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Squirrel-cage induction generators are more suitable for renewable energy system than
synchronous generators because of their low costs, robustness and less maintenance
requirements. The induction machine can be operated as an induction generator by connecting
external capacitors across its stator terminals and using the residual flux in the rotor core to
build up the voltage. The steady-state output voltage depends on the rotor speed, the load and
the capacitor value. However, in practice, it is found that the induction generator exhibits a
large voltage drop when feeding inductive loads, and produces voltage distortion and
imbalance when feeding nonlinear and unbalanced loads.

To overcome these problems, this thesis presents an improvement of voltage qulity of a
self-excited induction generator using an active filter connected in parallel with a capacitor. The
function of the active filter is to detect and compensate harmonics, current imbalance, and
reactive power caused by loads so as to restore a balanced and undistorted output voltage of
constant amplitude. Experimental results are given to confirm the effectiveness of the proposed
techniques.

Department................................................. Student s signature..............................................     
Field of study..............................................  Advisor s signature..............................................     
Academic year .

Electrical Engineering
Electrical Engineering

2003



 

 

 .    
     . . . 

 
  (TA) 

  
     

 

  
  



..
.

..
.. .

..

1 ..1
1.1 .1
1.2 ..5
1.3 5
1.4 ..5
1.5 5

2 .6
2.1 6
2.2 .. .8
2.3 9

3 
      .15

3.1 ... .16
3.2 .. ...18
3.3 ..22
3.4 ... 23
3.5 ... .25



 ( )

3.6 
  . .26

3.7 28

4  PI 
      .40

4.1 41
4.2 .44

5 ..48
5.1 48
5.2 ..50
5.3 53
5.4 .55
5.5 ..58

6 60
6.1 .60
6.2 62

7 66
7.1 .66
7.2 .69
7.3 ..75
7.4 78

8 ..89
8.1 ... 89
8.2 89



 ( )

.91

93
    Recursive  DFT 94

...96



                                                                                                                            
6.1 ..61



                                                                                                                                 
1.1 .1
1.2 

..4
2.1 .6
2.2 8
2.3 . ...9
2.4  210 Ω
       800 mH .. ...10
2.5 -
      . .11
2.6 . ..12
2.7 -
      12
2.8 . ..13
2.9 -
      ..14
3.1 
      ..15
3.2  ( )hD z .....17
3.3 . 18
3.4   .. .19
3.5 ..19
3.6  magnetization curve .20
3.7 ...22
3.8 .23
3.9 ..24
3.10 24
3.11 .25
3.12 ... 26



 ( )
                                                                                                                                 

3.13 ... ...27
3.14 28
3.15 .. .29
3.16 -
        . .30
3.17 -  (U-phase) 
        ..30
3.18 - .32
3.19 
         K.. .32
3.20 -
        .33
3.21 -
        ..33
3.22 -
        .. ..34
3.23 -
        .. ..35
3.24 -
        .36
3.25 
        .. .36
3.26 
        .37
3.27 -
        ...38
3.28 -  (U-phase) 
         (  3.27).. 38



 ( )
                                                                                                                                 

3.29 -
        39
4.1 ...41
4.2 .42
4.3 
      . ...43
4.4  C1  C2 ..45
4.5 46
5.1 48
5.2 .49
5.3 .50
5.4 .51
5.5 51
5.6 52
5.7 ...54
5.8  ( )Q z ...54
5.9  ( )Q z ..55
5.10  5.7 56
5.11  ( )Q z   1 ( )KL z+ .57
5.12 ...58
5.13 
        ...59
5.13 
        .. ...59
6.1 
      ..60
6.2 .. .65
7.1 67



 ( )
                                                                                                                                 

7.2 -
      ..67
7.3 -  (U-phase) 
      .68
7.4 -  (V-phase) 
      .68
7.5 -  (W-phase) 
      .69
7.6 -
      . 70
7.7 -
      ..71
7.8 -
      .72
7.9 - .73
7.10 -  (U-phase) 
        . 74
7.11 -  (V-phase) 
        .64
7.12 -  (W-phase) 
        .75
7.13 -
        ....76
7.14 
        ..77
7.15 -
        .77
7.16  w, 
        .. 78



 ( )
                                                                                                                                 

7.17 -
        . ...80
7.18 -  (U-phase) 
        . ...80
7.19 -  (V-phase) 
        . ...81
7.20 -  (W-phase) 
        . ...81
7.21 - .82
7.22 -  (U-phase) 
        ..82
7.23 -  (V-phase) 
        ..83
7.24 -  (W-phase) 
        ..83
7.25 - (U-phase) 
        . 84
7.26 -  (V-phase) 
        .84
7.27 - (W-phase)
        .85
7.28  (U-phase) ..85
7.29  (V-phase) ...86
7.30  (W-phase) ..86
7.31  (U-phase) ..87
7.32  (V-phase) ..87
7.33  (W-phase) .88

.1  Running DFT 94



i , i , isα sβ s0 :  0α β− −

i , imα mβ :  α β−

i , irα rβ :  α β−

, ,i i iLu Lv Lw :  u v w− −

, , 0i i iL L Lα β :  0α β− −
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⎡ ⎤
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3.7 

  1.1kW, 400V,
50Hz, 1400 rpm  R = 8.39 s Ω , R = 6.1 r Ω , L = L  ls lr = 22.2 mH  

 22µF  
(Magnetization curve)  ψ - im m

 (3.21)

0.596i ; 0< i 1.493m m

ψ = 0.322i +0.409 ; 1.493< i 2.475m mm

0.596i +0.885 ; i >2.475m m

⎧
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎩
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iLβ

iLd

j te ω

iLα

PI*
mU

mU

uvw
to
αβ0

iLq

iuq

iLd
%

⊕

⊕

⊕-

-

-
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3.7.1 

 3.15 
  

   
 365 Vpeak  

  

 
 365 Vpeak   

 (
220 Vrms  311 Vpeak) 

 50 ms  3.16

 3.17  u 
 

  (over excite)  
 

 90  

 3.15 
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 3.16 -
                                 

 3.17 -  (U-phase)
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3.7.2 

 3.18 
 

 25  
   200 ms

 
 

 3.14  1i d  
 

1i d  
3.19 

 3.20 

 1i d   K  0.5 

 3.21 

 1
 225 ms 

 K  1i d

 

  K 
   1i d  
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 3.18 -
                                              

 3.19 
                                     K

MAViLu

iLv

*iFu
1i d

- j te ω

iLw

αβ0

to
uvw

*iFv

*iFw

iLβ

iLd

j te ω

iLα

PI*
mU

mU

uvw
to
αβ0

iLq

iuq

iLd
%

⊕

⊕

⊕-

-

-
-K
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 3.20 -
                             

 3.21 -
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 3.22 
 3  Y 

210  800mH  

 

 

 3.23 -
 3.21  

 
 90  

 
 

 90 

 3.22 -
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 3.23 -
                                          

3.7.3 

 3.24  3.25 
 210  w 

 

 3.26 
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 3.24 -
                            

 3.25 
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 3.26 
      

3.7.4 

 3.27  3.28 

 3  310  41.9mH 
  

 
 

 3.29 
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 3.27 -
                          

 3.28 - (U-phase) 
                      (  3.27)
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 3.29 -
                                          



 4

 PI 

    ( )p

  ( )q   3  4.1

 
e e ip

iq e e
α β α

ββ α

⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎢ ⎥ ⎢ ⎥=⎢ ⎥ ⎢ ⎥− ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦

                                         (4.1)

    

•   ( , )p q  
•   ( , )p q% %  

 
p   q   p

 q  ( )
   

-  
 ( p%   q% )  

 q  
 -

 1  
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4.1 

   
  

 
 4.1  Udc  

 *Udc   PI  
 idc   idc

 d  
  idc α β−

                                                      
 4.1 

 PI 
 PI 

 4.2 
 (4.2)  (4.3)

2( ) ( )1( ) ( ) ( )arg 2

du t du tdc dcP P u t i t u t C Cch e loss dc dc dc dc dcdt dt
− = = =     (4.2)

( )arg mP U i tch e dc= (4.3)

PI
idc*

dcU
cos( )
sin( )

t
t

ω
ω

⎡ ⎤
⎢ ⎥
⎣ ⎦

idcα

idcβ

dcU

⊕-
LPF
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 argPch e
           Ploss    
           idc   d
           Cdc  
           Um  

 4.2 

 4.2 
 

 (linearlization) 
   Udc = 350 V  1 

            d xy(x) x x x x • x0 0 dx x x0

= = + ∆ ≈ + ∆
=

                               1x • x0 2 x0
≈ + ∆

1x • (x x )0 02 x0
≈ + −                (4.4)

 2x 3500 =   (4.4) 

             12 2y(x) 350 (x 350 )
22 350

≈ + −

                x175
700

≈ +          (4.5)

PI

Ploss

Pcharge
2

sCdc
x

Um

f
s f

ω

ω+

*Udc

Low-pass filter

Udc•idc ⊕⊕
-

-
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 (4.5)  
 4.3      

 (4.6)

 4.3 
                                  

( )2 1( )
700

kis fGH s k Ukp mp s sCf dcs

ω

ω

⎛ ⎞⎛ ⎞⎛ ⎞+⎜ ⎟ ⎛ ⎞⎜ ⎟⎜ ⎟= ⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟+ ⎝ ⎠⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠⎝ ⎠

            (4.6)

 2:1 
     

 Um  381/2 = 190.5 V

 Cdc   =  2000 Fµ   Um   =  190.5 V   (4.6) 

                            272.143( )

kis fGH s k kp p s sfs

ω

ω

⎛ ⎞⎛ ⎞+⎜ ⎟ ⎛ ⎞⎜ ⎟= ⎜ ⎟ ⎜ ⎟⎜ ⎟+ ⎝ ⎠⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

(4.7)

 

-  

Udc
1

700

175
PI

Ploss

Pcharge
2

sCdc

Um

f
s f

ω

ω+

*Udc

Low-pass filter

•idc ⊕⊕
-

- ⊕
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 (rise

time, tr)  2   1

r
c t

ω ≈   0.5 /rad s  

 symmetrical optimum 

 af cω ω=

 
ki c
k ap

ω
=

  a = 2.4  2.4 0.5 1.2 /rad sfω = × =

                      0.5 0.2083 /
2.4

ki rad s
k p

= =

    ( ) 1
cs j

GH s
ω=

=   (4.7)
,  

2 20.5 0.2083 1.2 272.143( ) 1
0.5 0.52 20.5 1.2

cGH j k pω
⎛ ⎞⎛ ⎞+ ⎛ ⎞⎜ ⎟⎜ ⎟= =⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠+⎝ ⎠⎝ ⎠

      (4.8)

-31.837 10 [A/V]Kp = ×                         

             -40.2083 3.827 10 [A rad/V s]K Ki p= = ×    

4.2 

 3  4

  3  4
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  imp
  imp

 3.12  1C  

2C   

        
1 2

U U UC C dc+ =           1
22

U UC dc=                            (4.9)

 4.4  C1   C2

1C

2C

+
-
+
-

imp

2

imp

2

imp

imp /3
imp /3
imp /3
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 ( / 3)mpi=  
 

0
3 3 3

i i imp mp mpu u usu sv sw⋅ + ⋅ + ⋅ = (4.10)

 1C = 2C   imp  
 1C   2C   

1
UC  U∆   

2
UC  U∆

 (4.10)
1

22

impU dt
C

∆ = ∫          (4.10)

 (4.10)  U∆  
 1C   2C  

 4.5  (4.12)

 4.5 

1( )
2 2

kis fGH s k kp p sC s fs

ω

ω

⎛ ⎞ ⎛ ⎞⎛ ⎞+⎜ ⎟ ⎜ ⎟⎜ ⎟= ⎜ ⎟ ⎜ ⎟⎜ ⎟ +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠⎝ ⎠

             (4.12)

 2C  = 4000 Fµ   (4.12) 

PI* 0U∆ =

Low-pass filter

U∆

1
22

U UC dc
⎛ ⎞

−⎜ ⎟⎜ ⎟
⎝ ⎠

f
s f

ω

ω+

1
2 2sC

imp
⊕-
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  125( )

kis fGH s k kp p s s fs

ω

ω

⎛ ⎞ ⎛ ⎞+⎜ ⎟⎛ ⎞⎜ ⎟= ⎜ ⎟⎜ ⎟⎜ ⎟+⎝ ⎠⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

   (4.13) 

เราจะออกแบบวงรอบควบคุมแรงดันกึ่งกลางบัสไฟตรงใหมีความเร็วในการตอบ 
สนองตอสัญญาณขั้นเร็วกวาวงรอบควบคุมแรงดันบัสไฟตรงประมาณ 4 เทาคือเลอืกคา rise time 
ที่คาประมาณ 0.5 วินาท ี ดังนัน้คาประมาณของความถี่ตัดขาม cω จงึเทากับ 2 /rad s   ออก 
แบบอัตราขยายของตัวควบคุมดวยวิธ ี symmetrical optimum จะไดความสัมพันธระหวางความถี่
ตัดขามกับตําแหนงขัว้ของตวักรองผานต่ําและตําแหนงศูนยของตัวควบคุมดังตอไปนี ้

ตําแหนงขั้วของตัวกรองผานต่ํา af cω ω=  

ตําแหนงศูนยของตัวควบคมุ 
ki c
k ap

ω
=  

 เลือก a = 2.4 ดังนัน้ 2.4 2.0 4.8 /rad sfω = × =  

                       2.0 0.833 /
2.4

ki rad s
kp

= =  

ณ ความถี่ตัดขามจะไดขนาดของ ( ) 1
cs j

GH s
ω=

=  ดังนั้นจากสมการที ่(4.13) 
เมื่อแทนคาความถี่ตัดขาม, ตําแหนงขั้วและศูนย จะได 
 

 
2 22 0.833 125 4.8( ) 1

2 2 2 22 4.8
cGH j k pω

⎛ ⎞ ⎛ ⎞+ ⎛ ⎞⎜ ⎟ ⎜ ⎟= =⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ +⎝ ⎠⎝ ⎠

      (4.14) 

 
ดังนัน้      0.016 [A/V]k p =  

   30.833 13.33 10 [A rad/V s]k ki p
−= × = ×  [A⋅rad/V⋅s] 



 5

 

5.1 

 
 3  6 

 
 5.1

 5.1 
               

 (5.1)  5.2

Load
IG

Constantspeed

External Torque
C usvusu

uFu

usw

uFv

uFw

iFu iFv iFw

L L L
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diFL u uF sdt
= − (5.1)

 iF  
L   
uF
us  

 5.2 

  
(hysteresis) 3  

 (hysteresis band)  
 hysteresis band 

 
 

 hysteresis band

 PI  PI 

 
 PI  

 

Current
Controller⊕ ⊕

1
Ls

uF
-

-

us

iF
*
Fi
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5.2 

 5.3 
 (simple learning control)

 5.3 
N   1  

s

T
T

T   
Ts  

 10 kHz 
 0.02   N   200

 5.3  (5.2)

( ) 1
( ) 1 1

NU z z
N NE z z z

= =
−− −

                     (5.2)

 (5.2)  5.4 
 5.5 

    
    

 

Nz−

⊕e(k) u(k)
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 5.4 

 5.5 



52

 5.6

 5.6 
 L(z)    

                    
         * ( )i kF  
         ( )i kF  
         e(k)     
         u(k)     

 5.6 
 (5.3)

                 ( ) 1( ) * ( )( ) 1
1

E zH z L zi zF Nz

= =
+

−−

                                         (5.3)

 E(z)  * ( )Fi z  Z  e(k)  * ( )Fi k  
 (5.4)

                               
1

0

2
* ( )

N

h

hkj
Ni k I eF h

π
−

=

= ⋅∑                                          (5.4)

 hI   
 (5.5)  ω     z  (5.5)

Nz−

( )L z ( )Fi k* ( )Fi k
( )u k

⊕ ⊕-

Repetitive Controller

( )e k
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                                  ( ) ( )H j H z j Tsz e
ω ω=

=
                                          (5.5)

   Ts  

 L(z)  
             ( ) 0H jω =        2

s

h
NT
πω =      h = 0,1,…,N-1                (5.6)

( )H jω    

 (tracking) 

5.3 

 5.6  
 

  
 intersample response 

  

 ( )Q z  

   Linear  Phase
FIR   

 
 

 2
MN

z
− +   M  
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  K 
 

 5.7

 5.7 

  
 19  ( )Q z   1 kHz  

 10  (M=10)  (5.7) 
 5.8

Q(z)  =  0.0869 + 0.0589z-1 + 0.0725z-2 + 0.0835z-3 + 0.0906z-4 + 0.0931z-5

              + 0.0906z-6 + 0.0835z-7 + 0.0725z-8 + 0.0589z-9 + 0.0869z-10             (5.7)

 5.8  ( )Q z

K

2( )

MN
Q z z

− +

( )L z ( )Fi k* ( )Fi k
( )u k( )e k

⊕ ⊕-
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 5.7 
 (5.8)

 
1 ( ) 2

( )
( )

K
MNQ z z

U z
E z

=
− +

−

                     (5.8)

 (5.8) 
(5.7)  K  1   5.9  

 5.9  ( )Q z

5.4 

 5.7 
 

  (5.9)

      
2

( ) ( )* *( ) ( ) ( ) ( )

1 ( )
MN

KE z L zE z I z I z I zF F F
Q z z

− +
= − = −

−

(5.9)
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  (5.9) 
 

 (5.10)

[ ] [ ]1 1*2 2( ) 1 ( ) 1 ( ) ( ) ( ) 1 ( ) ( )

M MN N
E z KL z Q z z I z Q z z KL z E zF

⎛ ⎞− + − +⎜ ⎟− −= + − + +⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

    (5.10)

 (5.10)  5.10

 5.10  5.7

 5.10 
 (Small Gain Theorem) 

1.  [ ] 11 ( )KL z −+           (5.11)
2. ( ) 1( ) 1 ( ) 1Q z KL z −+ <   ω  

                 ( ) 1 ( )Q z KL z< +   ω                                    (5.12)

 j Tsz e
ω

= ,  Ts  

 
(5.13)  forward difference 

 (5.14)
1( )L s

Ls R
=

+
(5.13)

 L  R 

1( ) 1 ( )Q z KL z −⎡ ⎤+⎣ ⎦

2
MN

z
− +

1 *1 ( ) 1 ( ) ( )2
MN

KL z Q z z I zF
⎛ ⎞− +− ⎜ ⎟⎡ ⎤+ −⎣ ⎦ ⎜ ⎟⎜ ⎟
⎝ ⎠

( )E z
⊕



57

/( ) ( ) 1
s

s

T LL z L s z RT Ls z
T Ls

= =− −= +
                    (5.14)

  [ ] 11 ( )KL z −+   =   
s

s s

RT Lz
L

RT KT Lz
L

−
+

+ −
+

         (5.15)

 (5.15) 
 (5.11)  1K =  [ ] 11 ( )KL z −+   

 1  (5.16)

11
RT KT Ls s

KL

+ −
<= (5.16)

 (5.16)  K 
[ ] 11 ( )KL z −+   K 

 (5.17)
2 s

s

L RTK
T
−

≤           (5.17)

 L  = 8 mH, R = 3.5 Ω   41 10Ts
−= ×   156K ≤

 (5.7)  
 (5.12)  5.11

 5.11  ( )Q z  1 ( )KL z+
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 5.11  ( )Q z  
1 ( )KL z+   

5.5 

 
 K = 25 V/A

 5.12 
 

    

 5.13  5.14 
  

 5.12 

0

0

0
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 5.13 
         

 5.14 
                                        

0

0

0

0

0

0
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6.1 

 6.1 
 3  4  

 
 2:1 

-  2  

 6.1 
            

IG

C

TMS320F243 DSK

Gate Drive

Constantspeed
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 6.1
 22µF  

 Y 
3  4  

 3.7 kW 
 1564 rpm 

 6.1 

1.1 kW, 2.9A, 400 V, 50Hz, 1410 rpm

sR = 8.39 [Ω] rR = 6.10 [Ω]

lSL = 0.0222 [H] lrL = 0.0222 [H]

 2   
  

 

 
TMS320 F243  16   20 MHz 

 
 (RS-232)

  
  3 ,  3

, , , 
 (Vline-line)  U-V   V-W  6.1 

 10  

  6  Hall effect 
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   analog opto isolator

  (Vline-line)  2   U-V 
 V-W  

 6.2 

   6.2 
 PDL (Program Development Language) 

*****************************************************************************************************
IMPROVEMENT OF VOLTAGE QUALITY OF A SELF-EXCITED

INDUCTION GENERATOR USING AN ACTIVE FILTER
*****************************************************************************************************

MODULE : MAIN PROGRAM
Initialize
         Initialize all variables
         Initialize all timers
         Get offset value of measured signals
         Enable timer interrupts

Loop here and wait for interrupt only

Timer2 Underflow Interrupt Service Routine
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         Get active filter currents ( ), ,Fu Fv Fwi i i

         Get dc bus voltage ( )dcU

         Get line-to-line voltages ( ),UV VWu u

         Get load currents ( ), ,Lu Lv Lwi i i

         Get midpoint bus voltage ( )mpU

         Phase Locked Loop
                   Convert line-to-line voltage to voltage space vector ( ),s su uα β  and phase
voltage ( ), ,su sv swu u u

       Frequency ( )ω  tracking by PI controller
       Integrate ω  to generate angle of voltage space vector ( )θ
       Generate sinusoidal reference signals

         Current component detection
     Convert ( ), ,Lu Lv Lwi i i  to current space vector ( )0, ,L L Li i iα β , then convert

space vector current to d-q axis rotating at fundamental frequency (positive sequence)
( ),Ld Lqi i

                     Moving average Ldi  to generate 1di

                     Substract Ldi  by 1di to generate Ldi%

          Voltage control
                     Calculate amplitude of phase voltage ( ), ,su sv swu u u

         Calculate amplitude error
                     Calculate PI output ( )uqi

          DC bus voltage control
         Calculate dc bus voltage error
         Calculate PI output ( )dci

         Midpoint bus voltage control
                      Calculate midpoint bus voltage error
                      Calculate PI output ( )mpi

         Calculate current command on d-q axis rotating at fundamental frequency
(positive sequence) ( ),hd hqi i

          Fd Ld dci i i= −%
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          1Fq Lq uq di i i Ki= − −

         Convert ,Fd Fqi i  to space vector on α-β  axis ( ),h hi iα β

         Calculate current command on zero sequence axis ( )0Fi

0 0F L mpi i i= −

         Convert space vector current command ( )0, ,Fd Fq Fi i i  to ( ), ,Fu Fv Fwi i i

         Repetitive controller
Soft start of inverter

     Calculate current output error
Calculate voltage command by repetitive algorithm

                  Calculate timing of switching patterns
Update compare registers

         Next sampling calculation
Calculate count of next sampling period
Calculate integration time of next sampling period
Update period registers

         Return

END MAIN PROGRAM
*****************************************************************************************************



    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

 
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
    

    
 

  

65

                
รูป
ที่ 6

.2 
แผ
นภ

าพ
กา
รค
ําน
วณ

ใน
สว
นซ
อฟ
แว
รขอ

งวง
จรก

รอ
งแอ

กท
ฟี 

 

M
A

V
i Lu

 

i Lv
 

* i Fu
 

1i d
 

 -j
t

e
ω  

i Lw
 

αβ
0
 

to uvw
 

* i Fv
 

* i Fw
 

i Lβ
 

1i d
 

 j
t

e
ω  

i Lα
 

PI
* m

U
 

m
U

 

uvw
 

to αβ
0

 

1i q
 

i uq
 

1i d
%

 

⊕

⊕

⊕
- 

- 

- 
- 

K 

PI

dc
U

 
⊕

- 
* dc

U
 

0.
5 

⊕- 

2
C

U
 

PI- 

⊕
- 

R
EP

Fvi
 

⊕
- 

Fui
 

⊕
- 

Fwi
 

⊕
- 

R
EP R
EP

⊕

⊕

⊕

 PL
L 

u su
 

u sw
 

u sv
 

U
V

u
 

VWu
 

θ

u hu∗
 

u hv∗
 

u hw∗
 

+ 

+ 

+ 
0

i L
 

dci
 

m
p

i
 



  7

 6   
 3   

 

7.1 

 7.1 
 

 1564 rpm  0 V 
 260 V 

   (  220 V) 

 1500 rpm ( ) 

 
 

7.2  

 
  7.3, 7.4  7.5 

 
 180  
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 7.1 

 7.2 -
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 7.3 -  (U-phase) 
               

 7.4 -  (V-phase) 
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 7.5 -  (W-phase) 
    

7.2 

  3 
 1kW 

 

 

7.2.1 

 7.6 
 1kW  

   
 2-3   7.6 



70

 

 
 rise time  0.25  

  rise time 
  1i d  

 7.6  -
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 7.7 
 1i d

  
 20  50 ms 

 7.7 -
                



72

 7.8 
 1i d   

 20  100 ms 

 7.8 -
                            

7.2.2 

 Variac 
1.1 kW, 380 V, 50 Hz 
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 7.9 , 
,    

    0.8kVar 
 

 

 7.10, 7.11  7.12 
 u, v   w   

 90  

 7.9 -
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 7.10 -  (U-phase) 
                            

 7.11 -  (V-phase) 
                            



75

 7.12 -  (W-phase) 
                           

7.3 

 210Ω
 w   

 

 7.13  7.14 
 

  
  

 7.13
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 7.14 

 
 

 7.15  7.16 
 

  
 7.15 

 7.16

 7.13 -
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 7.14 
        

 7.15 -
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 7.16  w, 
            

7.4 

 3  1 kW  7.17, 7.18, 7.19  7.20
 

  

 
 1 

 7.21, 7.22, 7.23  7.24 
 

  

  
 2 
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 7.25, 7.26  7.27 
 u, v   w   

 

 7.28, 7.29  7.30 
 u, v  w 

  
 5,7,11,13,17  19  THD  21.97 %, 22.07 % 

22.15 %  u, v  w  
 THD  4.78 %, 5.02 % 

5.88 %  u,v  w    THD 

 

 7.31, 7.32  7.33  u,v
 w  

 
  5,7,11,13,17  19 
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 7.17 -
                                       

 7.18 -  (U-phase) 
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 7.19 -  (V-phase) 
                               

 7.20 -  (W-phase) 
                              



82

 7.21 -
                                           

 7.22 -  (U-phase) 
                                         



83

 7.23 -  (V-phase) 
                                         

 7.24 -  (W-phase) 
                                         



84

 7.25 -  (U-phase) 
                          

 7.26 -  (V-phase) 
                          



85

 7.27 -  (W-phase) 
                          

 7.28  (U-phase)
                                               



86

 7.29  (V-phase)
                                               

 7.30  (W-phase)
                                      



87

 7.31  (U-phase) 
                                                

 7.32  (V-phase) 
                                                 



88

 7.33  (W-phase) 
                                                



  8

8.1 

 

 

 3      

      
 

        

8.2 

 
 

 
 

  



90

 (current sensor) 
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