin φis-φ r +

+
1
l`s

∙us∙ cos(φus-φis) ,  (2.1.73) 

p r=-
rr

lr
∙ r+kr∙rr∙is∙ cos φis-φ r ,    (2.1.74) 

pφis=-
kr∙rr

l'r∙lr
∙ r

is
∙ sin φis-φ r - k-

ks

lr
∙ ∙ r

is
∙ cos φis-φ r +

+
1
l`s

∙
us

is
∙ sin(φus-φis) ,   (2.1.75) 

pφ r=kr∙rr∙
is

r
∙ sin φis-φ r - k+ .  (2.1.76) 
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        [4, 9, 

19]: 

mЭ=kr∙is∙ r∙ sin φis-φ r .  2.1.77  

     ,  

   : 

{

pis=- (rs

l`s
+

ks∙kr∙rr

l`r
) ∙is+

ks∙rr

l`r∙lr
∙ r∙ cos φis-φ r -

ks

l`r
∙ ∙ r∙ sin φis-φ r +

+
1
l`s

∙us∙ cos(φus-φis) ,

pφis=-
ks∙rr

l`r∙lr
∙ r

is
∙ sin φis-φ r - k-

ks

l`r
∙ ∙ r

is
∙ cos φis-φ r +

+
1
l`s

∙
us

is
∙ sin(φus-φis),

p r=-
rr

lr
∙ r+kr∙rr∙is∙ cos φis-φ r ,

pφ r=kr∙rr∙
is

r
∙ sin φis-φ r - k+ ,

mЭ=kr∙is∙ r∙ sin φis-φ r ,

Jp =mЭ-m .      

  2.1.78  

   (2.1.78)    , 

   2.3. 
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1

×

×

×

×

1
+
-

+
×

×

×

×

÷

+
-

+
×

×

÷

×

×

÷

1

×

×

÷

+

-

-

-

×

×

×

-

+

mc

kr

1

us

us

is

is

is

r

×

r

r

is

sin(φis-φ r)

cos(φis-φ r)

is

cos(φis-φ r)

r

is

sin(φis-φ r)

sin(φis-φ r)

sin(φus-φis)

cos(φis-φ r)

r

×

×

×

r

sin(φis-φ r)

cos(φus-φis)

1

-

+

1
s

φ r

1
s -

+

φis

φis-φ r

φus-φis

cos

sin

cos

sin

k

φus

Js

l`s

l`r

l`r

l`s

ks

ks

ksrr

ksrr

krrr

krrr

l`rlr

l`rlr

s+(rsl`r+kskrrrl`s)/l`sl`r

s+(rr/lr)

 2.3 –        is, r
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3   

3.1.       

3.1.1     4 160 4 3 

        

        (2.1.45). 

         2.1. 

        3.1.  

 3.2  – 3.9   ,   . 

 3.2 –       
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 3.1  –            



49 

 3.3 –      

 3.4  –         



50 

 3.5  –        

 

 3.6 –       s



51 

 3.7  –       φ s

 3.8 –       r
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 3.9  –       φ r

3.1.2    4 250S4 3 

        

        (2.1.45). 

         2.1. 

        3.10.  

 3.11– 3.18  ,   . 

 3.11 –       
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 3.10  –            



54 

 3.12 –      

 3.13  –        

 



55 

 3.14  –        

 

 3.15 –       s



56 

 3.16  –       φ s

 3.17 –       r
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 3.18  –       φ r

3.2       ψs, ψr

3.3.1.     4 160 4 3 

        

s, r      (2.1.66). 

        2.2.   

     3.19.   3.20 – 3.27 

 ,   . 

 3.20 –       
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 3.19 –           s, r



59 

 3.21  –      

 3.22  –        

 



60 

 3.23 –        

 

 3.24 –       s



61 

 3.25 –       φ s

 3.26 –       r



62 

 3.27 –       φ r

3.2.2    4 250S4 3 

        

s, r      (2.1.66). 

        2.2.   

     3.28.   3.29 – 3.36 

 ,   . 

 3.29 –       



63 

 3.28 –           s, r



64 

 3.30  –      

 3.31  –        
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 3.32 –        

 

 3.33 –       s



66 

 3.34 –       φ s

 3.35 –       r



67 

 3.36 –       φ r

3.3       is, ψr

3.3.1     4 160 4 3 

        

is, r      (2.1.78). 

        2.3.   

     3.37.   3.38 – 3.45 

  . 



68 

 3.37  –           is, r



69 

 3.38 –       

 3.39 –      



70 

 3.40 –        

 

 3.41 –        

 



71 

 3.42 –        is 

 3.43 –        φis



72 

 3.44 –       r

 3.45 –       φψr 
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3.3.2    4 250S4 3 

        

is, r      (2.1.78). 

        2.3.   

     3.46.   3.47 – 3.54 

  . 

 3.47 –       

 3.48 –      
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  .2 
1   
2   
m  

max   
  

α, ,         
x, y, z       

   
   

0   
k   
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       : 

y=
Y
Y

,  ( .1) 

   Y −        

; 

Y −  ,       ;

y −      . 

        

 ,     [74, 75].  

       

        . 

 .1 –   

   

   
U  Us.max.     

    
I  Is.max.     

    
 2∙π∙fs.

*     
  

Θ  1 э .     
   

T  Θ ⁄  
 U ∙T   

L  I⁄  
R =X =Z  U I⁄  

P  3∙U ∙I 2⁄  

r Zp
**⁄     
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  .1 

Θ r Θ Zp
**⁄    

M  P r⁄ = P ∙Zp
**⁄  ,  

 
J  M ∙T ∙Zp

**⁄   

fs.
* −    ;

Zp
** −    .

       

  : 

Ui=Ri∙Ii+
d i

dt
,  ( .2) 

Mэ-M =J∙
d
dt

.  ( .3) 

         

( .1)         

,   –   .  ,   

 , , , ,    

        

       : 

Ui

U
=

Ri∙Ii

U
∙
R ∙I
R ∙I

+
1

U
∙
d i

dt
∙

∙T
∙T

,  ( .4) 

Mэ-M
M

=
1

M
∙J∙

d
dt

∙
J ∙ r∙T
J ∙ r∙T

.  .5  

  ,    .1,   

   : 

ui=ri∙ii+
d i
d

,  ( .6) 
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mэ-m =J∙
d
d

.  ( .7) 

        

 .      

      ,  

  ,     

   .    

        

 ,     . 
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     4 160 4 3   

 

   4 160 4 3    .1 –

.3 [16]. 

 .1 –    

P2 ,  U ,  ZP , . . cos φ 

18,5 220 2 89,5 0,88 

 .2 –   , . . 

Xm R'1 X'1 R''2 X''2 R''2  RК  XК  

4,3 0,042 0,085 0,024 0,13 0,037 0,079 0,14 

 .3 –   

m  m  mК s ,% sК,% J , ∙ 2

1,4 1 2,3 2,2 16 0,13 

       

 .      , 

  .  

 : 

U =Us.max. =√2∙U ,  ( .1) 

U =√2∙220=311,127 .
 : 
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I =Is.max. =√2∙I ,  .2  

 I −     , .

I =
P2 ∙103

3∙ ∙ cos φ ∙U
,  .3  

I =
18500

3∙0,895∙0,88∙220
=35,59 А, 

I =√2∙35,59=50,33 А.

  : 

=2∙π∙fs. ,  .4  

 fs. =50 −    .

=2∙π∙50=314,159 ⁄ .
 : 

T = Θ ⁄ ,  .5  

T = 1 314,159⁄ =0,0032 .

 : 

=U ∙T ,       .6  

=311,127∙0,0032=0,9903 . 

 : 



88 

L = I⁄ ,  .7  

L = 0,9903 50,33⁄ =0,0197 .

 : 

Z = U I⁄ ,  .8  

Z = 311,127 50,33⁄ =6,1816 . 

 : 

P = 3∙U ∙I 2⁄ ,  .9  

P = 3∙311,127∙50,33 2⁄ =23489,1 . 

    : 

r= Zp⁄ ,  .10  

r= 314,159 2⁄ =157,08 / . 

   : 

Θ r= Θ Zp⁄ ,  .11  

Θ r= 1 2⁄ =0,5 э . . 

 : 

M = P r⁄ ,  .12  

M = 23489,1 157,08⁄ =149,536 ∙ .

  : 
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J = M ∙T ∙Zp⁄ ,  ( .13) 

J = 149,536∙0,0032∙2 314,159⁄ =0,003 ∙ 2. 

       

   .     .4.  

,         

        

  (  .2).   

        

  [16],       20%  10%  

       

  . 

 .4 –     . . 
 -

 
  

     rs R'1 0,042 
     rr R''2 0,024 

    ls  X'1 0,085 
    lr  X''2 0,13 

      lm Xm 4,3 
     ls ls +lm 4,385 
     lr lr +lm 4,43 

     
 

rr.  0,2∙rr 0,0048 

     
      

  

rr.  rr-rr.  0,0192 

     
 

lr .  0,1∙lr .  0,013 

     
      

  

lr .  lr -lr .  0,117 

   ks lm ls⁄ 0,9806 
   kr lm lr⁄ 0,9707 

     1-ks∙kr 0,0482 
    l's=lэ ∙ls 0,2112 
    l'r ∙lr 0,2134 
    rэ rs+kr

2∙rr 0,0646 
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  .4 
 -

 
  

   Tэ lэ rэ⁄ 3,2685 
    Tr lr rr⁄ 8,8897 

   J J J⁄ 42,901 
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     4 250S4 3   

 

   4 250S4 3    .1 – 

.3 [16]. 

 .1 –    

P2 ,  U ,  ZP , . . cos φ 

75 220 2 0,93 0,9 

 .2 –   , . . 

Xm R'1 X'1 R''2 X''2 R''2  RК  XК  

4,4 0,026 0,089 0,014 0,11 0,027 0,052 0,15 

 .3 –   

m  m  mК s ,% sК,% J , ∙ 2

1,2 1 2,3 1,2 9,5 1 

       

 .      , 

  .  : 

U =Us.max. =√2∙U ,  ( .1) 

U =√2∙220=311,127 .
 : 
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I =Is.max. =√2∙I ,  .2  

 I −     , .

I =
P2 ∙103

3∙ ∙ cos φ ∙U
,  .3  

I =
75000

3∙0,93∙0,9∙220
=135,77 А, 

I =√2∙135,77=192 А.

  : 

=2∙π∙fs. ,  .4  

 fs. =50 −    .

=2∙π∙50=314,159 ⁄ .
 : 

T = Θ ⁄ ,  .5  

T = 1 314,159⁄ =0,0032 .

 : 

=U ∙T ,       .6  

=311,127∙0,0032=0,9903 . 

 : 
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L = I⁄ ,  .7  

L = 0,9903 192⁄ =0,0052 . 

 : 

Z = U I⁄ ,  .8  

Z = 311,127 192⁄ =1,6204 . 

 : 

P = 3∙U ∙I 2⁄ ,  .9  

P = 3∙311,127∙192 2⁄ =89605,74 . 

    : 

r= Zp⁄ ,  .10  

r= 314,159 2⁄ =157,08 / . 

   : 

Θ r= Θ Zp⁄ ,  .11  

Θ r= 1 2⁄ =0,5 э . . 

 : 

M = P r⁄ ,  .12  

M = 89605,74 157,08⁄ =570,45 ∙ .

  : 



94 

J = M ∙T ∙Zp⁄ ,  ( .13) 

J = 570,45∙0,0032∙2 314,159⁄ =0,0116 ∙ 2. 

       

    .     .4. 

 .4 –     . . 
 -

 

  

     rs R'1 0,026 

     rr R''2 0,014 

    ls  X'1 0,089 

    lr  X''2 0,11 

      lm Xm 4,4 

     ls ls +lm 4,489 

     lr lr +lm 4,51 

   ks lm ls⁄ 0,9802 

   kr lm lr⁄ 0,9756 

     1-ks∙kr 0,0437 

    l's=lэ ∙ls 0,1963 

    l'r ∙lr 0,1972 

    rэ rs+kr
2∙rr 0,0393 

   Tэ lэ rэ⁄ 4,9921 

    Tr lr rr⁄ 322,143 

   J J J⁄ 86,5075 
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