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d  = Ud – rsid + q(1–s);

dt
d

s

q  = Uq – rsiq – d(1–s);

dt
d

s

s  = Uf – rfif;

dt
d

s

d  = –r di d;

dt
d

s

q  = –r qi q.

(3.24)
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m  = diq – qid. (3.25)

 (3.24) -

d = idxd + ifxad + i dxad;
f = idxd + ifxf + i dxad;
d = idxd + ifxad + i dx d;

q = iqxq + i qxaq;
q = iqxaq + i qx q.

xd, xq – d–q;
xad, xaq – d–q;
xf – ;
x d, x q – 

d–q.

-

.

xd = xad + x ;
xf = xad + x f;
x d = xad + x d;
xq = xaq + x ;
x d = xaq + x q.

 (3.27) -
, .

id =(1/ d) (a1 d + a4 f + a5 d);
if = (1/ d) (a4 d + a2 f + a6 d);
i d =(1/ d)  (a5 d + a6 f + a3 d);
iq = (1/ d) (x d q – xad q);
i q =(1/ d)  (xq q – xad q),

d = xdxfx d + 2x2
ad – x2

ad(xd + xf + x d);
a1 = xfx d – x2

ad;
a2 = xdx d – x2

ad;

(3.26)

(3.27)

(3.28)
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a3 = xfxd – x2
ad;

a4 = x2
ad – xadx d;

a5 = x2
ad – xfxad;

a6 = x2
ad – xadxd;

q = xqx q – x2
aq.

. 3.17 -
, 

Uq = Us cos ,
–Ud = Us sin .

. 3.17. 

–id = ia sin  +ir cos ;
iq = ia cos  – ir sin ;
ia = iq cos  – id sin ;
ir = –id cos  – iq sin .

 (3.24)–(3.30) 

.
-
-

.

(3.29)

(3.30)
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d = d – idx  = xad(id +if +i d). (3.31)

-
:

id = (1/xad)( d – if – i d);
if = (1/x f) ( f – d);
i d = (1/x d) (– d + d).

–
,   

:
rs = 0,
Us = const.

  :
d = Us cos ,
q = Us sin .

, 
-

.

-
.

4. 

 MATLAB

,  MATLAB, ,
. 

,   -
, -

.

.

(3.32)

(3.33)

(3.34)
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, -
,   , -

 IGBT-  (
) . -

.4.1. . 
 Q1, Q2;  – -

 Q3, Q4;  –  Q5, Q6.

.4.1. 

.4.2  « »
(Universal Bridge)    MATLAB–SIMULINK–POWER
ELECTRONICS, 

.

.4.2. 
 IGBT-

.4.2  «+», «–» – -
;  g –  Q1–Q6; -

 A,B,C – .
.4.3  «

».
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.4.3.   « »

 IGBT- -
-

 ( . .4.3):
- «Number of bridge arms»(« ») – 3;
- «Power Electronic device»(« »)

– IGBT/Diodes.

.

, . 
-

, -
 IGBT– . 

-
 MATLAB–SIMULINK– Electrical Sources

.4.4).

MATLAB  PWM –
MATLAB–SIMULINK– Control Blocks  ( .4.5), 

 ( ) -
 ( ).
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.4.4. .4.5. 

,
 120 .

-
. 

, 
,  – ,

. 
. .4.6 -

,
 PWM- .

.4.6. 
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.4.6 
.4.1.   PWM-  MATLAB -

, . -
-

, . , -
, -

.
.4.7,  PWM– -

, .4.7, -
. 

«Internal generation of modulating signal»(« -
»).

.4.7.  PWM-

 ( ) – Carrier Frequency. 
:

- «Modulation index» (« »);
- «Frequency of output voltage» (« -

»);
- «Phase of output voltage» (« »).
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-

. 
-

.

, 
MATLAB-SIMULINK, .4.8. 

 1(In1) , -
.  2 (In2) ,

, 
 0  1. 1 (Out1) -

. 
    PWM- .

.4.8 . 
-

. , -
, , -

 120  ( -
 2,093 ). , 

, .

.4.8. 
 PWM–

. -
 MATLAB–SIMULINK, 

.
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-
 MATLAB–SIMULINK–Machines. -

, 
 (SI units), -

 (pu units). , -
, , 

. -
.

.4.9, , 
 « ». 

.4.9, .

.4.9. , 

 ( .4.9, ) Preset model ( -
) 

.
Mechanical input ( ) , -

 – .
Rotor type ) -

. Squrrel-cage (« ») Wound ( ).
Reference frame

, 
. , :



60

-  (Rotor);
-  –  (Stationary);
-  (Synchronous).

-
, , :

- ,  ( ) 
;

- ;
- ;
- , -

.
 (Initial conditions)

 (Simulate saturation).
,  m ( . .4.9, ) -

. 
Machines

Measurement Demux ) -
 MATLAB-SIMULINK-Machines. -

 m .
, 

, 
, .4.10.

.4.10. 

-
. 

 U/f =const. -
Rate Limiter ( ). Sub-

system , .4.8. 
) Step. 

. 4.10 , Machines Measurement Demux -

, d–q.
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.4.11.

.4.11. 

-
.4.12.

.4.12.  
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Machines Measurement Demux
, -

, 
, 

.4.13.

Ud

Uu

Uf

+

+ +

+
+

-

-

-

U

f

U/f- Ud- 

IR

Uc

Ic

Ic

Ic max 

N 

+

-

.4.13. 
 U/f-

-
Machines Measurement De-

mux, , ,
. ,

-

, . 

1 1

1 1 1

3
2

12 2

A

A B

I I ;

I ( I I ),
                (4.1)



63

BII 1,1  –  B .

2 2
1 1 1I I I .                                                                    (4.2)

,  (4.1)  (4.2), -
.4.14.

.4.14.  MATLAB 

-

SIMULINK.

5.

, 
, 

. -

.  [3,4] -

.

,
0

0

n
nns                                                                   (5.1)

0n  ( );

n .
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,)1( 2 smms                                                  (5.2)

k

M
Mm  – 

.

m

s

L
L1

1 1 .                                                                          (5.3)

1 = 1,02–1,05 
.5.1). ,  (5.3), -

. , 
.

.5.1. 

.
)60/2( 2

m
m n

PB                            (5.4)

 (5.4) mP

m PUIP )cos(3 .                                       (5.5)
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)()1(

)1()3/(
2
3

1
1

2

mk
k

s
PPMs

CC

sUR .                  (5.6)

2 2

1
3 1

m
r

( P P )R ,
( s )i I

                                      (5.7)

k
k I

Ii  – 

.

))cos())(cos(1(

3/
2

1
2

k

rs

s
sI

U
f

LL .      (5.8)

-

22
11 )())/()3/((

4
1

rskrs RRIiU
f

LL .             (5.9)

ssm LLL 1 .                                                                               (5.10)
. 5.1 

 RA, -
.
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 5.1
 RA

P , -
, n , ,

% cos I , Ik/I Mk/M Mm
M

J,
2

1 2 3 4 5 6 7 8 9 10 11

RA71A2 0,37 5 2800 71 0,81 1,5 5 2,3 2,4 0,0004

RA71B2 0,55 6 2850 74 0,84 1,8 6,5 2,3 2,4 0,0005

RA7IA4 0,25 5 1325 62 0,78 1 3.2 1,7 1,7 0,0006

RA7IB4 037 6 1375 66 0,76 1 3,7 2 2 0,0008

RA71A6 0,18 6 835 48 0,69 1 2,3 2,5 2 0,0006

RA71B6 0,25 6 860 56 0,72 1 3 2,2 2 0,0009

RA80A2 0,75 9 2820 74 0,83 2 5,3 2,5 2,7 0.0008

RA80B2 1,1 11 2800 77 0,86 2 5,2 2,6 2,8 0,0012

RA80A4 0,55 8 1400 71 0,80 1 5 2.3 2,8 0,0018

RA80B4 0,75 10 1400 71 0,80 2 5 2,5 2,8 0,0023

RA80A6 0,37 8 910 62 0,72 1 3,3 2 2,5 0,0027

RA80B6 0,55 11 915 63 0,72 1 3,3 2 2,5 0,0030

RA90S2 1.5 13 2835 79 0,87 3 6,5 2,8 3 0,0010

RA90L2 2,2 15 2820 82 0,87 4 6,5 2.9 3,4 0,0015

RA90S4 1,1 13,5 1420 77 0,80 3 5,5 2,3 2,6 0,0034

RA90L6 1,1 15 925 72 0,72 2 4 2,2 3 0,0052

RA100L2 3,0 20 2895 83 0,86 6 7 2,4 2,6 0,0038
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