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Abstract 

As the penetration of wind power in electric power system continues to increase, 

it becomes very important to improve the fault ride-through capability of 

grid-connected wind turbines. This dissertation studies the doubly fed induction 

generator (DFIG) based wind turbine system, in terms of the graphical modeling, 

control strategies as well as low voltage ride-through (LVRT) of the system. 

The graphical model of the DFIG wind turbine system has been obtained by 

using Causal Ordering Graph (COG) and Energetic Macroscopic Representation 

(EMR) based on the mathematic model of the system. Then the control strategies 

have been derived with specific inversion rules, including maximum power point 

tracking (MPPT) control strategy of the wind turbine, stator flux oriented vector 

control strategy of the DFIG, grid voltage oriented vector control strategy of the 

gird-side PWM converter and the dc bus voltage control strategy with feedforward 

compensation of instantaneous rotor power. With these control strategies, the 

performance of the wind turbine system based on DFIG is excellent in normal grid 

condition.

The dynamic electromagnetic behavior of the DFIG in the case of grid voltage 

dips is analyzed. And an improved vector control strategy of the DFIG is proposed to 

reduce the rotor over-current during non-serious voltage dips, which considers the 

dynamics of the stator flux deduced by the voltage dip when designing the rotor 

current controller. The limitation of the proposed control strategy is also presented 

with a defined controllable region. During serious voltage dips, a hysteresis control 

scheme of the active Crowbar is proposed to protect the system, cooperated with 

demagnetization method of the DFIG, which can reduce the operation time of the 

Crowbar and the absorbed reactive power by the DFIG. Moreover, auxiliary reactive 

power can be provided to the grid from both the DFIG and the gird-side converter in 

order to support the electric network during the grid fault. 

There is a trend to increase the power of wind turbines. Three-level converter is 
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a good alternative in such medium voltage high power DFIG wind turbine system. A 

space vector hysteresis current control (SVHCC) strategy of the three-level converter 

is proposed to improve the dynamic response of the system and to reduce the 

parameter variation effects on the control performance. Then the hierarchical control 

structure of the high power DFIG wind turbine system is obtained, in which the 

control strategies of the DFIG in the case of voltage dips is studied with special 

interests. Depending on the grid fault duration, different control objectives have to be 

achieved with priority to restrain the rotor over-current or to supply reactive power. 

With the proposed control scheme, the DFIG can provide active power in proportion 

to the remained voltage during voltage dips and supply maximal reactive current to 

the grid to help voltage recovery, which means that the system can meet the LVRT 

requirements by the gird code. 

Key words: doubly fed induction wind generator system; graphical modeling; vector 

control; low voltage ride-through; space vector hysteresis current control 



IV

1 ..............................................................................................1

1.1 ..............................................................................1

1.2 .......................................................................3

1.2.1 .....................................................................4

1.2.2 .....................................................................5

1.3 ..............................................................10 

1.3.1 ........................................................11 

1.3.2 ........................................................13 

1.4 ................................................................................17 

2 .......................................19 

2.1 ...............................................................................................19 

2.2 .........................................................................19 

2.2.1 ...........................................................................20 

2.2.2 ........................................................21 

2.3 ....................................................................................24 

2.3.1 ............................................................24 

2.3.2 ................................................................27 

2.4 ............................................................................29 

2.4.1 ....................................................29 

2.4.2 .......................................................................31 

2.5 ............................34 

2.5.1 ...........................................................................34 

2.5.2 ...........................................................................36 

2.5.3 ...........................................................................37 

2.5.4 ............................................................39 

2.5.5 .......................................................................46 

2.6 ........................................................................................48 



V

3 .......................................50 

3.1 ...............................................................................................50 

3.2 ...............................................51 

3.2.1 ...................................................................51 

3.2.2 ............................................................54 

3.2.3 .............................................58 

3.2.4 ...................................................................59 

3.3 ......................................................60 

3.3.1 ............................................................61 

3.3.2 PWM .................................................66 

3.3.3 ................................................................70 

3.4 .....................................................................72 

3.4.1 ..................................................................................72 

3.4.2 ..................................................................................73 

3.5 ........................................................................................77 

4 ....................................78 

4.1 ...............................................................................................78 

4.2 .................................................................79 

4.3 ...................................84 

4.4 ...........................................87 

4.4.1 .............................................88 

4.4.2 ..................................................................................92 

4.4.3 ..................................................................................96 

4.4.4 ....................................................99 

4.5 ................................. 100 

4.5.1 ................................ 100 

4.5.2 ............................................... 103 

4.5.3 ................................... 104 

4.5.4 ................................................................................ 106 

4.6 ...................................................................................... 108 



VI

5 .............................. 110 

5.1 ............................................................................................. 110 

5.2 ................................................ 111 

5.3 ............................................................ 116 

5.3.1 .......................................................... 117 

5.3.2 .............................................................. 119 

5.4.3 ................................................................................ 122 

5.4 .................................................... 124 

5.4.1 ................................................................. 124 

5.4.2 ................................... 125 

5.4.3 ................................................................................ 127 

5.5 ...................................................................................... 132 

6 .......................................................................................... 133 

................................................................................................. 135 

.............................................................................................. 145 

A ............................................. 146 

.................................. 147 



1

1

20

2020 12

12% [1]

1.1  2000-2009

1.1 2009

15868 2008 3750



1

2

30% 2009 992

1300 2009

3
[2]

2.53 7.5

10

2 [3-4]

1.2  2000-2009

2000 2009 1.2

2009

25210MW 2008 12210MW 106%

6 2008 6

2020

0. 1.
[4]



1

3

[5-7]

20 80

50% 98%



1

4

[8-9]

[10]

[11]

20 80



1

5

[12-15]

[16-18]

1.3

1.3



1

6

OptiSlip 1.4

1.4

[19-20]

1.5

30%

[21]



1

7

1.5

1.6 [22]

1.6

1.7



1

8

1.7

20% [23]

1.8

1.8

1.9



1

9

[24]

1.9

1.1



1

10

[25] [26] [27]

[28]

Point of Common Coupling, PCC

Fault Ride-Through, FRT (Low Voltage 

Ride- Through, LVRT)[29-33]

[34]

[35-37]

[38-42]

[43]



1

11

[44-50]

[51] PI

[52]

Active

Resistance

[53]

[54]



1

12

[55]

[56]

Direct Power Control, DPC

[57]

Flux Magnitude and Angle Control, FMAC

[58] [59]



1

13

[60-66]

[67-68]

[69]

Crowbar

[70] 1.10

    (a)        (b)     (c)  

1.10



1

14

[70]

1.11

(a)  GTO      (b)  IGBT

1.11

[71]

[72-77]

[72]

[73]

[74]



1

15

[75]

PWM PI

On-Off PWM

PWM

[78]

1.12

1.12

[79]

1.13



1

16

1.13

[80] (Energy Storage System ESS)

1.14

DFIG

1.14

DC/DC



1

17

[81]

[82-83]

1.

2.

PWM

3.



1

18

4.

5.



2

19

Causal Ordering Graph, COG

Energetic Macroscopic Representation, EMR



2

20

[84]

Laplace

2.1

+ ( )Y s

1( )U s

2 ( )U s

1( )G s

2 ( )G s
+

2.1

1 1 2 2( ) ( ) ( ) ( ) ( )Y s G s U s G s U s 2 1

( )Y s Laplace ( )iU s

( )iG s ( )Y s ( )iU s ( )iG s

( )iU s ( )Y s

x Ax Bu
y Cx Du 2 2

x u y

A B C D



2

21

2.2

( )u t

A

B
( )x t

C

D

( )x t ( )y t

2.2

[85]

Bond Graph, BG

Paynter 60 [86] 70
[87]

2.3

half arrow

A B
e

f

2.3



2

22

e effort f flow

R

I, C Se, Sf 0, 1, TF, GY

2.3

A B B A

B

Power-Oriented Graphs, POG Power Flow Diagram, PFD

Energetic Puzzles, EP

( )G s

K

TK

1x 2x
3x

1y
2y 2y

2.4

Zanasi 1996 [88]



2

23

2.4

connection elaboration

2004 Schonfeld
[89]

2.5

source T
1e

1f

2e

2f

m

2.5

Laplace [90]

2.6

S Tr .I E

2.6



2

24

L2EP Hautier
[91]



2

25

operator

:  ( ) ( ( ))a aR y t R x t 2 3

2.7

Rax y

2.7

1:  ( ) ( )R R RR v t ri t 2 4

2
1:  ( ) ( )R R RR i t v t
r

2-5

2.8

RR1iR vR RR2 iRvRiR

vR

R

2.8



2

26

( ) ( )dy t ax t b
dt

2 6

:  ( ) ( ( ))b bR y t R x t 2 7

2.9

2.9

( )( ):  ( ) L
L L

di td tR v t L
dt dt

2 8

2.10

2.10



2

27

( )( ):  ( ) C
C C

dv tdQ tR i t C
dt dt

2 9

2.11

2.11

[91-92]

effect cause



2

28

2.12(a)

y

          (a)                  (b)  

2.12

Rac Ra

:  ( ) ( ( ))ac reg ac refR x t R y t 2 10

refy regx

CPI

y refy

:  ( ) ( ( ) ( ))bc reg PI refR x t C y t y t 2 11

2.12(b)



2

29

L2EP Bouscayrol

[93]

Hybrid Electric 

Vehicle, HEV [94] Hardware-In-The-Loop, HIL [95]

Wind Energy Conversion System, WECS [96-97]

action reaction

2 1

x

y



2

30

x1 x2

y2y1

ereg

x1

y1

x3

y3

x2

y2

x1

y1

x2

x3

y2

y3



2

31

x1

y1 x3

y3

x2

y2

Maximum Control Structure, MCS

operation measurement

[98]

regulation



2

32

2 2

x1_ref x2_ref

ereg_mes

ereg

x1_mes

x2_ref

ereg_ref

x1

yrefx1_ref

x2_mes
ymes

x1_ref

x3_ref

x2_ref



2

33

2 2

2.13

2.13



2

34

2.14

2.14

[8]

31
2 pP  C Sv 2 12

1.225kg/m3 S

R v Cp

Betz 0.593



2

35

P t

3
1

1:
2 p

t t

PR T  C Sv 2 13

Cp

2: tRR
v

2 14

1.5MW

Cp
[99]

3
( 0.1):  ( , ) (0.5 0.167( 2))sin[ ]

18.5 0.3( 2)
                         0.00184( 3)( 2)

pR C
2 15

2-13 2-14 2-15

2.15



2

36

v
T

t

              (a)                   (b)  

2.15

mass [100]

4: t
t

dR J T
dt

2-16

Tt

J

2
g

t

J
J J

G
2-17

Jt Jg G

Tt T

Tg Tvis



2

37

5: t g visR T T T T 2-18

Tvis

6: vis tR T f 2-19

f

2
g

t

f
f f

G
2-20

ft fg

2.16

R4
Tt

Tg

T

Tvis

R5

R6

t

              (a)                  (b)  

2.16



2

38

7: tR  G 2 21

8: g emR T  GT 2-22

emT

2.17

           (a)                   (b)  

2.17

2.18

2.18

2.19



2

39

2.19

2.20

31
2 p

t

C Sv

tR
v

1
Js f

2.20

2.21 - [101]



2

40

2.21 -

1

2 Maximum Power Point Tracking, MPPT

3

4

2

2.22



2

41

MS
t

Tg Tem

ES
v

T

t

Tg_ref Tem_reft_ref

2.22

2-16

2-17 2-18

_ _( )g ref PI t ref tT C 2-23

_g refT PIC _t ref

t

2 21

7 :c tR
G

2-24

t

4 _ _:  ( )c g ref PI t ref tR T C 2-25

_t ref 2 14



2

42

_ max
2 _: Cp

c t ref

v
R

R
2-26

v _ maxCp

2 2 15

Cp _ maxCp

2 22 _g refT

_em refT

_
8 _: g ref

c em ref

T
R T  

G
2-27

2.23

_ maxCp
t

2.23

2.24



2

43

31
2 p

t

C Svv

tR
v

Cp

tT
+ -

1
Js f G

G
TemTg

t

1
G

Tem_ref

1
G

_ maxCp v
R

v t_ref Tg_ref
+

-

t

PI

2.24

2.22

2-16

2-18

0t
g vis

dJ T T T
dt

2-28

2-16

Tvis

5 :c gR T T 2-29

T gT

2 22



2

44

8 _: g
c em ref

T
R T

G
2-30

_ maxpC 2 13

3
1 _ max

1:
2c p

t

R T C Sv 2 31

t 2-24

2 14

2
_ max

: t
c

Cp

RR  v  2 32

5 2
_ _ max3 3

_ max

1
2em ref p

Cp

T C R
G 2 33

2.25



2

45

_ maxCp

t

T gT
_ maxpC

v

2.25

2.26

31
2 p

t

C Svv

tR
v

Cp

tT
+ -

1
Js f G

G
TemTg

t

1
G

Tem_ref

1
G

v t

_ max

t

Cp

R

3
_ max

1
2 p

t

C Sv gT

2.26



2

46

2.27

2.27

Matlab

Simulink™ 1.5MW

2.28

20 40 60 80 100 120 140
6

8

10

12

14

16

2.28



2

47

20 40 60 80 100 120 140
1000

1200

1400

1600

1800

2000

(r
/m

in
)

20 40 60 80 100 120 140
1000

1200

1400

1600

1800

2000

20 40 60 80 100 120 140
2000

4000

6000

8000

20 40 60 80 100 120 140
2000

4000

6000

8000

 (s)  (s)

 (
N

·m
)

20 40 60 80 100 120 140
0

500

1000

1500

20 40 60 80 100 120 140
0

500

1000

1500

 (
kW

)

      (a)            (b)  

2.29  MPPT

2.29

2.29(a) 2.29(b) 



2

48

4.5kW

2.30

2.30  MPPT



2

49



3

50

3.1

v
T

t Tg

irm igm

uC

it1

it2

Rt Ltir1

ir2

is1

is2

ig1

ig2

3.1

PWM



3

51

Doubly Fed Induction Generator, DFIG

[102]

5 5

3

[103]

[45,104]

Finite Element Method, FEM

5

Clark Park dq

sd
sd s sd s sq

dv R i
dt

3 1



3

52

sq
sq s sq s sd

d
v R i

dt
3 2

rd
rd r rd r rq

dv R i
dt

3 3

rq
rq r rq r rd

d
v R i

dt
3 4

sd s sd rd= L i  Mi 3 5

sq s sq rq= L i  Mi 3 6

rd sd r rd= Mi  L i 3 7

rq sq r rq= Mi  L i 3 8

sR sL rR rL

M sdv sqv

d q rdv rqv d q sdi sqi

d q rdi rqi d q

sd sq d q r d rq

d q s r

9: sd
sd s sd s sq

dR v R i
dt

3 9

10:
sq

sq s sq s sd

d
R v R i

dt
3-10



3

53

11: rd
rd r rd r rq

dR v R i
dt

3-11

12:
rq

rq r rq r rd

d
R v R i

dt
3-12

1

13:
sd sds

rd rdr

i L M
R

i M L
3-13

1

14:
sq sqs

rq rqr

i L M
R

i M L
3-14

r

15: r sR p 3-15

p 3-15

r s

16:  ( )em sd sq sq sdR T p i i 3-16

3.2



3

54

(a)  

(b)

3.2

3.3



3

55

3.3

ijs 1 0

{1,2,3}
{0,1}, with

{1,2}    ij

i
s

j 3-17

i j

3.4

3.4



3

56

1 2 1,    {1,2,3}i is s i 3-18

11
1

12
2

13

1 0 1
0 1 1

s
m

m s
m

s
3-19

1

2

1

2

=

m
m

m

T T
m

u
u mu

u

i
i m m i

i

3-20

u T
1 2m m mu u u mi

T
1 2=i i i

T
1 2m m mv v v

2 11
1 23m mv u 3-21

17

1 0 1
:

0 1 1r rR m s 3-22

18: r rR u m u 3-23

19:
T

rm r rR i m i 3-24

20

2 11:
1 23r rR v u 3-25

rs rm T
1 2r r ru u u



3

57

T
1 2r r ri i i rmi

T
1 2  vr r rv v

3.5

                (a)                (b)  

3.5

21

1 0 1
:

0 1 1g gR m s 3-26

22: t gR u m u 3-27

23:
T

gm g tR i m i 3-28

24

2 11:
1 23t tR v u 3-29

gs gm T
1 2t t tu u u

T
1 2t t ti i i gmi

T
1 2  vt t tv v

3.6



3

58

              (a)                    (b)  

3.6

u

25: c
duR C   i
dt

3-30

C ci

26: c rm gmR i  i i 3-31

3.7

               (a)                (b)  

3.7



3

59

L

27: t
t f

diR L  v
dt

3-32

28: f t rt gR v v v v 3-33

29: rt t tR v R i 3-34

tL tR fv gv

rtv

3.8

              (a)                 (b)  

3.8

30: g s tR i  i i 3-35

31: s gR v  v 3-36

3.9



3

60

R31

R30

it

vgvs

is ig

Ig

VgVs

Is

Vg

It

          (a)                 (b)  

3.9

3.10

sr sg

sr sg

3.10

sr r r ems V T

sg g t ts V I

3.10

PWM

_em refT

_t refi

PWM



3

61

3.10

[55]

[105-107] [108-110]

[111]

d

sd s 3 37

0sq 3 38



3

62

sd
sd s sd

dv R i
dt

3 39

sq s sq s sdv R i 3-40

rd
rd r rd r r r rq

div R i L L i
dt

3-41

rq
rq r rq r r r rd r s

s

di Mv R i L L i
dt L

3-42

sd s sd rd s ms = L i  Mi Mi 3-43

0sq s sq rq = L i  Mi 3-44

rd r rd sd
s

M = L i
L 3-45

rq r rq= L i 3-46

msi 21 s rM L L

em sd sq s rq
s

MT p i  p i
L 3-47

q rqi

s s s
s sq sd rd

s s

v v MQ v i  i
L L 3-48

rdi



3

63

d q

3.1

1
1:  ( )rd

r d r rd
r

diR v R i
dt L 1 _ _:  ( )r c d ref PI r d ref rdR v C i i

2
1:  ( )rq

r q r rq
r

di
R v R i

dt L 2 _ _:  ( )r c q ref PI r q ref rqR v C i i

3:r d rd qR v v e 3 _ _ _:r c rd ref d ref q refR v v e

4:r q rq dR v v e e 4 _ _ _ _:r c rq ref q ref d ref refR v v e e

5:r d r r rdR e L i 5 _:r c d ref r r rdR e L i

6:r q r r rqR e L i 6 _:r c q ref r r rqR e L i

7:r r s
s

MR e
L 7 _:r c ref r s

s

MR e
L

8:r em s rq
s

MR T  p i
L 8 _ _

_

1: s
r c rq ref em ref

s ref

LR i T
p M

9: s s s
r s rd

s s

v v MR Q  i
L L

_
9 _ _

_

: s ref s
r c rd ref s ref

s ref

LR i Q
M v M

PIC rdi rqi d q



3

64

_s refv _ _s ref s ref sv

3.11

Rr3

Rr4

Rr6

Rr5 Rr8

Rr7

vrd

vrq

vd ird

vs

irqvq

ed

eq

s

Tem

e

vrq_ref

vrd_ref

vq_ref irq_ref

ird_refvd_ref

eq_ref

ed_ref

_s ref

Tem_ref

_ refe

rqi

r di

Rr1

Rr2

Rr9
Qs

Rr4c

Rr3c

Rr2c

Rr5c

Rr6c

Rr1c

Rr8c

Rr9c

Rr7c

Qs_ref

vs_ref

s

_s ref

rdi

rqi

3.11



3

65

_em refT

_s refQ d _rd refi

msi [112]

2

_em refT

PI

rd
r rd r rd r r rq

diR i L v L i
dt

3-49

rq
r rq r rq r r rd

di
R i L v L i

dt
3-50

PI

3-49 3-50

2pb r rk L R 3-51

2 2

2 2

( )
4
pb r

ib r
r

k R
k L

L
3-52

3-41 3-42 PI

2pa r rk L R 3-53



3

66

2 2

2 2

( )
4

pa r
ia r

r

k R
k L

L
3-54

3.12

_
_

_

s ref s
s ref

s ref

L Q
M v M

_s refQ

_
_

1 s
em ref

s ref

L T
p M

_em refT _rq refi

_rd refi _d refv

_q refv
_q refe

_ _d ref refe e

_rd refv

_rq refv

rav
rbv
rcv

u

dq

abc

rabcidq

abcrdi

rqi

s

d dt

d dt

r r rqL i

r s sM L r

s

p

_q refe

_d refe

_ refe

sabci

sabcv

r r rdL i

PI

PI

3.12

3.12

[112]

PWM

PWM



3

67

PWM dq
[113]

td
td t td t s t tq gd

div R i L L i v
dt

3-55

tq
tq t tq t s t td gq

di
v R i L L i v

dt
3-56

PWM

d

gd gv v 3 57

0gqv 3 58

PWM

td
td t td t s t tq g

div R i L L i v
dt

3 59

tq
tq t tq t s t td

di
v R i L L i

dt
3 60

t g tdP v i 3 61

t g tqQ v i 3 62

d

q

tdi tqi



3

68

3.2

1:g td d q gR v v e v 1 _ _ _:g c td ref d ref q ref gR v v e v

2:g tq q dR v v e 2 _ _ _:g c tq ref q ref d refR v v e

3: td
g d t td t

diR v R i L
dt 3 _ _:  ( )g c d ref PI td ref tdR v C i i

4:
tq

g q t tq t

di
R v R i L

dt 4 _ _:  ( )g c q ref PI tq ref tqR v C i i

5:g d t s tdR e L i 5 _:g c d ref t s tdR e L i

6:g q t s tqR e L i 6 _:g c q ref t s tqR e L i

7:g t g tdR P v i _
7 _: t ref

g c td ref
g

P
R i

v

8:g t g tqR Q v i _
8 _: t ref

g c tq ref
g

Q
R i

v

PIC tdi tqi d q

gv

3.13



3

69

tdi
t qi

tdi

t qi

gv

gv

gv

3.13

td
t td t td s t tq g

diR i L v L i v
dt

3 63

tq
t tq t tq s t td

di
R i L v L i

dt
3 64

PI

3-63 3-64



3

70

2pt t tk L R 3-59

2 2

2 2

( )
4
pt t

it t
t

k R
k L

L
3-60

PIC

3.3

1:c c
duR C   i
dt 1 _:  ( )c c c ref PI refR i   C u u

u

3.14

u

3.14

PI

2pck C 3 67



3

71

2 2

24
pc

ic

k
k C

C
3 68

Pr

3.15

3.15

r c tP ui P 3 69

_ _t ref r c refP P ui 3 70

tdi

3-70

r sP sP 3 71

s
[114]

PWM

3.16



3

72

_d refv

_q refv
_q ref ge v

_d refe

_td refv

_tq refv

tav
tbv
tcv

u

dq

abc_tq refi

_td refi
_t ref gP v

_t ref gQ v

refu _t refP

_t refQ

_c refi

tabcidq

abc

rP

tdi

tqi

gv

d dts
gabcv

t s tqL i
_q refe

_d refe
t s tdL i

PI

PI

PI

3.16 PWM

4.5kW

Matlab Simulink™ 1.5MW

3.17

3.17(a) d q 3.17(b)

3.18



3

73

5 5.5 6 6.5

0

100

200

300

400

500

5 5.5 6 6.5

-200

0

200

400

600

ird
Qs

Ps
irq

 (s)  (s)

(a)                     (b)  

3.17

4 4.5 5
-1

-0.5

0

0.5

1

1.5

3.18

4.5kW

3.19



3

74

PWM

dSPACE DS 1103 I/O

MATLAB/Simulink

Simulink

3.19  4.5kW

3.20



3

75

3.20

3.21

3.21

3.22

18

1



3

76

3.22

3.23

(a)                   (b)  

3.23

3.24 3.24(a)

3.24(b)



3

77

(a)                     (b)  

3.24

PWM



4

78

Low Voltage Ride-Through, LVRT [29-33]
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