
DTI Centre for Distributed 
Generation and Sustainable 

Electrical Energy

Manchester :   Prof. Goran Strbac 0161 200 4803 g.strbac@manchester.ac.uk
Strathclyde :   Prof. Jim McDonald 0141 548 2485 j.mcdonald@eee.strath.ac.uk

� � � �� � � � � �	 � �
 �� � �� 
 � � � �	 � �� � � 
 � �� �� � 
 � ���� �

CONTROL OF DOUBLY FED INDUCTION CONTROL OF DOUBLY FED INDUCTION 
GENERATORS FOR WIND FARM OPERATIONGENERATORS FOR WIND FARM OPERATION

� � � � 
 � �
� � �� � � � � �� � �	 � � � �� 
 � �� � � � � � 	 � � � �� 
 � � � � � �� ��� � � �� �� � � � � �� � � � �� �� � �� � 	 � � � � � � 
 � �� � � � � �
� � � � �� �
 � � � � � � � 
 � � � � 
 � � � � ��� 
 � � � � � �� � � �
 � 	 � � � ���� � � � � � � � � � � � � � � � �� � � 	 
 �� �� � �  � � �
� �� � � � � � � �� � � !� " 
 � � 	 
 �� � � � #� � � �� � � � �� � 
 �� � $� � #� � � � �� � � � � �� � � � � �� 
 � � � � 
 � � �	 $
 � � � � 
 
 � �
�
 � � � �$� � � � � 
 � �� � �� ��� �� � �� � � � � � �� ����
 
 � � �� � �� � � � � 	 �� $� � 
 � �� � ��
 � � � � � � � � �%�� � � 
 	 �� �

 � � � � � 
 � � �� � � � � � 
 � ���� � !� &� � � �� � � �� �  � � � 	 
 � 
 �� � � � 
 � � � � 
 � �� � � � � � � � ��� � � � 
 � � � � � �� � �
� � � � �� $� � � � � � �
 � ���� 
 � � � � �� � � �
 � 	 � � � � � � � � �� � � � � 
 
 � � � � 	 $�� � � �� 
 � � 
 � � � ' � � � �� � ( � � � �� 
 � � �
� 
 � � �� � � � � � 
 � � � � �
 � � � � � �� 
 � � 
 � � �� � � � 	 �� � � � � � � 
 � � � � � � � 
 � � � � � ) � �� � 	 � � � � � �� � � � 
 �� � � � � �
� � � � � � �� ��� � � � � � �
 � � �
 �� � �� *$�� � � � !

� � � � �
 �� � �� � � � �� �
 

Controller 

Gearbox 

Crowbar 

DFIG 

PWM Conver ters 

Windmill 

Power  
Network 

Mechanical 
System 

Electrical 
System 

C1 C2 

rv

sv
g gP jQ±

si

ri

ai av

" 
 � � �  � � � � �� � � � � � � �� � � � � 	 $� �� � � �

 � � � � � � +� � � � � � �� � � � � �� � �
� � � � � 
 � � � � � �� 
 � � 
 � � � � � � � �
� � � � � � � � � � � � � � 
 � � � � 
 � 
 � � 
 � �
 � �� �
�� � ) � � � � � � , - &� � � � � � � � � � � � � � � � 	 !�
. 
 � �
 � �� � � $� � 
 � �� � � � �� � 
 � � �  � � � �� �

 � 
 �� � � � � � � � �� #� � � �� � � 
 � � 
 � �
 � �� �
� � �� 
 � � � �� � � � � 
 � � � � � � � � 
 � � � ��$�
�� � ) � � � � � !

� � � � 	 � � � �� � � 
 	 � � �� � 
 � � �� � � �� � 
 � ���� � �
 �� � �� � � � �
 �� � �� 
 � � �

� � � � � �  ! " �� � � � #$%� & � "  $ ' � ! �( &#%$� � �! & %� &#

/ � � � � � � � � � �� � � 
 � 	 � � � � � �� � � � � � �� � � � �
�� � � � 
 � � �  � � � � � 
 � �� � � 
 � � � �� � � �
 � 	 � � � �
� � � � � �� � � � � $� � �� �� � �� � � � � �� � ) � � � � � �
� � � � �
 � �� � � 
 � � � � � � � 
 ��� �� � � � �
 � � �� � 
 � �
$� � � � � � � � � � 	 � �� ��� � �� � � �� � � � � ��
� � � � � 
 � �� � !� " 
 � � �  � � � � � ��� � � � � � � � � � � �
� � � � � � � �� � � 
 � � � 
 
 �� � � � � $� � � � � � � � � � � � 	 �
�� � ) � � � � � � �� � 	 � �
 ���� � � � � � � �� � � � 
 � �
� � � 
 � ��� 
 � � ���	 ��

Time-seconds

D
FI

G
 T

or
qu

e
N

et
w

or
k 

fr
eq

ue
nc

y
de

vi
at

io
n

Time-seconds

D
FI

G
 T

or
qu

e 
T

e
V

ol
ta

ge
 V

s
" � 
 � � �� � � � 
 � � � � � � 
 	 �� � � � 
 � ���� � � � �� � 
 � �
� � � � � 	 � 
 � � � �	 $� � � � � � � �� 
 � �  � � �
� � � � � � ��� � � � � 
 
 � � $� � � �� � � �
 � � � � � �� � � �
 � 	 � �
� �� 
 � � 
 � � � 
 $
 � ���� � � � � � $� � � �� � � � � � 
 	 �� �
� � �� 
 � � � 
 � � � � � 
 � � �� � � $� � � � � � � $$� � � �
�� ��� � �� � � � � � � � �%� � �� � � � � 
 � � � � !� " 
 � � � �� � �
�
 � 	 � �� � 
 � �� � � � � � �� � � � 
 � � � � 
 � � 
 � � �
 � �� �
� * 
 �� �� �� � � � � � � � � � � 	 �� 
 �� � � �� 
 � � � � � � � � � ��

 � � �$� � �+�
 � �� �� � � � � � � � �$� � �� � 	 
 � � � !

Stored

Curtailed

) �� � �� � � � * � ��� � � � � �� � � � � � �
 � � �� � 	 � 
 * � �� � +� �� � � � � � �

Different s pinning/s tanding res erve allocations

8400 8400 8400

7800 5400 5400

8800
11200 11200

3200
800 800

0

5000

10000

15000

20000

25000

30000

All spinning 2GW OCGT 2GW storage

P
o

w
er

 (
M

W
) surplus wind

wind

CCGT

must run

� � 
 � � � 	 � �	 � �� � � � � � �	 � � � 
 � �	 �

- �� � ��� � � 
 ��� � � 0�� � � �&-
1*$� � � � � �� �� � �� � �$� ��� � �� � � �&-

2� � � � � � �� � � � � � ������0�3� � �&-
� � 	 
 � � � 3�� � � �&-
� � ��� * �� �� �� � � � � 
 � �� �

&� � � �� � � 4�5� � �&-
( ( � " �� � �� �

2
 �� � �� � �$� �� 33� �&-
	 6� 7� � �&-

8 ( � " 9� �� � 
 � � �� 
 $
 � �� � ��� �� � � �&-

$ � � 
 � � 
 * � �	 � �� � 	 � 
 * � �	 � � � �&! � %� ,
: � ���� � � � � � � � � � � � � * � � � � � � � �� � � �� � � � � � � � 
 � �� � � � � � �� � � $� � �� � � � � �� 
 �� 
 �
� �� � �
 � � ��� � �� � 	 
 � � !

� �� 
 � � 
 � � 
 * � �	 � �� � 	 � 
 * � �
 * 
 �� � � �&! � %� ,
1� � � � � � � � � � � � � � � $� � � � � � � � � 
 
 � � � � ; � � �� � 
 
 � � � � � � � �	 � � � � � � � � � � � � � �

 � 
 ��
 � ���� � �+	 � � � �� $�� � �� � �� � � � � � � �� � ) � �� � � �� 
 
 � �� �� 
 �8 ( � " � !

� � � � � � � �� � +� �� � � � � � � , �- . � ) �	 � �
 �� �
' 
 � � � � � � � � �� � � �� � � � 
 � � � � � � � � � <$� � � �� � � � � � � � 
 � � � �
�� � � � 
 � � � � � � 
 � �) � � =!� � � � � � � � 
 � � 
 � � � � � � �
 � �� � �
<�� � ) � � � � � � � �� � � �� � � �� � � � �� � 
 
 � � � � � �� � � �� � �
� � � � � 
 � �� � �� � �$� � �� � � � ��� � � �
 � � � �� �	 � �
 � � �>� � � =!

0.00

0.06

0.12

0.18

0.24

0.30

-30 -20 -10 0 10 20 30
Output Change (% of Installed Capacity)

F
re

q
u

en
cy

 (
%

)

4-hour

1/2-hour

0.00

0.06

0.12

0.18

0.24

0.30

-30 -20 -10 0 10 20 30
Output Change (% of Installed Capacity)

F
re

q
u

en
cy

 (
%

)

4-hour

1/2-hour

 Lead Time 
[Hours] 

Standard 
Deviation 

[MW] 

Likely 
maximum 

change [MW] 

Extreme change 
[MW] 

 0.5 360 1,090 – 1,450 2,600 
 1 700 2,100 – 2,800 3,950 
 2 1,350 4,050 – 5,400 6,550 
 4 2,400 7,200 – 9,650 13,500 
 

Capitalised value of reduced fuel cost by storage

970

803
721

619580
473 431

371

252 213 205 179

0

200

400

600

800

1000

1200

2 3 4 5

storage rating (GW)

va
lu

e 
(£

/k
W

)

LF

MF

HF

Additional value of storage over OCGTs

104

119 121 122

47

66

91
104

-13

24

66

87

-20

0

20

40

60

80

100

120

140

2 3 4 5

storage/OCGT rating (GW)

va
lu

e 
(£

/k
W

)

LF

MF

HF

$ ���� � �� � �� * �� � � � � � � �	 � � �	 �
� 0�( ( � " �� � �� � �
 � �� �0�3� � �&- �� � � � 
 � � � �� � � �� � � � � � � �

 � � �� � � � � 
 � � �?�4� � �&- �$� � � � / �
 	 � �
 ���� � � �0- 1222�' ) �
 �� � �� 
 � �� � �
 � � 	 � � � � 3

) �� � �- 222' ) �� � 
 � � �� * �� � � � � � � �4&! � %�5� � 	 � 
 * � 6
� 4�( ( � " �� � �� � �
 � �� �53� � �&- �� � � � 
 � � � �� � � �� � � � � � � �
 � � �
� � � � � 
 � � �35� � &- �$� � � � �/ �
' 	 � � �	 � �� � � �0- 1222�' ) �
 �� � �� 
 � �� � ��
 � � 	 � � � � 3

2� 
 �� � �	 � � � $� � 
 � �� � @� � �	 � �
 � �� � � � �� � � �� � ��
	 � � �� 	 �� 
 � � � 
 �� 
 � ��� * �� ���� � � � � � � � 
 � �� � �
� � � � � 	 � �� 
 � � �
 �� 
 �� � � � 
 � � �� 
 �� � ��� � �A !

Stored

Curtailed

 

G1 
(Southern 
Scotland) 

G2 
(Northern 
Scotland) 

Main System 
(England-Wales) 

Load L1 

Bus1 Bus2 

Bus3 

Bus4 
X1 X2 

X3 

Load 

Fault 

f2=0.1
f1=1.9

f2=1/3
f1=5/3

f2=2/3
f1=4/3

f2=1
f1=1

f2=0.1, f1=1.9

f2=1/3, f1=5/3

f2=2/3, f1=4/3
f2=1
f1=1

� � � � � �� �� � � 
 	 � � �� 	 � � �

&� � � 
 � �� * �� 	 � � �� �	 � �

$ �� � � � �
 �� � �� 
 � � �� � � � � � � � � � �* � � � � 
 � 	 � �� - $ �� � � � �
 �� � �� 
 � � �� � � � � � � � � � �* � � � � 
 � 	 � �� -

� �* � � � 
 �� � �
 � 
 �� � ��

Synchronous 
generator

Synchronous 
generator G3

capacity of generator G1 (MVA)
1

capacity of G1 MVA (2800 MVA)
f =

capacity of generator G2 (MVA)
2

maximum capacity of G2 MVA (2400 MVA)
f =

B$� � �� � �� � � � � � � 7* � � � � 
 � 	 � � � � � � � � � � � 
 � � �� � � 	 � � �� � � � � �
� � � � � � � � � 
 � �� � � 	 � � � � � � � 
 8	 � � 
 � � 
 � � 	 � � � � � � � 9 � � � � 
 	 � � �
� 
 � � � � � � � � � � � �	 � � � � �� � � �� � ��� � � � 	 � 
 � � � � � � � � � �
�� � � � 
 � � �	 � � � � � 
 � � � � � � �� � 
 �� � � � 
 � � � 
 � � � � 	 � � � � � �	 � 
 ��
* � � � � 
 � �	 � � 
 � � � �� � � �� � �� � � � � � 	 � � � � � 
 	 � � � � � � 
 � �� �
� � 
 � 
 � � � � �� � �� � 3

B� �* � � � 
 �� � � � � � � � �+� � � � 
 � � � � � � � � � 	 � � : � �	 � � � � � � �
�� � �� � � � � � 	 � � � �� � � � � � � � �� � � �� � 	 � � 
 �� � � � � � � � � 
 � �	 � � 	 � �
� � � 
 � �� � � � 
 � ���� � � � � � 	 � � � � � �� * � � � � � � � � 
 � �	 � � � 	 � � � � � �
� 	 � �� 
 � � �� �* � � � 
 �� � � ��� �� � � �� 	 � � �� : �� �
 � � 3

B%� � � � � � � � � � � � � �� � � � � 	 
 � � � 
 � � 
 � � � � � � 
 �� � � * � � � � 
 � �	 � �
� 
 � 
 � �� � � 	 � � � � � � � 	 � � � � � � � � � 	 � �
 � � � �� � � � ��� � � � � �� � � � 
 * � � �
� 	 � � � � � � � ��� � 
 � 
 � �� � � � �� � 
 � �	 � � 4- ; 22� ' ( $61� � � � �
� 	 � �� 
 � � � � �* � � � 
 �� � � �� � � � �� � � � � � 	 � � � � � �� � � � 	 � � � � � �
� 	 � � �� : � � �
 � � � � � � � � � � � 
 � � �� * � � � � 
 � �� � � � 
 � ���� � 3�<	 � � �
� � � � 7 
 � � � � � � � 7� 
 � � � � 
 �� � � � 
 � � � � � : � �� �� � � � �� � � � � �* � �
� � � 
 � �	 � � 3


