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ABSTRACT

The performance of brushless doubly-fed induction
generator (BDFG) controlled by field oriented control strategy
is examined by implementing a simulation program using a
Matlab-Simulink package. The system under study consists of a
BDFG driven by a voltage source bi-directional converter. The
machine model is obtained in the d-q power winding (PW)
synchronously rotating reference frame. The vector control
algorithm which contains two control pathes is then developed.
The first path controls the active power of the PW and the other
path controls its reactive power. Each path consists of two
control loops (inner and outer).

Conventional proportional plus integral controllers are
used in all control loops. The dynamic performance of the
BDFG has been tested when the overall system is subjected to
a sequential step changes in active and reactive power.
Different values of integral gain have been tested in the
simulation program.

A variable integral gain (VIG) controller, which is newly
applied to the BDFG, is then introduced to achieve the
advantages of low and large values of the integral gain.

Fuzzy logic controllers (FLCs) are implemented in the
outer control loops and the effect of different structures of the
FLC has been tested to select the best configurations of the
FLC structures.



VII

FLCs are then implemented in all control loops.
Comparison between the dynamic response under PI, FLC in
outer control loop only and FLC in all control loops are then
carried out.

A PI speed controller and a fuzzy logic pitch controller
are implemented for the purpose of optimizing and limiting the
power extracted from the wind respectively. Two control
methods of determining the optimum reference speed for the
speed controller are investigated.

The transient response of the overall system when
subjected to transient and sever conditions representing the
large voltage dip and short circuit is also investigated.



VIII

CONTENTS

CHAPTER1: INTRODUCTION
………………………………………….……………...…1

1.1- GENERAL.………………….………………………………….…1
1.2- CLASSIFICATION OF GENERATORS ……….……………….1
1.2.1Squirrel Cage Induction Generators ……….… ………………....2
1.2.1.1-Squirrel cage induction generators for fixed speed  wind

turbine… ……………………………………………..……....2
1.2.1.2-Squirrel cage induction generators for variable speed wind

turbine ………………………….……………………………...4
1.2.2- Variable Speed System With Doubly Fed Induction Generator

(DFIG) ………………..……………………………….………5
1.2.3 Variable Speed System With Permanent Magnet Synchronous

Generator (PMSG)……………… ……………………..........7
1.2.4- Brushless Doubly Fed Induction Generator (BDFG).. ……..…..7
1.3- CLASSIFICATION OF WIND TURBINES ….………………....9
1.4 THESIS OBJECTIVE AND OUTLINE ……………………..… .11

CHAPTER2: BRUSHLESS DOUBLY FED INDUCTION
GENERATOR

…..……………………………………..…………….…… 14
2.1- GENERAL …………………………….…..……………..….…..14
2.2- EVOLUTION OF THE BDFM …………………………......…..14
2.3- BDFG CONSTRUCTION …………………..….........................16
2.3.1-Stator Construction………...…………………………….…......16
2.3.2- Rotor Construction …………………………………….......….18
2.4- THEORY OF OPERATION …………….…….……………......18
2.4.1- Cascaded Induction Machine ………………………….……...19
2.4.2-Brushless Doubly Fed Induction Machine ………………..…...21
2.4.2.1-The simple induction mode ………………………...……......21
2.4.2.2 The cascade induction mode..…………………………….…. 21
2.4.2.3 The synchronous mode of operation ……………..……….….22
2.5 POTENTIAL APPLICATIONS OF BDFM…….….....................31



IX

CHAPTER3: MODELING AND VECTOR CONTROL OF
THE BDFG

…………………………………………………………….33
3.1 GENERAL……..…………………………………………….…...33
3.2 MODELING OF BDFG………………………………………….34
3.3- MATHEMATICAL MODEL IN THE ORIGINAL  REFERENCE

FRAME ……………………………….………………………....34
3.3.1- Voltage Equations ………………….………………………….34
3.3.2-Flux Linkage Equations..…………………………………....….35
3.4- MATHEMATICAL MODEL IN THE DQ REFERENCE

FRAME……………………………..............................................40
3.5- CONTROLLER DESIGN OF THE BDFG….…..…………...….43
3.5.1 Power Winding Power Control ………………………………...44
3.5.2 Power Winding Current Control …………………………….…44
3.5.3 Control Winding Current Control …………….………………..46
3.6 PROPOSED CONTROL SCHEME………………………….…..47
3.6.1 PW Active and Reactive Power Detector ………………....…...48
3.6.2 PW Flux Estimation ……………………………………………49
3.6.3 Active Power Control Path …………………………………….49
3.6.4 Reactive Power Control Path …………………………….…….49
3.6.5 Control Winding Current Detector……………………………..50

CHAPTER4: SIMULATION RESULTS OF VECTOR
CONTROL OF THE BDFG

……………………………………………..………….....51
4.1-GENERAL ………………………………………..…….………..51
4.2- EFFECT OF CHANGING THE INTEGRAL GAIN, IN THE

OUTER LOOP, ON THE DYNAMIC RESPONSE.....................51
4.2.1-Dynamic Response for Sequential Changes in the Active Power

Command where equal Ki=0.13 ……………………………....52
4.2.2-Dynamic Response for Sequential Step Changes in the Active

Power Command where equal Ki=0.9 …………..…….………57
4.2.3-Dynamic Response For Sequential Step Changes In The Active

Power Command where equal Ki=1.3……….. ……….……....62
4.3- DYNAMIC RESPONSE FOR RAMP COMMAND OF THE

ACTIVE POWER …………………………………………….....66
4.4- DYNAMIC RESPONSE FOR SEQUENTIAL STEP CHANGES

IN THE REACTIVE POWER COMMAND …………………...70
4.5- VARIABLE GAIN CONTROLLER ………………….………...74



X

4.5.1-Simulation Results Of The BDFG Driven By Variable Integral
Gain Controller ……………………….…………………….…75

CHAPTER5: FUZZY LOGIC CONTROL OF BDFG
……………………………………………………...……...81
5.1-GENERAL ………………………..…………….……………..…81
5.2- OVERVIEW ON FUZZY LOGIC …………………………..….81
5.3- FUZZY INFERENCE SYSTEM(FIS) ……………………..…...82
5.3.1 Fuzzify Inputs ……...……………………………………..…...82
5.3.2 Apply Fuzzy Operator …………………………………….........82
5.3.3 Apply Implication Method …………………………………..…83
5.3.4 Aggregate all Outputs ……………………………………….....83
5.3.5 Defuzzification ………………………………………………...83
5.4- FUZZY LOGIC CONTROLLER DESIGN OF BDFG..……..…84
5.5- FUZZY LOGIC CONTROL SCHEME NO. 1 ………………....84
5.5.1- Simulation Results of  FLC  Scheme No-1 …………………...89
5.5.1.1 First, the simulation is carried out when kf and kp equal one

………………………………………..…………………......89
5.5.1.2- Effect of changing kf on the dynamic response……………...92
5.5.1.3- Effect of changing kp on the dynamic response ………….....93
5.5.2-Effect of Changing the Number of Rules on the Dynamic

Response …..……………………….…………………...….93

5.6- EFFECT OF CHANGING THE TYPE OF FUZZY
MEMBERSHIP FUNCTION ON DYNAMIC RESPONSE …..97

5.7- FUZZY LOGIC CONTROL SCHEME NO. 2 …......................98
5.7.1-Simulation Results of  FLC Scheme No-2 …………………..107
5.8-COMPARISON BETWEEN PI CONTROLLER, FUZZY

CONTROL SCHEME NO-1 AND FUZZY CONTROL SCHEME
NO-2 ……………………………………………………...…….110

CHAPTER 6: WIND TURBINE CONTROL OF BDFG
…..…………………………………………...…………....115
6.1- GENERAL ……………….…………………..………….……..115
6.2-WIND ENERGY ……………………………………………….115
6.3- WIND TURBINE CONTROL STRATEGY ……………….…119
6.3.1-Power Optimisation Strategy ………………...……………….121



XI

6.3.1.1-Operation with fixed reference speed at the lower limit (part (i))
……………………………….…………………………….122

6.3.1.2-Operation with variable reference speed (part(ii)) …….……122
6.3.2- Power Limitation Strategy ………………………...……...….123
6.4- WIND TURBINE CONTROLLERS ……………………….....124
6.4.1-Speed Controller …………………………………...………....124
6.4.2- Pitch Angle Controller (Power Limitation Controller)

…………………………………………………………..…125
6.5 SIMULATION RESULTS …………………………………......127
6.5.1- Dynamic Response for Wind Speed below its Rated Value.

……………………………………………………………..128
6.5.2- Dynamic Response for Wind Speed above its Rated Value.

……………………………………………………………..134
6.5.3- Dynamic Response at Wind Speed around the Rated Value.

……………………………………………………………..140
6.5.4- Effect of Changing the Configuration of the Fms of the Pitch

Controller on the Dynamic Response. ..………..………....144
6.6- TRANSIENT RESPONSE OF THE BDFG..………………… 147
6.6.1- Transient Response of the BDFG under Short Circuit

……………………………………………………………..147
6.6.2- Transient Response of the BDFG under Voltage Dip

……………………………………………………………..151
6.7 DYNAMIC STUDIES OF THE DIFFERENT   METHODS OF

DETERMINING THE REFERENCE SPEED …………...154
6.7.1 Dynamic Response for Sequential Step Changes in the Wind

Speed ……………………….……………………………..154
6.7.2 Dynamic Response for Average Wind Speed of 8m/Sec

……………………………………………………………..156

CHAPTER7: CONCLUSIONS
…………………………………………….……………...158
7.1-CONCLUSIONS ……………………………………………….158
7.2- FUTUR WORK….......................................................................160

APPENDICES…………………………………….…….……………..161
REFERENCES…………………………………………….…………..163



XII

LIST OF FIGURES

Chapter 1
Fig.(1.1) Generator systems for wind turbines. 2
Fig.(1.2) Squirrel cage ind. Gen. connected directly to

grid (Danish concept).
3

Fig.(1.3) SCIG connected to grid through IGBT
converter.

4

Fig.(1.4) DFIG with stator directly connected to grid
and rotor connected to grid through IGBT
converter.

5

Fig.(1.5) PMSG connected to grid through IGBT
converter

7

Fig.(1.6) BDFG with the PW directly connected to grid
and the CW connected to grid through bi-
directional converter.

8

Chapter 2
Fig.(2.1) Constructional features of BDFM. 17
Fig.(2.2) Stator of BDFM. 17
Fig.(2.3) Rotor of the brushless double fed induction

machine.
18

Fig.(2.4) Cascade induction machine system. 19
Fig.(2.5) Modes of operation of BDFG, (a) simple

induction mode, (b) cascade induction mode
and (c) synchronous mode.

22

Fig.(2.6) Speed of stator and rotor fundamental fields. 23
Fig.(2.7) BDFM rotor arrangement with individual

rotor loops.
30

Fig.(2.8) BDFM rotor arrangement with rotor cage and
one common end ring.

30

Chapter 3
Fig.(3.1) Different reference frame in BDFM. 38
Fig.(3.2) Transformation bet. Different frames. 40
Fig.(3.3) Block diagram of vector control of BDFG. 48



XIII

Chapter 4
Fig.(4.1) Active Power Response of the Power

winding.
54

Fig.(4.2) Reactive Power Response of the Power
winding.

55

Fig.(4.3) Comparison between the PW reactive power
response with and without compensation.

55

Fig.(4.4) dq-components of the Power winding
currents (ipdq).

56

Fig.(4.5) dq-components of the Power winding
voltages (Vpdq).

56

Fig.(4.6) dq-component of the control winding voltage
in syn. ref. frame (Vcdq).

56

Fig.(4.7) dq-component of the Power winding flux in
syn. ref. frame (fpdq).

57

Fig.(4.8) Active Power Response of the Power
winding.

59

Fig.(4.9) Reactive Power Response of the Power
winding.

59

Fig.(4.10) dq-Components of the Power Winding
Current in the PW synchronously rotating
reference frame (ipdq).

60

Fig.(4.11) dq-Components of the Power Winding
Voltage in the PW synchronously rotating
reference frame (Vpdq).

60

Fig.(4.12) dq-component of the control winding voltage
in the PW synchronously rotating reference
frame (Vcdq).

61

Fig.(4.13) dq-component of the Power winding flux in
the PW synchronously rotating reference
frame (fpdq).

61

Fig.(4.14) dq-component of the Power winding flux in
Power winding reference frame.

61

Fig.(4.15) Active Power Response of the Power 64


