
1

   

     

    

.

  

. 

: . 
                          

                                                                ,   2009



2



3

   

     

    

.

  

. 

: . 

 19  2009.

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

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

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

                                                                ,   2009



4

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

.

Copyright ©  2009

.  All rights reserved.

,  ,  
, . ,

, 
, 

.  
.

.



5

                                                               

  .  

. 

.

  

. 
 (DC) 

. 
 (boost converter) 

 (maximum power point tracking, MPPT) 
. 

 MPPT 
, 

 (d-q) 
.

,    
. 

. 

.

, , 
, 

 (d-q), , , 
.



6

Abstract

Recently, the use of wind energy conversion systems is increasing on a worldwide
scale. The growing use of wind turbines in power grids requires for new operational
standards. Issues like Voltage Ride Through capability and power quality are of
primary concern.

In this thesis, a dynamic model of a laboratory permanent magnet synchronous
generator interconnected to the grid is developed.  The laboratory system consists
of a DC machine used to emulate the wind turbine and rotate a permanent magnet
synchronous generator, a boost DC/DC converter acting as a maximum power point
tracker (MPPT) for the generator’s output power and a DC/AC three phase inverter
for grid connection. Grid connection is achieved using classical SPWM technique
allowing for both active and reactive power flows. Regarding the MPPT process
three different control schemes are studied while regarding grid connection a d-q
controller is applied allowing for easy adjustment of both active and reactive power
flows as well as voltage ride-through capability according to international
standards.

Using the model developed, simulations are undergone both in normal grid voltage
conditions and under various voltage dips. Towards this, an improved d-q controller
is implemented in order to ensure stable operation and provide Fault Ride Through
capability.

Key words

Wind turbines, Permanent Magnet Synchronous Generator, Maximum Power Point
Trackers, Vector control, protection, Fault Ride Through capability
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PMSG

Run

run_big

Discrete,
Ts = 2e -006 s.

powergui

Plots

plotting_lab

Ini tial ization

param s_lab

Iabc

Under_Voltage_signal

Under_Voltage

if 0 ,Trip else if 1, not trip

if 1  then  DUMP LOAD

Iabc (pu)

Vdc

Vabc (pu)

V

spwm

UnderVoltage

I_boost

w_m

Pulses

v+
-

Vdc5
v

+ -

Vdc4

v+
-

Vdc3

v+
-

Vdc2

v+
-

Vdc1

v+
-

Vab_inv1 v+
-

Vab_inv

signal

magnitude

angle

V_Fundamental

A B C
A B C

UnderVoltage
Creator

time

T o Workspace3
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A

B

C

a

b

c

Three-Phase Breaker2

com

A

B

C

a

b

c

Three-Phase Breaker1

A B C

a b c

Three-Phase
Transformer

Switch6 Switch1

Step2

Step1

Series RLC Branch1

Scope8

Scope7

Scope4

Scope3
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C

+

-

Rectifier

Product

Tm

m
A

B

C

Vabc

Iabc
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B

C
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b

c

Measure

In Mean

Mean Value
(linear)

Manual Switch4

Manual Switch2

Manual Switch1

A

B

C

A

B

C

LC Fi l ter

signal

magnitude

angle

I_Fundamental1

g
m

C
E

1

Gain4

-1

Gain1

3

Gain

N
A B C

GRID1

VLOW1

From
Workspace1

Diode1
Vc

Activ ation

C

C

DUMP LOAD

i+ -

Current Measurement4

i + - i + -

i+ -

Current Measurement1

i + -

3

Constant7

1

Constant5

1

Constant4

0

Constant3

8

Constant2
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Constant1

Clock1

Clock

C2

Vw (m/s)

wm (r/s)

Tw1

Blade

Add1

Add

V

I
PQ

Active & Reactive
Power

g

A

B

C

+

-

IGBT Inverter

<Rotor speed wm (rad/s)>

<Electromagnetic torque Te (N*m)>

<Stator current is_a (A)>

<Stator current is_b (A)>

<Stator current is_c (A)>

<Stator back EMF e_a (V)>

 2.2

2.2   

 [11] .

31 ( , )
2w p wP AC V (2.1)
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wm AV (2.2)
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2.3.1 

      
 SIMULINK/MATLAB . 

  d-q 
 2.9

. 
. 

  [15] .

 2.9
(d-q) 

sd
sd s sd r sq

sq
sq s sq r sd

dV R i
dt

d
V R i

dt

                                                                       (2.5)

,sd sq   d    q    

sd s s PM

sq s sq

L i
L i

                                                                                          (2.6)

PM  ,     . 
.
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( )
2
s p

e sq sd sd sq

m n
T i i

(2.7)

sm pn . 
2.6  2.7   .

2 sin( )
2
s p

e PM sq c sq c s

m m
T i K i K I                                                    (2.8)

cK     ,
 ( sI )    d   .

( )

sd r s sq
sd

s s

sq r s sd r PM
sq

s s

e c sq

p
r T e

s
r

V L i
i

L s R
V L i

i
L s R

T K i

n
T T

Js B

s

                                                              (2.9)

 2.9    
  Simulink  /Matlab,   210.  

. 
 2.872 ,   8.5mH 

 1.32 .
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 2.10
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.
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  [16] 

. ,  boost
Converter,     2.11.  .
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 2.11
)   ( ) 

 (

 ,  Vo  
 Vd.  IGBT , 

 , 
. , 

 [17] .

 IGBT. 

.

L L
dV L i
dt

(2.10)

 (2.10)  

s  ,   
,  (2.11). 

, 
,  2.11.   
  .
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0 0

[ ( ) (0)] 0
Ts Ts

L L L s LV dt L di L i T i

(2.11)

 2.11.  , :

s on offT t t
(2.12)

  (2.11) 
,  2.11. ,  :

0( ) 0d o n d o f fV t V V t
(2.13)

ont offt . 
 (2.13)   s  

 .

0 1
1

s

d off

V T
V t D

(2.14)

   (
) 

0 0d dV I V I                                                      (2.15)

 (3.4.6)  ( 3.4.5)  

0 1
d

I D
I

(2.16)

2.4.1          

   2.12   .   IGBT  
 0.01 . 

 0.8V  snubber 100k . 

.   10mH

.  5mF

 650V.
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 2.12
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 2.2 
.

. 
Maximum Power Point Tracking, MPPT    2.13 

. 

.

 2.13
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  MPPT 
. 

  

  Cp(max) ,  0.5 . ,
, 

 2.13  
  [9].

. 
 2.4.1 

.
, , , 

.

. .
 2.14 .

                                                                  2.14

.

 MPPT 
.  

. 
[18],[19] 
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, 
. 

   (Perturbation and
Observation,  P&O)   

.

2.5.1        

  
. , 

2.15, . 
, , 

ref ,  2.17 .  
.

 Duty Cycle   
.

25
2

1
3

,
R

opt

maxp
C

ref
T                                                                        (2.17)

 2.16 . 

   ,Look up table.  
1K

.

1
K

ref
T

ref
I                                                                                               (2.19)

 D.

actref II
err

I

(2.18)

2
KdterrID                                                                                             (2.20)
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 2.15

 2.15 . 

3wV gT

mT .  

2wV mT gT .

 ( mT  – gT ) 
. 

gT
 C.

                                                                      2.16
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 2.17  ,  
 – , 

 [7], 
. 

. 

 2.3  .   refI
 . 

 . 

PWM      IGBT  .  
 2KHz  .  PI   0.22 

 0.8 .

1
Pulses

1/(2*pi)

we_to_f

PI

Saturation1

Repeating
Sequence2

<=

Relational
Operator1

12

Pole_pairs
Look-Up

Table

 Fo=10Hz

2nd-Order
Fil ter3

2
w_m

1
I_boost

 2.17
 MPPT .

2.5.2        
.

 MPPT 
. 
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[25] 
.  ,  

 MPPT   
.  [25],[26],  

MPPT 
    . 

  
 (perturbations and observations ,P&Os).

[16]
 2.17 . , Vdc Idc

  , Pt . 
, Pt-1 . 

Pt Pt-1 D 
Dt . 

Pt  Pt-1  D .  ,
Dt  , Dmax Dmin   , 

D .

  2.21 Dt  Dt Dt-1

 t  t-1,  (  0 <
Dt < 1).  P 1 D 1  t-1  C1

. 
.

1
1 1

1

t
t t

t

PD D C
D

                                                 (2.21)

 P&O 
 ( )    Duty  Cycle  

.
 [16]   P&O  

D 
. 

  D  .  

. 

  .

 [25]  [16] 
,  flag,  

. , 
 j, 

. Dt  n
  ,   ‘‘true’’  

.
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 2.18
 P&O  

 Vc  I1  
Pt. H 

 Pt-1. 
 D   ( ),  

. 
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 D 
.  «

 D 
 D ». 

. 

 2.18   .

function y = fcn(u)
%u: D2 (ratio)
%y: D1 (ratio)

persistent filtered_power;
if isempty(filtered_power) filtered_power = 0.0;
end;
persistent power_old
if isempty(power_old) power_old = 0.0;
end;
persistent grid_power
if isempty(grid_power) grid_power = 0;
end;
persistent i
if isempty(i) i = 0;
end;
persistent j
if isempty(j) j = 0;
end;
persistent Delta_PWM_changeable
if isempty(Delta_PWM_changeable) Delta_PWM_changeable = 1;
end;
persistent Delta_PWM
if isempty(Delta_PWM) Delta_PWM = 10.24;
end;
persistent PWM1_f
if isempty(PWM1_f) PWM1_f = 0.0;
end;
%Delay_P=400; %Hardcoding :-(
Delay_P=200; %Hardcoding :-(

grid_power = u * 1024 * 1.054283212884;

%filtered_power=0.9933*filtered_power+0.0067*grid_power;    %//150 samples
%filtered_power=filtered_power + (grid_power-filtered_power)/300;   %//150
samples x subsample
filtered_power=filtered_power + (grid_power-filtered_power)/800; %//150
samples - Hardcoding :-(
i=i+1;
%if (i>200) {
if i>Delay_P
    i=0;

if power_old>filtered_power
if Delta_PWM_changeable==1

            Delta_PWM=-Delta_PWM;
            Delta_PWM_changeable=0;

else j=j+1;
end;

end;
if power_old<filtered_power || j>4

        Delta_PWM_changeable=1;
        j=0;

end;
    power_old=filtered_power;
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    PWM1_f = PWM1_f + Delta_PWM;

if PWM1_f>850.0
        PWM1_f=850.0;
        Delta_PWM=-Delta_PWM;

end;
if PWM1_f<  0.0

        PWM1_f=  0.0; %// E[0,850]
        Delta_PWM=-Delta_PWM;

end;
end;

if i==0 y = Delta_PWM / 1024;
else y=0;
end;

2.5.3          

 P&O 
. 

, 
, 

. 
  

[27].  P&O 

[20]. 
  P&O  . 

 (Fuzzy Logic Controller).

 Fuzzy ,  2.19, 
  P&O,   Duty Cycle

.  P&O 
 Fuzzy    

 D.

 2.19
 Fuzzy .



46

. , 
, 

 2.19. 

.

 ,   
 0  1. 

[24], ,
 2.20, . 

, Pn ,  
  n   n-1 , Dn-1

  n-1   n-2,  2.21  .

o
n

Do
n

Di
n

D

n
P

n
P

n
P

21

1

(2.21)

                                  ( )                                 ( )

                           ( )

 2.20
  P. ( ) Di    ( ) 

 Do

,  Fuzzy 
.  
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. 
 if-then 

.  1.2    
.

 2.21
Fuzzy 

                                 2.1 –

Din n nl nm ns z ps pm pl

nl vl vl ml bav ms vs vs

nm vl ml aav bav bav ms vs

ns ml aav aav av bav bav vs

z vs ms bav av aav ml vl

ps ms bav bav av aav aav ml

pm vs ms bav aav aav ml vl

pl vs vs ms aav ml vl vl

 : nl = negative large,  nm = negative medium, ps = positive small, ns = negative small,
                       pm = positive medium,  pl = positive large, z = zero

 : vs = very small, av = average, ms = medium small, aav = above average ,bav = below average
              ml = medium large, vl = very large

.

function D1= fcn(D2)

% D2: duty cycle 2 (ratio)
% f: frequency (Hz)
% Iout: target current

persistent PWM1_f;
if isempty(PWM1_f) PWM1_f = 0.0;
end;
persistent old_PWM1_f;
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if isempty(old_PWM1_f) old_PWM1_f = 0.0;
end;
persistent old_old_PWM1_f;
if isempty(old_old_PWM1_f) old_old_PWM1_f = 0.0;
end;
persistent filtered_PWM1;
if isempty(filtered_PWM1) filtered_PWM1 = 0.0;
end;
persistent PWM2_f;
if isempty(PWM2_f) PWM2_f = 0.0;
end;
persistent old_PWM2_f;
if isempty(old_PWM2_f) old_PWM2_f = 0.0;
end;
persistent filtered_PWM2;
if isempty(filtered_PWM2) filtered_PWM2 = 0.0;
end;
persistent i
if isempty(i) i = 0;
end;

subsample=2, % hardcoding :-(
i=i+1;

if i==subsample
    i=0;

    PWM2_f = 1024 * D2;
    filtered_PWM2 = filtered_PWM2 + (  PWM2_f - filtered_PWM2 ) / 1;

    dPWM2_f = filtered_PWM2 - old_PWM2_f ;
    old_PWM2_f = filtered_PWM2;

    dPWM1_f = old_PWM1_f - old_old_PWM1_f;

    zero = 200;

if dPWM2_f < -100 dPWM2_f = -100;
end;
if dPWM2_f > 100 dPWM2_f = 100;
end;
if dPWM1_f>400 dPWM1_f=400;
end;
if dPWM1_f<-400 dPWM1_f=-400;
end;

    PWM1_f = 450 + dPWM2_f * (dPWM1_f + zero) / 20;

    old_PWM1_f = PWM1_f;
    old_old_PWM1_f = old_PWM1_f;

    filtered_PWM1 = filtered_PWM1 + (  PWM1_f - filtered_PWM1 ) / 50;
end;

D1 = filtered_PWM1/1024;

2.6  

          SPWM 
 dc   

.  6 IGBTs  
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. 
, 
 2.5.1 . 

. 
  

.

2.6.1    

.
, , 

   . ,
,  

. 

,  .  

  .  

.

, , , 
. 

 MPPT 

.   

. 

. 
.   2.22 

.
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 2.22

. 
. ,

. 
  

.  
  

 5.4  .  
,  d  

   V  dV v
0qv      2.23  .
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 2.23
 (d-q) 

( ) a a b b c cP t v i v i v i
(2.5.1.1)

   d - q 

3 ( )
2 d d q qP v i v i

(2.5.1.2)

3 ( )
2 d q q dQ v i v i

(2.5.1.3)

  dV v 0qv
    .

3
2 dP V i

(2.5.1.4)
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3
2 qQ V i

(2.5.1.5)

     
    

 d  q  .   
    

.  
.   

    
.

 dc , 
 650V.   PI

    
   d   ,  

*
dI ,   2.22  .   

 d  d q
.   PI  

  d  , *
dV .

  
 . *

tV

tV    PI 
   q  , *

qI . 
   . 

 , *
qI

)  .  * 0qI  .  
*

qI qI
  PI    q

 , *
qV . , *

dV *
qV

*
_ _abc grid convV   

 PWM .

  
. 

,  

. 
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 « » . 

.
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I0= 1/3 (Ia   + Ib  + Ic )

Id= 2/3 (Ia*s inwt   + Ib*sin(wt-2pi/3)  + Ic*sin(wt+2pi/3)

Iq= 2/3 (Ia*coswt   + Ib*cos(wt-2pi/3)  + Ic*cos(wt+2pi/3)
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1

dq0

sqrt(3)/2

0.5
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 2.25
   Park.

   d-q  abc  
2.26  Park.

Vc=  Vd*sin(wt+2pi/3)   + Vq*cos(wt+2pi/3)  + Vo

Vb=  Vd*sin(wt-2pi/3)   + Vq*cos(wt-2pi/3)  + Vo

Va=  Vd*sinwt   + Vq*cos(wt)  + Vo

1
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