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ABSTRACT
The work presented in this thesis includes control system design, analysis and grid
synchronization of a DFIG (doubly-fed induction generator) driven by a wind turbine using
stator-voltage and stator-flux oriented frames. The DFIG is a special type of induction machine
which is comprised of two back-to-back converters. One converter connects the DFIG stator to
the grid, and the second converter is connected to the rotor of the machine through a DC-link
capacitor. In this work, DFIG steady-state and transient models have been created in the d-q
reference frame. The steady-state model is used to obtain the relationship between the rotor d-q
currents and stator real/reactive power references in a particular orientation frame. The transient
model is used to develop the DFIG power control mechanisms.
The wind turbine driving torque is modeled by considering typical wind turbine
aerodynamic characteristics under variable wind and pitch angle conditions. Comparisons are
made to evaluate the differences between DFIG current/power controller in stator-voltage and
stator-flux oriented frames. A speed control system has been designed to analyze maximum
energy extraction from a DFIG for a particular wind speed.
Lastly, the grid synchronization control technique and synchronization method have been
proposed as this system requires some care during the machine start-up and integration with the
grid. The main aim of the synchronization control process is to avoid heavy start-up currents and
mechanical stresses on the turbine shaft and other integrated components. This is achieved by
properly matching the phase angle, frequency, and magnitude of the grid voltage and the stator
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induced voltage irrespective of whether it is a stator-voltage or stator-flux oriented frame used
for modeling the generator.
Instead of a traditional control scheme using a PLL (phase-locked loop), the rotor d-q
reference current is generated with grid voltage as the reference so as to induce identical voltage
in the stator as that of the grid. The machine is started by a driving torque and the switch between
stator and the grid can be closed for synchronization. However, appropriate timing of switch
closure plays a critical role in satisfying the magnitude condition of synchronization. Simulation
models have been developed using Matlab®/Simulink® for a GE 1.5 MW generator.
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LIST OF ABBREVIATIONS AND SYMBOLS
DFIG

Doubly-Fed Induction Generator.

V

Volt: Unit of Voltage.

A

Ampere: Unit of current.

kW, kVar

Kilowatt, Kilovar: Units of real and reactive power.

MW

Mega (106 ) Watt: Unit of real power.

Hz

Hertz: Unit of frequency.

dc

Direct Current

ac

Alternating Current

PWM

Pulse Width Modulation

PI

Proportional-Integral

PLL

Phase Locked Loop

GE

General Electric

𝑣𝑣𝑠𝑠𝑑𝑑 _𝑞𝑞 , 𝑖𝑖𝑠𝑠_𝑑𝑑𝑑𝑑 , 𝑣𝑣𝑟𝑟_𝑑𝑑𝑑𝑑 , 𝑖𝑖𝑟𝑟_𝑑𝑑𝑑𝑑

Instantaneous stator, rotor voltage and current vector

𝑉𝑉𝑠𝑠_𝑑𝑑𝑑𝑑 , 𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 , 𝑉𝑉𝑟𝑟_𝑑𝑑𝑑𝑑 , 𝐼𝐼𝑟𝑟 _𝑑𝑑𝑑𝑑

Steady-state stator, rotor voltage and current vector

𝜆𝜆𝑠𝑠_𝑑𝑑𝑑𝑑 , 𝜆𝜆𝑟𝑟𝑑𝑑𝑑𝑑

Stator, rotor flux linkage vector

𝐿𝐿𝑙𝑙𝑙𝑙 , 𝐿𝐿𝑙𝑙𝑙𝑙 , 𝐿𝐿𝑚𝑚

Stator, rotor winding leakage inductance, mutual inductance

𝑅𝑅𝑠𝑠 , 𝑅𝑅𝑟𝑟

𝑃𝑃𝑠𝑠 , 𝑄𝑄𝑠𝑠 , 𝑃𝑃𝑟𝑟 , 𝑄𝑄𝑟𝑟

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , 𝑃𝑃𝐴𝐴𝐴𝐴 , 𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅 , 𝑃𝑃𝑊𝑊

Stator, rotor winding resistance

Stator, rotor active and reactive power
Converted, air-gap and rotor-loss power, wind turbine power

iv

𝜔𝜔𝑠𝑠 , 𝜔𝜔𝑟𝑟 , 𝜔𝜔𝑔𝑔 , 𝜔𝜔𝑚𝑚 , 𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠

Stator and rotor electrical speed, generator rotating speed,

s, p, 𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

Generator slip, generator pole pairs, turbine gear ratio

Turbine blade speed, generator synchronous speed

𝜏𝜏𝑤𝑤 , 𝑇𝑇𝑤𝑤 , 𝜏𝜏𝑒𝑒𝑒𝑒 , 𝑇𝑇𝑒𝑒𝑒𝑒

Instantaneous and steady-state turbine drive torque and generator

𝐽𝐽𝑒𝑒𝑒𝑒 , 𝐵𝐵𝑎𝑎

Equivalent inertia referred to the generator, turbine damping

𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 , 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

Air density, radius of turbine rotor blades, area swept by rotor blades

𝐶𝐶𝑝𝑝 , 𝜆𝜆, 𝛽𝛽, 𝑣𝑣𝑤𝑤

electromagnetic torque

coefficient

Turbine performance coefficient, turbine tip-speed-ratio, pitch angle
of rotor blades, wind speed
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CHAPTER 1
INTRODUCTION

1.1 Overview
Electrical power is the most widely used source of energy for our homes, work places and
industries. Population and industrial growth have led to significant increases in power
consumption over the past three decades. Natural resources like coal, petroleum and gas that
have driven our power plants, industries and vehicles for many decades are becoming depleted at
a very fast rate. This serious issue has motivated nations across the world to think about
alternative forms of energy which utilize inexhaustible natural resources.
The combustion of conventional fossil fuel across the globe has caused increased level of
environmental pollution. Several international conventions and forums have been set up to
address and resolve the issue of climate change. These forums have motivated countries to form
national energy policies dedicated to pollution control, energy conservation, energy efficiency,
development of alternative and clean sources of energy. The “Kyoto Protocol to the Convention
on Climate Change” has enforced international environmental regulations which are more
stringent than the 1992 earth summit regulations.
Renewable energy like solar, wind, and tidal currents of oceans is sustainable,
inexhaustible and environmentally friendly clean energy. Due to all these factors, wind power
generation has attracted great interest in recent years. Undoubtedly, wind power is today’s most
rapidly growing renewable energy source. Even though the wind industry is young from a power
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systems point of view, significant strides have been made in the past 20 years. Wind turbine
capacity has grown from 1-3 kW to machines producing 1-3 MW and more. Increasing
reliability has contributed to the cost decline, with availability of modern machines reaching 9799%. Wind plants have benefited from steady advances in technology made over past 15 years.
Much of the advancement has been made in the components dealing with grid integration, the
electrical machine, power converters, and control capability. The days of the simple induction
machine with soft start are long gone. We are now able to control the real and reactive power of
the machine, limit power output and control voltage and speed. There is lot of research going on
around the world in this area and technology is being developed that offers great deal of
capability. It requires an understanding of power systems, machines and applications of power
electronic converters and control schemes put together on a common platform.
Typically wind generation equipment is categorized in three general classifications:
1) Utility scale- Corresponds to large turbines (900kW-3.5MW) used to generate bulk
power for energy markets.
2) Industrial Scale- Corresponds to medium sized turbines (50kW-250kW) mainly used by
industries for remote grid production to meet local power requirement.
3) Residential Scale- Corresponds to small sized turbines (400 watts-50kW) mainly utilized
for battery charging. In conjunction with solar photovoltaic, it can be utilized for remote
power requirement where normal power distribution lines do not exist.
Most of the commercially available utility-scale wind turbines are based on the “Danish
concept” turbine configuration. This configuration has a horizontal axis, three-bladed rotor, an
upwind orientation, and an active yaw system to keep the blades always oriented in the direction
of wind flow. The drive train consists of a low-speed shaft connecting the rotor to the gearbox, a
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2 - 3 stage speed increasing gearbox, a high speed shaft connecting gearbox to the generator. The
generators from established manufacturers typically operate at 550-690V (ac).
Unlike a conventional power plant that uses synchronous generators, a wind turbine can
operate as fixed-speed or variable-speed. In a fixed-speed wind turbine, the stator of the
generator is directly connected to the grid. However, in a variable-speed wind turbine, the
machine is controlled and connected to the power grid through a power electronic converter.
There are various reasons for using a variable-speed wind turbine. (1) Variable-speed wind
turbines offer a higher energy yield in comparison to constant speed turbines. (2) The reduction
of mechanical loads and simple pitch control can be achieved by variable speed operation. (3)
Variable-speed wind turbines offer acoustic noise reduction and extensive controllability of both
active and reactive power. (4) Variable-speed wind turbines show less fluctuation in the output
power [1, 2]. The permanent magnet synchronous generator (PMSG) and doubly-fed induction
generator (DFIG) are the two machines on which the variable-speed wind turbines are based.

Fig. 1.1 DFIG wind turbine configuration
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1.2 DFIG and review of related research
The main idea of this thesis is to design and analyze a DFIG control technique for
maximum energy extraction and grid synchronization under different reference frames and
conditions. A rotor-side converter control design has been presented which is the ‘key’ to work
conducted in this report. This rotor-side controller is comprised of current-loop control and
speed-loop control. The performance assessment of the controller designed has been carried out
by 1) analyzing its real/reactive power control in stator-voltage and stator-flux oriented frames,
2) analyzing its effectiveness in speed control and decoupled d-q voltage control for maximum
energy extraction and 3) the ability of the controller in facilitating effective synchronization with
the power grid. Each of these topics is being introduced here to get an overall idea of the work
conducted in the chapters ahead.
As described in the previous section, the DFIG is an adjustable-speed induction machine
which is widely used in modern wind power industry [2, 3]. Compared to a direct-driven
synchronous generator system, one major advantage of DFIG is that the power electronic
converters have to handle only a fraction (20-30%) of the total system power [2, 4]. This means
that power losses in power electronic converters of a DFIG are much lesser than the directconnected synchronous generator which has to handle the total system power.
In order to understand DFIG power generation characteristics several techniques have
been developed to understand the behavior of a DFIG under different d-q control conditions.
These can be divided into two categories: 1) transient approaches [5-10] and 2) steady-state
techniques [11-16]. Transient approaches are essential to study DFIG dynamic performance in a
short time period and steady-state techniques are important to examine DFIG characteristics
under different control conditions in a detailed manner. Steady-state approach plays an important
4

role to examine DFIG characteristics under different conditions in a broader spectrum and also in
the design and development of highly advanced control schemes.
Traditionally, the steady-state study of a DFIG is primarily based on the conventional
squirrel-cage induction machine equivalent circuit with an applied rotor voltage [11-16]. As a
matter of fact, this applied rotor voltage has no relation to any d-q vector control technique
applied to the induction generator, making it completely impossible to investigate DFIG
characteristics under different d-q control conditions in a steady-state environment. Another
hindrance for the steady-state based characteristic study is that a vector-controlled technique
requires a pre-selected d-q orientation frame which is difficult to trace. In the currently existing
technologies, the stator-flux orientation frame is commonly used in DFIG control scheme design
and analysis [17-20]. In this frame, the position of stator-flux space vector changes as the
operating conditions vary. However, steady-state characteristic study under d-q vector controlled
conditions require that a characteristic curve be obtained under a variable generator slip keeping
the d-q conditions unchanged, which is difficult to achieve in a steady-state environment. For the
reasons mentioned above, traditional investigation and analysis of a DFIG system depends on
transient approach.
Unlike a conventional fixed-speed induction machine, a DFIG delivers power to the grid
from both the stator and rotor paths. The stator of the generator is directly connected to grid
while the rotor is connected to the grid through PWM power converters. The DFIG frequency
converter can be a potential cause of concern for effective control of a DFIG system. Therefore,
in the steady-state characteristic study of a DFIG system, specific regularities like power
transferred through both the paths should be considered carefully. It is very important to consider
these factors in the steady-state study to enhance proper analysis, design and management of
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wind energy conversion systems that make use of DFIGs. From a different point of view,
although d-q vector control technique regulates DFIG speed, it also changes the basic parameters
of the DFIG such as torque, stator real/reactive power, rotor real/reactive power and the
effectiveness of PWM converter modulation. This demands an integrative approach for
investigation and evaluation of the DFIG characteristics.
As mentioned above, DFIG performance is investigated not only by d-q vector control
scheme but also on the orientation of the d-axis. The design of controller for the DFIG depends
on the type of orientation frame adopted for modeling. The commonly used orientation frames
for a DFIG system are the stator-voltage and stator-flux frames. In most of the traditional
strategies, the control of DFIG real and reactive powers is achieved through a nested power- and
current-loop controller in stator-flux oriented frame [20]. Under a close-loop d-q vector control
condition, it is a commonly accepted notion that a DFIG can generate power in a wide range of
speed both above and below the synchronous speed [20]. In [20] and [21], DFIG control scheme
is developed using stator-flux oriented frame in which the position of the stator-flux space vector
is aligned to the d-axis of the d-q frame. The position of the stator-flux space is estimated
through measurement of the stator-flux space vector in α-β arbitrary reference frame. In [20] and
[22], DFIG control scheme has been developed in stator-flux orientation frame wherein the
position of the stator-flux space vector has been estimated by measurement of stator-voltage and
stator-current space vectors in α-β arbitrary reference frame. In [18], a stator-flux oriented DFIG
control scheme has been proposed wherein the position of stator-flux space vector has been
estimated by adding an angle of 90° to the stator-voltage space vector. Also, stator-flux oriented
control technique has been used in [23, 24] for direct-power control of a DFIG wherein the

machine torque is directly controlled by selecting appropriate voltage vectors using stator-flux
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and torque information. However, the machine performance deteriorates considerably during
start-up and low speed operation. The converter design also becomes complicated.
Although the stator-voltage oriented frame is not the most commonly used frame for
DFIG real and reactive power control, [25] and [26] propose a different approach to improve
stability of DFIG under unbalanced conditions using stator-voltage oriented frame. The control
strategy proposed in [25] is based on rotor current control of DFIG which facilitates adjustable
speed operation and reactive power control. Also, in [20] a stator-flux oriented approach has
been used for rotor side power electronic converter. In [27], a cascaded DFIG configuration and
associated control scheme are proposed, wherein one DFIG is controlled by the power electronic
converter indirectly through the other DFIG. Although the system configuration is a little
different, most of the schemes presented in [26] are similar to those of the traditional DFIGs.
Thus, as numerous techniques are being developed to study methods of DFIG control, it becomes
extremely important to analyze and compare the performance and control mechanism of DFIG in
both stator-voltage and stator-flux oriented frames.
Further, the effectiveness of DFIG controller in extracting maximum energy from the
wind by decoupled d-q voltage control is extremely important in analyzing its design and
performance. The speed-loop control plays an important role over here. The energy captured and
converted from the wind by a DFIG depends not only on the induction machine but also on the
integrated aerodynamic and electrical systems of the wind turbine. Also their control technique
under variable wind conditions has to be analyzed to assess the overall performance of a DFIG.
In order to better design and manage a DFIG control system under variable wind conditions, it is
important to understand how the electrical characteristics of the generator and the aerodynamic
characteristics of the turbine blades affect the energy extraction and speed control of a DFIG
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system. Traditionally, DFIG electrical and aerodynamic characteristics are usually inspected in
separate environments. Few efforts have been made to study DFIG behavior by combining the
two characteristics together in one integrative environment. Unlike a conventional fixed-speed
induction machine, a DFIG has sophisticated controls at both wind turbine and generator levels,
and the extracted power by a DFIG relies not only on the aerodynamic properties of the turbine
blades but also on the coordination of the mechanical, electrical and power converter systems
under variable wind conditions. Those issues must be considered collectively in DFIG system
study and controller designs so as to enhance the overall system performance, efficiency and
transient stability. Differing from DFIG transient and steady-state studies discussed previously,
the main features of this research are 1) a study of generator converted power characteristics
using DFIG d-q steady-state model, 2) an investigation of extracted power characteristics versus
generator, slip, and 3) an integration of generator characteristics with extracted power
characteristics of the turbine blades for DFIG speed control study.
After designing a controller for the DFIG for maximum energy extraction, the main issue
and overall goal is to obtain effective synchronization with the grid. A suitable control system
has to be designed to achieve successful grid synchronization. In the DFIG system topology, the
stator is connected directly to the grid while the rotor is connected to a back-to-back power
electronic converter. Since the size of machines is increasing up from 600 kW towards the 5 MW
mark, the mechanical stresses on the drive train, gear box and associated assemblies are no more
negligible. Also, the grid code requirements from the independent system operators on wind
turbines have put limitation on the start-up currents at the point of interconnection. In [37] and
[38], a grid synchronization procedure has been proposed in which the stator induced voltage
equal to the grid voltage in magnitude is generated before the synchronization by regulating the
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rotor flux. In addition to this phase angle and frequency of the stator induced voltage is also
taken care of for the purpose of smooth grid synchronization. Same principle has been adopted in
this work to design a control system which achieves synchronization with a very low impact on
the grid.
However, the synchronization process has been proposed in three steps described in
chapter 4. The procedure is based on null current connection depending on the type of orientation
frame used. The null current connection is different for stator-flux and stator-voltage oriented
frames. A comparative analysis of grid synchronization in stator-voltage and stator-flux oriented
frames has been presented to analyze the performance of DFIG grid-synchronization in different
orientation frames. Also the stator-flux based synchronization technique has been analyzed in
two different modes based on the approaches used to develop the model. The proposed
synchronization can be carried out at any operational speed very smoothly and effectively. This
characteristic is important not only for the operational speeds but also for the start-up at zero
speed.

1.3 Contributions
The contributions of this thesis are:
•

Describing the basic principles and general d-q vector control scheme of the
DFIG. Explanation of the DFIG configuration and development of d-q steadystate model. Steady-state simulation set up is created to analyze the generator
characteristics in d-q reference frame.

•

DFIG steady-state model developed in d-q reference frame is used to calculate the
rotor d and q current reference for desired real and reactive power reference. The
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rotor current control strategies using stator-flux and stator-voltage oriented frames
is developed based on DFIG d-q transient model as well as analysis obtained from
the steady-state equivalent circuit. A comparative analysis is done to study the
control techniques developed using two different orientation frames.
•

Investigating DFIG converted power characteristics under d-q vector control.

•

Characteristics analysis of power extracted from the wind by a DFIG wind turbine
and integration of electrical and aerodynamic characteristics for DFIG speed
control analysis and maximum energy extraction.

•

DFIG grid-synchronization control technique is designed in stator-flux and statorvoltage orientation frames using the models developed above.

Performance

analysis of the controller carried out by comparative study of grid-synchronization
in two different orientation frames.

1.4 Outline
Chapter 2: Description of DFIG modeling and control system design in stator-voltage and statorflux orientation frames.
Chapter 3: Analysis of DFIG speed control and maximum energy extraction though d-q
decoupled voltage control by integrating electrical and aerodynamic characteristics.
Chapter 4: In this chapter DFIG grid-synchronization control technique has been proposed and
performance of the control system under different conditions has been presented.
Chapter 5: This chapter summarizes all the work that has been carried out in this thesis aimed
towards control analysis and grid-synchronization of the DFIG. Also future scope of the work in
this area has been described.
10

CHAPTER 2
CURRENT-LOOP CONTROL DESIGN IN STATOR-VOLTAGE AND STATORFLUX ORIENTED FRAMES

2.1 Introduction
This chapter discusses DFIG d-q vector control strategy in stator-voltage and stator-flux
oriented frames. The basic operating principles leading to the development of DFIG steady-state
and transient models in d-q have been presented here. The main focus of this chapter is to discuss
the theoretical difference between the two orientation frames using mathematical representation.
This has successfully been demonstrated by the design of DFIG rotor-side current controller in
stator-voltage and stator-flux oriented frames. The models in these two different reference
frames have been used to generate rotor d and q reference currents desired to obtain real and
reactive power reference.
A PI (Proportional-Integral) controller has been designed for DFIG rotor circuit for
output power to closely track and follow the input reference. The steady-state and transient
simulation models developed in Matlab®/Simulink® would analyze the performance of DFIG
and its power controller using two different orientation frames. This concept is the basis of work
conducted in this thesis and it would be of significant importance for DFIG grid synchronization
control system design to be discussed in chapter 4. The rotor-side converter controller and the
speed-loop controller designed in next chapter work in conjunction for grid synchronization.
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2.2 DFIG wind turbine
In this section basic properties of wind are described which are very important for power
controller design of a DFIG.
A. Annual wind distribution
The annual wind distribution is an extremely important factor for the power output of a
wind turbine. The wind speed is never same throughout the year and keeps changing with
different weather conditions. Considering this factor the average wind speed for a short period of
time depends not only on the annual wind speed but also on the wind distribution. It has been
found that annual wind distribution can be described by statistical concept of Weibull probability
density function [28]. This Weibull probability density function is given by
𝑘𝑘

𝑤𝑤 𝑘𝑘−1

𝑓𝑓(𝑤𝑤) = � �
𝑐𝑐

𝑐𝑐

𝑤𝑤 𝑘𝑘

𝑒𝑒 −� 𝑐𝑐 �

(2.1)

where 𝑘𝑘 is a shape parameter, 𝑐𝑐 is a scale parameter and 𝑤𝑤 is the wind speed. Therefore the

average wind speed can be obtained as
∞

𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎 = ∫0 𝑤𝑤 𝑓𝑓 (𝑤𝑤)𝑑𝑑𝑑𝑑

(2.2)

Fig 2.1 Weibull distribution for wind speeds: 5.4 m/s (solid), 6.8 m/s (dashed), 8.2m/s (dotted)
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B. Power Extracted from the wind
The mechanical power extracted by a wind turbine from the wind is expressed by the
cube law [29]:
𝑃𝑃𝑤𝑤 =

1
2

𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝐶𝐶𝑝𝑝 (𝛽𝛽, 𝜆𝜆)𝑣𝑣𝑤𝑤3

𝜆𝜆= 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝜔𝜔𝑚𝑚 /𝑣𝑣𝑤𝑤

(2.3)
(2.4)

where 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 is the air density [kg/m3 ], 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the area covered by the rotor blades in [m2 ], 𝐶𝐶𝑝𝑝 is

the turbine performance coefficient, 𝑣𝑣𝑤𝑤 is the wind speed [m/s], 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the radius of the rotor
blades [m], and 𝜔𝜔𝑚𝑚 is the angular speed of the blades. The air density depends on factors, such

as plane altitude and air temperature and may vary between 1.07 kg/m3 in hot and high altitude
region to 1.395 kg/m3 in a cold and low lying region. The performance coefficient 𝐶𝐶𝑝𝑝 is a

function of the tip-speed-ratio 𝜆𝜆 and the pitch angle of the rotor blades 𝛽𝛽. It depends on the

aerodynamic principles governing the wind turbine and may change from one wind turbine to
another.
The mathematical representation of Cp is obtained through the expression given by (2.5)

where 𝑎𝑎𝑖𝑖𝑖𝑖 coefficients are given in [3]. The curve has been obtained for values of 𝜆𝜆 between 2
and 13.

𝐶𝐶𝑝𝑝 (𝛽𝛽, 𝜆𝜆) = ∑4𝑖𝑖 =0 ∑4𝑗𝑗 =0 𝑎𝑎𝑖𝑖𝑖𝑖 𝛽𝛽 𝑖𝑖 𝜆𝜆𝑗𝑗

(2.5)

This implies that higher values of wind generates power more than the rated capacity of
the generator and low speed wind generates small power or sometimes may not be sufficient to
turn the turbine rotor.
For each pitch angle of the rotor blades, there is an optimum tip-speed-ratio λopt for

which Cp takes a maximum value. This is to say, maximum power extraction from wind for that
13

particular pitch angle. Hence, at low speeds of wind, the angular speed of the rotor blades is
regulated to an optimum value ωm _opt through DFIG controls at the rotor blades.

Fig. 2.2 A 1.5 MW wind turbine Cp curves

As excess power is captured by the blades of the wind turbine due to high speed wind, a power
limitation control comes into act to keep the generated output power at the rated value by adjusting the
pitch angle of the blades.

C. Generator control of DFIG wind turbine
It’s a well known concept that speed control of a DFIG is normally transformed into
power control. The controller of the rotor-side converter is a two-stage controller which is
comprised of a real and reactive power controller [17, 21]. Stator-flux oriented frame has been
the most commonly utilized frame for the design and analysis of DFIG [17-18, 20-24]. In this
frame the q-axis and d-axis components of the rotor currents are used for active and reactive
power control respectively (Fig. 2.3) [17, 21]. In order to operate converters at same constant
frequency, the current control strategy is implemented through a voltage regulated PWM
converter [30]. The d-q control signals are generated by comparing the d-q current set values
14

with the actual d and q components of the rotor current. Figure below shows the two-stage rotor
side converter controller structure.

Fig. 2.3 DFIG rotor side controller
The technique employed to transform d-q signals to three-phase sinusoidal signals for the
∗
∗
rotor side converter is shown in Fig. 2.4. The two signals 𝑣𝑣𝑟𝑟𝑟𝑟
and 𝑣𝑣𝑟𝑟𝑟𝑟
represent the d and q

reference voltage control signals generated by the controller. The α and β stationary reference
frame voltages, 𝑣𝑣𝛼𝛼∗ and 𝑣𝑣𝛽𝛽∗ are obtained through a suitable vector transformation of 𝑒𝑒 𝑗𝑗 (𝜃𝜃𝑠𝑠 −𝜃𝜃𝑟𝑟 ) ,

where θs is the position of the stator-voltage space vector and θr is the position of the rotor.
Again through a suitable vector transformation called as the Park’s transformation, the α and β

voltages are used to generate a three-phase pulse width modulated sinusoidal reference voltage,
𝑣𝑣𝑎𝑎∗ , 𝑣𝑣𝑏𝑏∗ and 𝑣𝑣𝑐𝑐∗

to control the rotor-side converter. The three-phase sinusoidal voltage

𝑣𝑣𝑎𝑎 , 𝑣𝑣𝑏𝑏 , 𝑣𝑣𝑐𝑐 injected into the grid by the converter is directly proportional to the three-phase

reference voltage signals, 𝑣𝑣𝑎𝑎∗ , 𝑣𝑣𝑏𝑏∗ and 𝑣𝑣𝑐𝑐∗ in the converter linear modulation mode [30]. The gain

factor between the two quantities is given by 𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃 =𝑉𝑉𝑑𝑑𝑑𝑑 / 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡 , where Vdc is the capacitor DClink voltage and Vtri is the amplitude of the bipolar triangular reference carrier signal waveform.
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Fig. 2.4 Decoupled d-q vector control structure for DFIG rotor-side converter

2.3 DFIG transient and steady-state model in d-q reference frame
Park’s model is the most commonly used model for the DFIG. Using standard motor
principles, the mathematical representation of stator voltage, rotor voltage and the flux equations
as per space vector theory can be described by the equations below [31]:
𝑑𝑑𝜆𝜆𝑠𝑠𝑠𝑠

� − 𝜔𝜔𝑠𝑠 𝜆𝜆𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑

(2.6)

𝑣𝑣𝑟𝑟𝑟𝑟 = 𝑅𝑅𝑟𝑟 𝑖𝑖𝑟𝑟𝑟𝑟 +

𝑑𝑑𝜆𝜆𝑟𝑟𝑟𝑟 �
𝑑𝑑𝑑𝑑 − 𝜔𝜔𝑟𝑟 𝜆𝜆𝑟𝑟𝑟𝑟

(2.8)

𝑣𝑣𝑟𝑟𝑟𝑟 = 𝑅𝑅𝑟𝑟 𝑖𝑖𝑟𝑟𝑟𝑟 +

� + 𝜔𝜔𝑟𝑟 𝜆𝜆𝑟𝑟𝑟𝑟
𝑑𝑑𝑑𝑑

(2.9)

𝑣𝑣𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑠𝑠 𝑖𝑖𝑠𝑠𝑠𝑠 +
𝑣𝑣𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑠𝑠 𝑖𝑖𝑠𝑠𝑠𝑠 +

𝑑𝑑𝜆𝜆𝑠𝑠𝑠𝑠 �
𝑑𝑑𝑑𝑑 + 𝜔𝜔𝑠𝑠 𝜆𝜆𝑠𝑠𝑠𝑠

𝑑𝑑𝜆𝜆𝑟𝑟𝑟𝑟

(2.7)

𝜆𝜆𝑠𝑠𝑠𝑠 = (𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚 )𝑖𝑖𝑠𝑠𝑠𝑠 + 𝐿𝐿𝑚𝑚 𝑖𝑖𝑟𝑟𝑟𝑟 , 𝜆𝜆𝑠𝑠𝑠𝑠 = (𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚 )𝑖𝑖𝑠𝑠𝑠𝑠 + 𝐿𝐿𝑚𝑚 𝑖𝑖𝑟𝑟𝑟𝑟

(2.10)

𝜆𝜆𝑟𝑟𝑟𝑟 = (𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚 )𝑖𝑖𝑟𝑟𝑟𝑟 + 𝐿𝐿𝑚𝑚 𝑖𝑖𝑠𝑠𝑠𝑠 , 𝜆𝜆𝑟𝑟𝑟𝑟 = (𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚 )𝑖𝑖𝑟𝑟𝑟𝑟 + 𝐿𝐿𝑚𝑚 𝑖𝑖𝑠𝑠𝑠𝑠

(2.11)

16

where 𝑅𝑅𝑠𝑠 , 𝑅𝑅𝑟𝑟 , 𝐿𝐿𝑙𝑙𝑙𝑙 are the resistances and leakage inductances of the DFIG stator and rotor
windings. 𝐿𝐿𝑚𝑚 is the mutual inductance, 𝑣𝑣𝑠𝑠𝑠𝑠 , 𝑣𝑣𝑠𝑠𝑠𝑠 , 𝑣𝑣𝑟𝑟𝑟𝑟 , 𝑣𝑣𝑟𝑟𝑟𝑟 , 𝑖𝑖𝑠𝑠𝑠𝑠 , 𝑖𝑖𝑠𝑠𝑠𝑠 , 𝑖𝑖𝑟𝑟𝑟𝑟 , 𝜆𝜆𝑠𝑠𝑠𝑠 , 𝜆𝜆𝑠𝑠𝑠𝑠 , 𝜆𝜆𝑟𝑟𝑟𝑟 , 𝜆𝜆𝑟𝑟𝑟𝑟 are the

d and q components of the space vectors of stator and rotor voltages, currents and fluxes and 𝜔𝜔𝑠𝑠

and 𝜔𝜔𝑟𝑟 are the angular frequencies of stator and rotor currents. In steady-state condition the
above equations assume a form given by the set of equations below.
𝑉𝑉𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑠𝑠 𝐼𝐼𝑠𝑠𝑠𝑠 − 𝜔𝜔𝑠𝑠 �(𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚 )𝐼𝐼𝑠𝑠𝑠𝑠 + 𝐿𝐿𝑚𝑚 𝐼𝐼𝑟𝑟𝑟𝑟 �

(2.12)

𝑉𝑉𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑠𝑠 𝐼𝐼𝑠𝑠𝑠𝑠 + 𝜔𝜔𝑠𝑠 [(𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚 )𝐼𝐼𝑠𝑠𝑠𝑠 + 𝐿𝐿𝑚𝑚 𝐼𝐼𝑟𝑟𝑟𝑟 ]

(2.13)

𝑉𝑉𝑟𝑟𝑟𝑟 = 𝑅𝑅𝑟𝑟 𝐼𝐼𝑟𝑟𝑟𝑟 − 𝜔𝜔𝑟𝑟 �(𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚 )𝐼𝐼𝑟𝑟𝑟𝑟 + 𝐿𝐿𝑚𝑚 𝐼𝐼𝑠𝑠𝑠𝑠 �

(2.14)

𝑉𝑉𝑟𝑟𝑟𝑟 = 𝑅𝑅𝑟𝑟 𝐼𝐼𝑟𝑟𝑟𝑟 + 𝜔𝜔𝑟𝑟 [(𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚 )𝐼𝐼𝑟𝑟𝑟𝑟 + 𝐿𝐿𝑚𝑚 𝐼𝐼𝑠𝑠𝑠𝑠 ]

(2.15)

Here, 𝑉𝑉𝑠𝑠𝑠𝑠 , 𝑉𝑉𝑠𝑠𝑠𝑠 , 𝑉𝑉𝑟𝑟𝑟𝑟 , 𝐼𝐼𝑠𝑠𝑠𝑠 , 𝐼𝐼𝑠𝑠𝑠𝑠 , 𝐼𝐼𝑟𝑟𝑟𝑟 and 𝐼𝐼𝑟𝑟𝑟𝑟 are the d and q steady-state components of the space

vectors of stator and rotor voltages and currents. Considering 𝜔𝜔𝑟𝑟 =s.𝜔𝜔𝑠𝑠 and the space vector
theory, we obtain the d-q steady-state stator-and rotor voltage and current equations in the form:
𝑉𝑉𝑠𝑠_𝑑𝑑𝑑𝑑 = 𝑅𝑅𝑠𝑠 𝐼𝐼𝑠𝑠𝑑𝑑𝑑𝑑 + 𝑗𝑗𝜔𝜔𝑠𝑠 𝐿𝐿𝑙𝑙𝑙𝑙 𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 + 𝑗𝑗𝜔𝜔𝑠𝑠 𝐿𝐿𝑚𝑚 �𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 + 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑 �

𝑉𝑉 𝑟𝑟 _𝑑𝑑𝑑𝑑
𝑠𝑠

=

𝑅𝑅𝑟𝑟
𝑠𝑠

𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑 + 𝑗𝑗𝜔𝜔𝑠𝑠 𝐿𝐿𝑙𝑙𝑙𝑙 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑 + 𝑗𝑗𝜔𝜔𝑠𝑠 𝐿𝐿𝑚𝑚 �𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 + 𝐼𝐼𝑟𝑟_𝑑𝑑𝑞𝑞 �

(2.16)
(2.17)

𝑉𝑉𝑠𝑠_𝑑𝑑𝑑𝑑 , 𝑉𝑉𝑟𝑟 _𝑑𝑑𝑑𝑑 , 𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 and 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑 are the steady-state d-q space vectors.

The generator d-q steady-state equivalent circuit as shown in Fig. 2.5 is obtained from

(2.16) and (2.17). Using the motor convention, the stator real and reactive complex power is
shown by (2.18) and the rotor copper loss (2.19). The air gap power, which is the power
transformed from the rotor to the stator through the uniform air gap between the stator and rotor
is given by (2.20). This air gap power consists of power converted to mechanical form Pconv ,

the rotor copper losses and the power absorbed by the rotor voltage source. In addition to this the
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power absorbed by the rotor by the machine rotor side converter is (2.21). Therefore, power
converted to mechanical form can be obtained through (2.22) depending on the sign convention
adopted. Positive value of the converted power implies motoring mode and the negative value
implies generating mode.

Fig. 2.5 DFIG steady-state equivalent circuit in d-q frame
∗
𝑃𝑃𝑠𝑠 + 𝑗𝑗𝑄𝑄𝑠𝑠 = 𝑉𝑉𝑠𝑠_𝑑𝑑𝑑𝑑 𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑

(2.18)

𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐼𝐼𝑟𝑟2𝑑𝑑𝑑𝑑 . 𝑅𝑅𝑟𝑟

(2.19)
∗

������������⃗
𝑃𝑃𝐴𝐴𝐴𝐴 = 𝑅𝑅𝑅𝑅 �𝐸𝐸𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 �−𝐼𝐼
𝑟𝑟_𝑑𝑑𝑑𝑑 � �

(2.20)

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑃𝑃𝐴𝐴𝐴𝐴 + 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅

(2.22)

∗
𝑃𝑃𝑟𝑟 + 𝑗𝑗𝑄𝑄𝑟𝑟 = 𝑉𝑉𝑟𝑟 _𝑑𝑑𝑑𝑑 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑

(2.21)

On the assumption of stator winding resistance and leakage reactance to be negligible, we can
obtain the relationship between the stator voltage �𝑉𝑉𝑠𝑠_𝑑𝑑𝑑𝑑 �, magnetization current �𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 �, and
stator flux �𝜆𝜆𝑠𝑠_𝑑𝑑𝑑𝑑 � space vectors as
𝑉𝑉

𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 = 𝑗𝑗 𝜔𝜔𝑠𝑠_𝑑𝑑𝑑𝑑
,
𝐿𝐿
𝑠𝑠 𝑚𝑚

𝜆𝜆𝑠𝑠_𝑑𝑑𝑑𝑑 = 𝐿𝐿𝑚𝑚 𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑

(2.23)

If the stator winding resistance and leakage inductance is not small enough to be neglected, the
steady-state stator-flux space vector is
𝜆𝜆𝑠𝑠𝑑𝑑𝑑𝑑 = (𝐿𝐿𝑙𝑙𝑙𝑙 + 𝐿𝐿𝑚𝑚 )𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 + 𝐿𝐿𝑚𝑚 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑 = 𝐿𝐿𝑙𝑙𝑙𝑙 𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 + 𝐿𝐿𝑚𝑚 𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑
18

(2.24)

The assumption of negligible stator-winding resistance and leakage inductance causes the
stator-voltage space vector to lead the stator-flux space vector by 90° . Even though in our

analysis of this concept we obtained different mathematical relations for two different cases, the
angle between the stator-voltage and stator-flux space vector obtained through numerical
computation is still 90° . Since the angle difference is same whether we consider the stator

winding resistance and leakage inductance or we don’t consider them, it has negligible effect on
the magnetization current 𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 and stator-flux space vector 𝜆𝜆𝑠𝑠_𝑑𝑑𝑑𝑑 . Table 2.1 shows parameters

of the DFIG under consideration. Table 2.2 shows that stator-voltage space vector leads the

stator-flux space vector by about 90° for different values of the generator operating slip and rotor
d-q control voltages with stator resistance and leakage inductance under consideration.

Fig. 2.6 Relationship between stator-voltage and stator-flux oriented frames (neglecting stator
winding resistance and leakage inductance)
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Table 1.1 DFIG parameters used for simulation and analysis
Parameter

Value

Units

Apparent Power

1500

KVA

Rated Voltage

690

V

𝑅𝑅𝑠𝑠 (stator resistance)

0.0043

pu

𝑋𝑋𝑙𝑙𝑙𝑙 (stator reactance)

0.0809

pu

𝑅𝑅𝑟𝑟 (rotor resistance referred to stator side)

0.0048

pu

𝑋𝑋𝑙𝑙𝑙𝑙 (rotor reactance referred to stator side)

0.0871

pu

𝑋𝑋𝑚𝑚 (magnetizing reactance)

3.459

pu

Frequency

50

Hz

Table 1.2 Angle between stator-flux (𝜃𝜃𝑠𝑠𝑠𝑠 ) and stator-voltage (𝜃𝜃𝑠𝑠𝑠𝑠 ) space vectors (stator-voltage
space vector as reference)
Generator slip, Rotor control voltage
s=0.05, Vrd _sv = 20V, Vrq _sv = 2V
s=0.22, Vrd _sv = 50V, Vrq _sv = 6V

s=0.482, Vrd _sv = 100V, Vrq _sv = 6V
s=0.670, Vrd _sv = 150V, Vrq _sv = 5V

𝜽𝜽𝒔𝒔𝒔𝒔 − 𝜽𝜽𝒔𝒔𝒔𝒔

−90.018°
−89.896°
−90.018°
−90.011°

2.4 Computing rotor d-q current references from real/reactive power references
As discussed earlier, the strategy adopted for developing real and reactive power control
of a DFIG is through a two-stage power and current loop controllers. The difference error signal
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between the reference power and the actual power in the power-loop stage generates the
reference d and q current signals. Further, the error signal of the current-loop stage obtained by
difference between the generated reference currents in the previous stage and the actual rotor d-q
currents provides the d and q control voltages. The important point to mention at this stage is
that, to obtain zero steady-state error for power controller of the DFIG, the rotor d-q currents can
be calculated from the steady-state equivalent circuit for a set real and reactive power reference.
Therefore, instead of generating d-q reference currents from the real/reactive power reference,
the technique used in this thesis is to directly compute the d and q current set points. This
technique enables us to eliminate the power-loop stage of the conventionally used two-stage
controller as currents references are directly computed by solving the DFIG equivalent circuit.
Therefore, this technique to some extent eases the complexity of designing and implementing a
two-stage power controller. In all our further analysis, the space vectors in stator-voltage and
stator-flux oriented frames have been represented by the subscript sv and sf respectively.
A. Stator-voltage orientation frame
In the stator-voltage oriented frame the d-axis of the reference frame is aligned along the
stator-voltage space vector. If the grid voltage applied to the stator is constant, then the stator qaxis voltage would be zero and the d-axis voltage would be constant. This means, 𝑉𝑉𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 =
𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 + 𝑗𝑗0 . Therefore, according to (2.23) we can have, 𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 ≈ 0 − 𝑗𝑗𝐼𝐼𝑚𝑚𝑚𝑚 and 𝜆𝜆𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 ≈
0 + 𝑗𝑗𝜆𝜆𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 ≈ 0 − 𝑗𝑗𝐿𝐿𝑚𝑚 𝐼𝐼𝑚𝑚𝑚𝑚 and 𝐼𝐼𝑚𝑚𝑚𝑚 =

𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠
�(𝜔𝜔 𝐿𝐿 )
𝑠𝑠 𝑚𝑚

which means the q- component of the magnetizing current is constant and d-component is zero.
The stator d-q current space vector 𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 , according to Fig. 2.5 is
𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = 𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 − 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = −𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 − 𝑗𝑗�𝐼𝐼𝑚𝑚𝑚𝑚 + 𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 ) �
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(2.24)

Stator real/reactive powers in terms of the magnetizing and rotor currents by (2.18) are
𝑃𝑃𝑠𝑠 = −𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 , 𝑄𝑄𝑠𝑠 = 𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 �𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 + 𝐼𝐼𝑚𝑚𝑚𝑚 �

(2.25)

Therefore, if the stator real and reactive power references are given the corresponding rotor
current references are
(2.26)

𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠_𝑟𝑟𝑟𝑟𝑟𝑟 = −𝑃𝑃𝑠𝑠_𝑟𝑟𝑟𝑟𝑟𝑟 /𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠

𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠_𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑄𝑄𝑠𝑠_𝑟𝑟𝑟𝑟𝑟𝑟 /𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 - 𝐼𝐼𝑚𝑚𝑚𝑚

B. Stator-flux orientation frame

This is the most commonly used reference frame for analysis and design of control
strategy for the DFIG. In stator-flux orientation frame the d-axis of the reference frame is
is aligned along the stator-flux space vector which means that q-axis flux linkage is zero and daxis flux linkage is constant. That is
(2.27)

𝜆𝜆𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = 𝜆𝜆𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 + 𝑗𝑗0 ≈ 𝐿𝐿𝑚𝑚 𝑖𝑖𝑚𝑚𝑚𝑚 + 𝑗𝑗0

The magnetizing current space vector now becomes 𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 ≈ 𝐼𝐼𝑚𝑚𝑚𝑚 + 𝑗𝑗0.

As per (2.23), the stator voltage space vector is 𝑉𝑉𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 ≈ 0 + 𝑗𝑗𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 , and 𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 ≈ 𝐼𝐼𝑚𝑚𝑚𝑚 𝜔𝜔𝑠𝑠 𝐿𝐿𝑚𝑚 .

This clearly means that the d-component of the stator voltage is zero and q-component is

constant. The stator current space vector as per Fig. 2.5 is
𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = 𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 − 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = �𝐼𝐼𝑚𝑚𝑚𝑚 − 𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 � − 𝑗𝑗𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠

(2.28)

𝑃𝑃𝑠𝑠 = −𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 , 𝑄𝑄𝑠𝑠 = 𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 �𝐼𝐼𝑚𝑚𝑚𝑚 − 𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 �

(2.29)

Stator real/reactive powers in terms of the magnetizing and rotor currents by (2.18) are

Again, if the stator real and reactive power references are given the corresponding rotor current
references are
𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 _𝑟𝑟𝑟𝑟𝑟𝑟 = −𝑄𝑄𝑠𝑠_𝑟𝑟𝑟𝑟𝑟𝑟 /𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 + 𝐼𝐼𝑚𝑚𝑚𝑚

𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 _𝑟𝑟𝑟𝑟𝑟𝑟 = −𝑃𝑃𝑠𝑠_𝑟𝑟𝑟𝑟𝑟𝑟 /𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠

(2.30)
(2.31)
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2.5 Design of controller in stator-voltage and stator-flux orientation frames
In a DFIG the real and reactive power is controlled by the rotor-side converter. The
reactive power reference is important for reactive power compensation and for maintaining the
grid voltage. The real power reference is required for maximum power extraction from the wind
or real power output required from the generator [17]. As per section 2.4 the real and reactive
power references can be transformed into decoupled d and q current references in a two-stage
rotor converter controller. Therefore it can be concluded that the real and reactive power control
of a DFIG can be carried out by controlling the actual rotor d and q currents depending on the
type of orientation frame used. This indirect technique of power control through d-q current
control plays a very important role in maintaining power quality and curtailing the converter
generated harmonics and system imbalance. Even though direct power control techniques use
less parameters and are much simpler and less complicated than the vector control technique,
there are lot of de-merits as suggested in [23, 24]. The problem with basic direct control scheme
is that the machine performance deteriorates considerably during start-up and low speed
operation and variation in switching frequency complicates the converter circuit design.
A. Controller design in stator-voltage orientation frame
In the previous section, 𝑖𝑖𝑚𝑚 𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = 0 + 𝑗𝑗𝑖𝑖𝑚𝑚𝑚𝑚 , where 𝑖𝑖𝑚𝑚𝑚𝑚 = 𝜆𝜆𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 /𝐿𝐿𝑚𝑚 is dependent on the

stator voltage (2.23) which is almost constant because of stator-voltage oriented frame.

Therefore, mathematically the derivative of this magnetizing current is zero. Thus, we can
express (2.8) and (2.9) in new from as given by (2.32) and (2.33) below. In stator-voltage
oriented frame the position of the stator voltage space vector 𝜃𝜃𝑠𝑠𝑠𝑠 can directly be calculated from

the voltages in the α-β arbitrary reference frame (2.34). The voltages in α-β reference frame can
make d-q to a-b-c and a-b-c to d-q transformations very easy and precise using a suitable
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transformation matrix and also the value of stator-voltage space vector position 𝜃𝜃𝑠𝑠𝑠𝑠 which are

required for the controller design.
𝑣𝑣𝑟𝑟𝑟𝑟 = �𝑅𝑅𝑟𝑟 𝑖𝑖𝑟𝑟𝑟𝑟 + 𝐿𝐿𝑙𝑙𝑙𝑙
𝑣𝑣𝑟𝑟𝑟𝑟 = �𝑅𝑅𝑟𝑟 𝑖𝑖𝑟𝑟𝑟𝑟 + 𝐿𝐿𝑙𝑙𝑙𝑙

𝑑𝑑 𝑖𝑖𝑟𝑟𝑟𝑟
𝑑𝑑𝑑𝑑

𝑑𝑑 𝑖𝑖𝑟𝑟𝑟𝑟
𝑑𝑑𝑑𝑑

� − 𝜔𝜔𝑟𝑟 𝐿𝐿𝑙𝑙𝑙𝑙 𝑖𝑖𝑟𝑟𝑟𝑟 − 𝜔𝜔𝑟𝑟 𝐿𝐿𝑚𝑚

� + 𝜔𝜔𝑟𝑟 𝐿𝐿𝑙𝑙𝑙𝑙 𝑖𝑖𝑟𝑟𝑟𝑟

𝑣𝑣
𝜃𝜃𝑠𝑠𝑠𝑠 = tan−1 � 𝑠𝑠𝑠𝑠 �𝑣𝑣𝑠𝑠𝑠𝑠 �

(2.32)
(2.33)
(2.34)

The equations above form the basis of the controller designed and are directly utilized for the
purpose. The term in parenthesis in (2.32) is considered to be the state equation between the
voltage and current in d and q loops of the controller and the remaining terms are the
compensating elements. The design of the controller is based on the closed-loop block diagram
in Fig. 2.7.

Fig. 2.7 Block diagram for design of current loop controller
′
′
The current controller generates d and q voltage control signals, 𝑣𝑣𝑟𝑟𝑟𝑟
and 𝑣𝑣𝑟𝑟𝑟𝑟
based on the

difference between the actual d and q currents and the reference currents computed in (2.26). The
∗
∗
d and q voltages, 𝑣𝑣𝑟𝑟𝑟𝑟
and 𝑣𝑣𝑟𝑟𝑟𝑟
that are injected to the rotor-side converter are actually obtained

by replacing the term in parenthesis of (2.32) and (2.33) by the control voltages signal generated
by the current controller and added to the compensating elements.
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∗
′
= 𝑣𝑣𝑟𝑟𝑟𝑟
− 𝜔𝜔𝑟𝑟 𝐿𝐿𝑙𝑙𝑙𝑙 𝑖𝑖𝑟𝑟𝑟𝑟 − 𝜔𝜔𝑟𝑟 𝐿𝐿𝑚𝑚 𝑖𝑖𝑚𝑚𝑚𝑚
𝑣𝑣𝑟𝑟𝑟𝑟
∗
′
𝑣𝑣𝑟𝑟𝑟𝑟
= 𝑣𝑣𝑟𝑟𝑟𝑟
+ 𝜔𝜔𝑟𝑟 𝐿𝐿𝑙𝑙𝑙𝑙 𝑖𝑖𝑟𝑟𝑟𝑟

(2.35)
(2.36)

B. Controller design in stator-flux orientation frame
The analysis of controller design in stator-flux orientation frame follows a methodology
similar to the one adopted for stator-voltage orientation except that mathematical expressions
used are from the section 2.4-B for stator-flux oriented frame. In stator-flux oriented frame ,
𝑖𝑖𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = 𝑖𝑖𝑚𝑚𝑚𝑚 + 𝑗𝑗0 , where 𝑖𝑖𝑚𝑚𝑚𝑚 = 𝜆𝜆𝑠𝑠𝑠𝑠 _𝑎𝑎𝑎𝑎 /𝐿𝐿𝑚𝑚 is almost constant assuming that stator voltage is

constant. Therefore, we can express (2.8) and (2.9) in the new form given by (2.37) and (2.38).
The calculation of position 𝜃𝜃𝑠𝑠𝑠𝑠 of the stator-flux space vector is somewhat complicated as both

the voltages as well as currents have to be measured in the α-β arbitrary reference frame. These

currents and voltages have to undergo numerical integration (2.39) and (2.40) to calculate the
flux in α-β frame. An important point to be noted here is that integration produces computational
error which is not there in the computation of position of stator-voltage space vector 𝜃𝜃𝑠𝑠𝑠𝑠 [32].
𝑣𝑣𝑟𝑟𝑟𝑟 = �𝑅𝑅𝑟𝑟 𝑖𝑖𝑟𝑟𝑟𝑟 + 𝐿𝐿𝑙𝑙𝑙𝑙
𝑣𝑣𝑟𝑟𝑟𝑟 = �𝑅𝑅𝑟𝑟 + 𝐿𝐿𝑙𝑙𝑙𝑙

𝑑𝑑𝑖𝑖𝑟𝑟𝑟𝑟

𝑑𝑑 𝑖𝑖𝑟𝑟𝑟𝑟
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

� − 𝜔𝜔𝑟𝑟 𝐿𝐿𝑙𝑙𝑙𝑙 𝑖𝑖𝑟𝑟𝑟𝑟

� + 𝜔𝜔𝑟𝑟 𝐿𝐿𝑙𝑙𝑙𝑙 𝑖𝑖𝑟𝑟𝑟𝑟 + 𝜔𝜔𝑟𝑟 𝐿𝐿𝑚𝑚 𝑖𝑖𝑚𝑚𝑚𝑚

𝜆𝜆𝑠𝑠𝑠𝑠 = ∫(𝑣𝑣𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑠𝑠 𝑖𝑖𝑠𝑠𝑠𝑠 )𝑑𝑑𝑑𝑑, 𝜆𝜆𝑠𝑠𝑠𝑠 = ∫�𝑣𝑣𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑠𝑠 𝑖𝑖𝑠𝑠𝑠𝑠 �𝑑𝑑𝑑𝑑
𝜆𝜆
𝜃𝜃𝑠𝑠𝑠𝑠 = tan−1 � 𝑠𝑠𝑠𝑠�𝜆𝜆 �

(2.37)

(2.38)
(2.39)
(2.40)

𝑠𝑠𝑠𝑠

As opposed to stator-voltage oriented frame control technique, the magnetizing current
compensation term in stator-flux oriented frame is added to q- axis voltage equation.
∗
′
𝑣𝑣𝑟𝑟𝑟𝑟
= 𝑣𝑣𝑟𝑟𝑟𝑟
− 𝜔𝜔𝑟𝑟 𝐿𝐿𝑙𝑙𝑙𝑙 𝑖𝑖𝑟𝑟𝑟𝑟

(2.41)

∗
′
𝑣𝑣𝑟𝑟𝑟𝑟
= 𝑣𝑣𝑟𝑟𝑟𝑟
+ 𝜔𝜔𝑟𝑟 𝐿𝐿𝑙𝑙𝑙𝑙 𝑖𝑖𝑟𝑟𝑟𝑟 + 𝜔𝜔𝑟𝑟 𝐿𝐿𝑚𝑚 𝑖𝑖𝑚𝑚𝑚𝑚
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(2.42)

Fig. 2.8 presents the overall d-q decoupled vector control scheme which can be used for both
stator-voltage and stator-flux oriented frames.

Fig. 2.8 DFIG vector control structure for stator-voltage and stator-flux orientation frames
This vector control structure provides a common platform to visualize and analyze DFIG
d-q control mechanism in stator-voltage and stator-flux orientation frames. In the figure, there is
a block which implements (2.26), (2.30) and (2.31) i.e it directly calculates the d-q rotor current
∗
′
∗
references, 𝑖𝑖𝑟𝑟𝑟𝑟
and 𝑖𝑖𝑟𝑟𝑟𝑟
. The PI controller generates the d and q voltage control signals, 𝑣𝑣𝑟𝑟𝑟𝑟
and

′
𝑣𝑣𝑟𝑟𝑟𝑟
by comparing the d-q reference current signals with the actual d-q currents of the rotor. The

compensating elements of (2.35) and (2.42) are added to these voltage control signals which after
suitable transformations to α-β and a-b-c domain are injected to the rotor-side converter through
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a PWM converter. The control structure shows two most important elements, the switches S1
and S2. The position of these switches determines the type of orientation frame adopted for
designing and implementing the controller. When switch S1 is connected to the left summing
block and switch S2 is connected to right as shown in the figure, it represents stator-voltage
oriented frame as magnetizing current calculated as 𝑖𝑖𝑚𝑚𝑚𝑚 = 𝜆𝜆𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 /𝐿𝐿𝑚𝑚 adds to the d- current loop.

On the other hand, if switch S1 is connected to the right summing block and S2 to the left, statorflux oriented frame is obtained as magnetizing current calculated as 𝑖𝑖𝑚𝑚𝑚𝑚 = 𝜆𝜆𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 /𝐿𝐿𝑚𝑚 gets added

to the q-control loop. Angle 𝜙𝜙 in the control structure is another important element which helps
in choosing the type of orientation frame to be used. It is 0° for stator-voltage oriented frame and

approximately 90° for stator-flux oriented frame. A detailed explanation for this is given in the
next section 2.6. Also seen in the block is the angle 𝜃𝜃𝑚𝑚 which is the mechanical position of the

rotor and 𝜔𝜔𝑟𝑟 and 𝜔𝜔𝑠𝑠 represent the rotor angular speed and the synchronous speed of the stator
quantities respectively.

2.6 Power control analysis in stator-voltage and stator-flux oriented frames
A. Power control in stator-voltage orientation frame
The controller of DFIG is developed using the conventional frequency response
technique in s- domain. The crossover frequency of the controller is chosen to be one or two
orders less than the switching frequency of 1800 Hz. Typically, the phase margin for a stable
control system is assumed between 45° - 60° and we have taken it as 60° .

To analyze DFIG power control mechanism that have been described so far in this

chapter, a transient simulation model is developed in Matlab®/Simulink®

using the

Simpowersystems® toolset as shown in Fig. 2.9. In this model the power grid has been modeled
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by a three-phase voltage source which operates at a voltage of 690 V at 50Hz and is connected to
the stator of DFIG. The DFIG block picked up from the simpowersystems toolset is loaded with
parameters listed in Table 2.1. The system here can be modeled under two different categories
based on the type of converter implementation used. In first category the rotor voltage, a three∗
∗
phase controlled voltage source, is regulated by 𝑣𝑣𝑟𝑟𝑟𝑟
and 𝑣𝑣𝑟𝑟𝑟𝑟
using PWM converter ‘average

mode’. In second category a detailed model is created using IGBT/GTO converter in place of an
average mode converter described above. However, in this chapter only the average mode model
has been implemented while the detailed converter mode has been considered in chapter 3 for
analyzing DFIG speed control and maximum power extraction technique.
The rotor voltage which has slip frequency is obtained by dq-to-abc transformation using
the position of stator voltage space vector and rotor position. The driving torque imparted to the
turbine by wind is obtained from (2.3)-(2.5). The other parameters that have been considered for
modeling are the wind speed which is 7 m/s, air density is 1.17kg/m3 and the blade pitch angle

is 1° . The stator voltage is transformed to voltage in α-β reference frame and provides an input to
the rotor voltage controller block. The power measurement convention adopted here is such that

power absorbed towards the generator is positive. The measurable parameters are torque, speed,
stator three-phase currents, rotor three-phase currents and stator and rotor real/reactive power.
The DFIG controller performance is tested for different wind speeds in both average and detailed
converter mode and is shown by the simulation results.
Fig. 2.9 shows the model developed in Simpowersystems in ‘average mode’. The initial
real and reactive power references here are -300kW and -100kVar respectively which means that
both are supplied by stator of the generator. The model is simulated for a simulation time of t=8s
so that all the data points are captured.
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Fig. 2.9 DFIG control system implementation in SimPowerSystems (average mode)
At t=4s, the real power reference changes to -400kW while reactive power reference is
unchanged. At t=6s, the reactive power reference changes to 50kVar keeping the real power
reference unchanged. As shown by the simulation result waveforms, it is observed that the real
and reactive power generated by the DFIG effectively follows the reference values. The changes
made at t=4s and t=6s have effectively followed by the real and reactive power output from the
stator. This clearly means that the controller designed is working properly and per design.
It can also be observed in the simulations results that even though there is a real power
transition at t= 4s, there are no transients in the stator current and the quality of current is still
maintained. Also the controller’s response to the changing conditions has been very good as no
significantly high overshoot is observed in the response.
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Fig. 2.10 DFIG power control using stator-voltage oriented frame
As described previously, in a DFIG system power flows through both the stator as well as
the rotor circuit through the PWM converters. However, the total output power from the DFIG
available at the Point of Common Coupling (PCC) is the power output from the stator circuit and
power output from the rotor circuit added together. As per conventions followed in the transient
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simulation model, power absorbed towards the generator is positive. In the power control
analysis, the real/reactive power references set for the controller are basically the values for the
stator power. The total power is supplied to the grid by stator and rotor together. Figure below
shows the total power output of the DFIG. Subtracting stator power from the total power gives
the rotor power which is absorbed towards the grid.

Fig. 2.11 DFIG net output power
B. Power control in stator-flux oriented frame
In stator-flux oriented frame the controller is same except for the fact that the switches
have to be changed to add the compensating terms to the q-loop of the controller. Also the
position of the stator-flux space vector is to be considered in this analysis. The stator-flux space
vector position calculated using (2.39) and (2.4) has lot of computational error due to indefinite
integration as discussed in the previous section. However, the position of the stator-flux space
vector can be estimated by adding a delay angle (Ф) equal to 90° (Table 2.2) to the stator-voltage
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space vector position. Fig.2.11 shows a comparative analysis of the delay angle of stator-flux
space vector over stator-voltage space vector using two different approaches. ‘Approach 1’ uses

Stator-flux space vector angle

(2.40) and ‘Approach 2’ uses (2.24) in the transient simulation system.

Time(s)

Fig.2.12 Comparison of angle between stator-voltage and stator-flux space vectors using two
different approaches.
The angles obtained using both the approaches are approximately 90° but there are more

oscillations in the angle estimated using ‘Approach 2’ causing current imbalance.

The controller in stator-flux oriented frame has a similar performance assessment as it
was in the stator-voltage oriented frame. As shown in Fig. 2.12, the performance of PI controller
in controlling the real and reactive power outputs according to the real and reactive power
references has been similar to that of stator-voltage frame. Net power output is also similar. A
comparative analysis of the results obtained in two different orientation frames indicate that 1)
controller design in stator-voltage and stator-flux oriented frames have similar performance, 2)
stator-flux space vector position can be estimated by simply adding -90° to the stator-voltage
position vector and 3) it is absolutely correct to directly estimate d-q current references in statorflux orientation frame using (2.30) and (2.31) for power control.

32

Fig. 2.13 DFIG power control in stator-flux oriented frame.
The analysis of DFIG in stator-flux oriented frame based on angle estimation using
approach1 has been carried out in chapter 4 which deals with grid synchronization. The angle
calculated using approach1 significantly affects the performance of DFIG with respect to grid
synchronization, stator and rotor currents and speed control.
This rotor current-loop control system is extremely important with respect to maximum
energy extraction and grid synchronization control of the DFIG. As described in next chapter, a
speed-loop control system is designed which in conjunction with the rotor-side current controller
enables maximum energy extraction from the wind.
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CHAPTER 3
SPEED-LOOP CONTROL DESIGN AND ANALYSIS FOR MAXIMUM ENERGY
EXTRACTION

3.1 Introduction
This chapter describes in detail the overall electrical and mechanical structure of the
DFIG and its integrated control systems. The energy extraction from wind concept described in
chapter 2 is taken further here and some additional details have been presented. The electrical
and aerodynamic characteristics of the DFIG have been integrated together to analyze the DFIG
speed control mechanism and maximum energy extraction for a particular wind speed. The rotor
current control scheme designed in previous chapter along with the speed-loop controller work in
conjunction for extracting maximum power from the wind. Transient simulation models have
been developed in Matlab®/Simulink® both in ‘average mode’ and ‘detailed converter mode’ to
study DFIG speed control and maximum energy extraction strategy.

3.2 DFIG mechanical/electrical system and integrated controls
As described in previous chapters, the DFIG primarily consists primarily of three parts: a
wind turbine drive train, a doubly-fed induction generator and a power electronic converter
(Fig.3.1) [17]. The rotor blades of the drive train capture wind energy that is then transferred to
the induction generator through a gearbox. The stator is connected directly to the grid and the
rotor is connected to the grid through the two back-to-back self commutated PWM converter.
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Fig. 3.1 Detailed configuration of a DFIG system
The control in a DFIG wind power plant has three levels: the generator level, the wind
turbine level and the central wind farm level (Fig.3.1). At the generator level each of the two
PWM converters (Fig. 3.1) are controlled through decoupled d-q vector control technique in the
existing technology [17, 18, 20, 22]. Chapter 2 was dedicated to the rotor-side converter control
technique and its utilization in the stator-voltage and stator-flux oriented frames. The main goal
of the rotor-side converter control is to achieve: 1) maximum power extraction of wind energy
and 2) effective grid integration.
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Fig. 3.2 DFIG operation under different wind speeds
The grid-side converter controller maintains a constant DC-link voltage for an effective
rotor-side converter control by regulating the reactive power absorbed from the grid. At wind
turbine level, there is a speed controller and a power limitation controller which would be
discussed later in this chapter. At high wind speeds, the power limitation controller adjusts the
pitch angle of the blades to prevent turbine to operate at high speed and generate more than the
rated power [17]. At low wind speeds, the speed controller gives a reference to the rotor side
converter controller based on the principle of maximum energy extraction. At the centralized
wind power plant level, the power production of the whole wind farm depends on the grid
requirement. The main wind farm control system sends reference signals to each individual wind
turbine in accordance with the grid requirement and each generator ensures that output power
generated meets the reference value received from the central control system [17].
For a practical, real world wind turbine, the power captured by a DFIG is defined under
four different conditions (Fig. 3.2). 1) Initially, before the cut-in wind speed, the power output of
the generator is zero as the required driving torque is not available. 2) After crossing the cut-in
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speed, the turbine operates in the speed control mode and the DFIG is controlled for maximum
energy extraction. 3) After rated wind speed, the turbine operates in the power control mode
wherein the output power generated by the machine is kept under control by regulating the pitch
angles of the blades. 4) Beyond cut-out wind speed, the turbine is shut down and no output
power is generated. Thus, the overall performance of the DFIG depends not only on the wind but
also on the integrated generator and aerodynamic control systems which should effectively coordinate under variable wind conditions.

3.3 DFIG d-q steady-state model review
To understand electrical characteristics of a DFIG, the generator steady-state
characteristics under d-q vector control described in chapter 2 are being reviewed here. The
equations (2.6 - 2.9) that were used to develop the steady-state model have been re-presented
here for quick analysis of the topic in this chapter.
∗
𝑃𝑃𝑠𝑠 + 𝑗𝑗𝑄𝑄𝑠𝑠 = 𝑉𝑉𝑠𝑠_𝑑𝑑𝑑𝑑 𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑
2
𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑
. 𝑅𝑅𝑟𝑟

(3.1)
(3.2)
∗

������������⃗
𝑃𝑃𝐴𝐴𝐴𝐴 = 𝑅𝑅𝑅𝑅 �𝐸𝐸𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 �−𝐼𝐼
𝑟𝑟_𝑑𝑑𝑑𝑑 � �

(3.3)

∗
𝑃𝑃𝑟𝑟 + 𝑗𝑗𝑄𝑄𝑟𝑟 = 𝑉𝑉𝑟𝑟 _𝑑𝑑𝑑𝑑 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑

(3.4)

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑃𝑃𝐴𝐴𝐴𝐴 + 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅

(3.5)

𝑇𝑇𝑒𝑒𝑒𝑒 = 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 /𝜔𝜔𝑠𝑠 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 /𝜔𝜔𝑟𝑟

(3.6)

In addition to this the electromagnetic torque developed by the machine is

At the wind turbine level, using the motor conventions as described in chapter 2, the rotational
speed of the generator follows
𝜏𝜏𝑒𝑒𝑒𝑒 = 𝐽𝐽𝑒𝑒𝑒𝑒

𝑑𝑑 𝜔𝜔 𝑔𝑔
𝑑𝑑𝑑𝑑

+ 𝐵𝐵𝑎𝑎 𝜔𝜔𝑔𝑔 + 𝜏𝜏𝑤𝑤

(3.7)
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where 𝐽𝐽𝑒𝑒𝑒𝑒 is the equivalent moment of inertia for wind turbine mechanical assembly and of the

generator. The relationship between rotor speed 𝜔𝜔𝑟𝑟 , generator speed 𝜔𝜔𝑔𝑔 , generator slip s and the

gear ratio 𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is defined by (3.8). The electromagnetic torque 𝜏𝜏𝑒𝑒𝑒𝑒 can be computed from (3.9)
given by [31]. In the steady-state, the wind turbine driving torque or power must balance with the

electromagnetic torque or converted power if the rotational losses of the machine are neglected.
That is 𝑇𝑇𝑤𝑤 = 𝑇𝑇𝑒𝑒𝑒𝑒 or 𝑃𝑃𝑤𝑤 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 . Also, a stable torque or power balance requires that, for any
small change in the generator speed, a DFIG can return to the torque or power balance point
effectively.
𝜔𝜔 𝑔𝑔

𝜔𝜔𝑟𝑟 = 𝑝𝑝. 𝜔𝜔𝑔𝑔 , 𝜔𝜔𝑔𝑔 = 𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝜔𝜔𝑚𝑚 , 𝑠𝑠 = 1 − 𝜔𝜔
𝜏𝜏𝑒𝑒𝑒𝑒 = 𝑝𝑝�𝜆𝜆𝑠𝑠𝑠𝑠 𝑖𝑖𝑟𝑟𝑟𝑟 − 𝜆𝜆𝑠𝑠𝑠𝑠 𝑖𝑖𝑟𝑟𝑟𝑟 �

𝑠𝑠𝑠𝑠𝑠𝑠

=1−

𝜔𝜔 𝑚𝑚 ∙𝑛𝑛 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝜔𝜔 𝑠𝑠𝑠𝑠𝑠𝑠

(3.8)
(3.9)

3.4 Electrical characteristics of DFIG wind turbine
The electrical characteristics of a DFIG have been investigated in [33] wherein, a steadystate simulation model has been developed using stator-voltage oriented frame. Unlike a
conventional fixed speed induction generator that operates in the generating mode for -1<s≤0
and in motoring mode for 0<s
≤1 [34], a DFIG can generate power both above and below the
synchronous speed. In a DFIG, the slip is dependent not only on the wind but also on the voltage
injected to the rotor which causes the converted power characteristics to be totally different form
a conventional induction machine. For any situation, the turbine driving torque should always be
smaller than the pushover torque of an induction generator to prevent a runaway [34]. The main
features of DFIG electrical characteristics which would be utilized for maximum power
extraction are shown in the figures ahead while the detailed study is given in [33, 35]. The
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figures below show DFIG converted power characteristics against different values of the rotor daxis and q-axis voltages.
A. Converted power characteristics under 𝑉𝑉𝑟𝑟𝑟𝑟 control

The analysis corresponding to Vrq control represents a condition of variable Vrq but

constant Vrd . From the converted power characteristics, it is seen that control of Vrq result in
multiple characteristic curves instead of one as for a conventional fixed speed induction machine.

These curves suggest that DFIG can generate power both above and below the synchronous
speed. A positive Vrq draws the curves more towards the motoring mode for speeds above

synchronous speed and towards generation mode below synchronous speed. A negative Vrq does

the opposite by drawing the curves towards generating mode for speed above synchronous speed

and towards motoring mode for speeds below synchronous speed. While Vrq and Vrd are zero,
DFIG has the same converted power characteristics as that of a conventional fixed-speed

induction machine. To ensure stable operation around synchronous speed, Vrq should be used
with Vrd as shown in the Fig. 3.3 (b).

B. Converted power characteristics under 𝑉𝑉𝑟𝑟𝑟𝑟 control

As Vrd increases positively while Vrq is constant, the converted power curves are pulled

towards generating mode for all the slips and the generator has to shift from above to below
synchronous speed to generate power. A negative Vrd does the opposite for all slips by shifting
curves towards the motoring mode. It has been suggested in [33] that Vrd is more effective and

stable to DFIG above synchronous speed. Also it can be deduced from the characteristic curves
that, Vrd is more effective and stable in controlling the speed in stator-voltage oriented frame.

Therefore it can be concluded that both Vrq and Vrd can control the DFIG speed and also

shift speed above and below 𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠 .
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Fig. 3.3 Converted power-slip characteristics under Vrq control

Fig. 3.4 Converted power-slip characteristics under Vrd control
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3.5 Integrating electrical and aerodynamic characteristics of DFIG
Successful operation of a DFIG depends both on the electrical characteristics of the
generator and on the aerodynamic characteristics described in section 2.2-A-B in chapter 2.
Under variable speed conditions, a DFIG wind turbine operates primarily in the motoring region
most of the time. In the speed control mode, the pitch angle is constant while the rotating speed
of the turbine is regulated through the control at the generator level. The aerodynamic
characteristic of the wind as described in Fig. 2.2 of chapter 2 shows that for each pitch angle
there is an optimum tip-speed ratio under which the wind turbine power coefficient Cp takes a
particular maximum value. The characteristics of the power extracted from the wind as given in
Fig. 3.5 show that. 1) There is a linear relation between the extracted power and the wind speed,
i.e. as the wind speed increases, the extracted power also increases. 2) As rotational speed of the
wind turbine increases, the extracted power output reaches a maximum value and then starts
decreasing. Also it is evident from Fig. 2.2 of chapter 2 that maximum power is extracted for a
blade pitch angle of β equal to 1° .

Fig. 3.5 Extracted power characteristics for β=1° at different wind speeds
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The relationship between the generator rotational speed 𝜔𝜔𝑔𝑔 and slip s has been given in

(3.8) which suggest that as the turbine blade rotational speed increases, the generator slip

decreases. That is a change from a sub-synchronous speed to an over-synchronous speed. Some of
the key facts from integrated DFIG electrical and aerodynamic characteristics from the work
conducted in [35, 36] are: 1) Larger gear ratio moves extracted power characteristics towards an
over-synchronous speed zone. 2) More number of poles causes the generator to operate in subsynchronous speed zone. 3) Smaller grid frequency causes characteristics towards oversynchronous speed. 4) Under constant wind speed, a larger rotor voltage forces the generator to
operate towards sub-synchronous speed which means reduced turbine rotational speed. 5) Under
the same d-q rotor voltage, higher wind speed causes generator to operate close or beyond
synchronous speed which means more turbine rotational speed.
The case study in this chapter to investigate the speed control mechanism and associated
maximum power extraction has been carried out for a pitch angle of β=1° and gear ratio
𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =100

3.6 Controller design for DFIG speed control and maximum power extraction
The design for DFIG speed control takes into consideration 1) maximum wind power
extraction and 2) reactive power compensation. The control mechanism is implemented through
a traditional nested-loop structure which has an outer speed and reactive power loop and an inner
d-q rotor current loop described in chapter 2. As described in chapter 2, rotor d-q reference
currents can be effectively estimated by direct computational approach from the real and reactive
power references which eliminates the power-loop controller of the nested control structure. This
point was completely validated by the simulation results of real/reactive power control.
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Taking this concept further ahead here, the reference currents of the d and q rotor current
loops are generated according to the demands of desired stator reactive power and a desired
torque, respectively. The controller design methodology is exactly similar to the rotor current
controller designed in chapter 2 except for some changes given by (3.11 – 3.14). Using the DFIG
equivalent circuit of (Fig. 2.3), the steady-state magnetizing current space vector is 𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 ≈

0 − 𝑗𝑗𝐼𝐼𝑚𝑚𝑚𝑚 and the stator-voltage space vector is 𝑉𝑉𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = 𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 + 𝑗𝑗0

in the stator-voltage

oriented frame. Therefore, the stator d-q current space vector is

𝐼𝐼𝑠𝑠_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = 𝐼𝐼𝑚𝑚𝑚𝑚 _𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 − 𝐼𝐼𝑟𝑟_𝑑𝑑𝑑𝑑 _𝑠𝑠𝑠𝑠 = −𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 − 𝑗𝑗�𝐼𝐼𝑚𝑚𝑚𝑚 + 𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠) �

(3.10)

Therefore, in terms of rotor magnetizing currents, the electromagnetic torque and stator reactive
power obtained from (3.1), (3.6) and (3.9) are
𝑇𝑇𝑒𝑒𝑒𝑒 = 𝜆𝜆𝑠𝑠𝑠𝑠 𝐼𝐼𝑟𝑟𝑟𝑟 , 𝑄𝑄𝑠𝑠 = 𝑉𝑉𝑠𝑠𝑠𝑠 (𝐼𝐼𝑚𝑚𝑚𝑚 + 𝐼𝐼𝑟𝑟𝑟𝑟 )

(3.11)

𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠_𝑟𝑟𝑟𝑟𝑟𝑟 = −𝑇𝑇𝑒𝑒𝑒𝑒 _𝑟𝑟𝑟𝑟𝑟𝑟 /(𝐿𝐿𝑚𝑚 𝐼𝐼𝑚𝑚𝑚𝑚 )

(3.12)

For a given torque and stator reactive power reference Tem _ref and Q s_ref , the rotor d and q current
references are

𝐼𝐼𝑟𝑟𝑟𝑟 _𝑠𝑠𝑠𝑠 _𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑄𝑄𝑠𝑠_𝑟𝑟𝑟𝑟𝑟𝑟 /𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 - 𝐼𝐼𝑚𝑚𝑚𝑚

(3.13)

The torque reference is generated by the DFIG speed controller. The transfer function for the
speed controller in s- domain obtained from (3.7) is
𝐺𝐺𝑆𝑆 (𝑠𝑠) = 1�
�𝐽𝐽𝑒𝑒𝑒𝑒 ∙ 𝑠𝑠 + 𝐵𝐵𝑎𝑎 �

(3.14)

where 𝐵𝐵𝑎𝑎 is the damping of the mechanical assembly of the wind turbine.

The block diagram as shown in Fig. 3.6 for implementation of PI speed controller is

similar to that of the rotor d-q current controller except that it has a transfer function given by
(3.14).
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Fig. 3.6 System block diagram for speed-loop controller

Fig. 3.7 DFIG speed and power control using stator-voltage oriented frame
Figure 3.7 shows the overall d-q vector control structure for speed and reactive power
output of the DFIG wind turbine in stator-voltage oriented frame. The blocks in the structure
clearly show the speed-loop controller and the rotor d-q current-loop controller. The
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compensating terms given by (2.35) get added to the d-axis loop to enable system operation in
stator-voltage oriented frame.

3.7 Transient study of DFIG speed control and maximum power extraction
The DFIG closed-loop control structure of Fig.3.7 is developed in Matlab®/Simulink®.
In transient simulation environment, the maximum power extraction is investigated under more
realistic control conditions. The system parameters considered here for our case study are same as
given in section 2.5 of chapter 2 for demonstrating the rotor current-loop controller design in two
different orientation frames. The speed control loop here is an addition to the model used in
chapter2. The objectives of the speed control loop are 1) maximum wind power extraction and 2)
zero stator reactive power. As stated earlier, the transient simulation models have been developed
in two different forms. The ‘average mode’ model is a complete mathematical representation of
the control scheme developed in the previous sections including the rotor-side power converter.
The converter implementation in the ‘average mode’ is done through mathematical equations.
The ‘detailed converter’ model is a more practical model which utilizes a PWM converter from
the SimPowerSystems block set instead of a mathematical representation of the converter as used
in ‘average mode’. The PWM converter used in the model is an IGBT/DIODE converter which
receives gate control signals from the d-q rotor current controller. The converter operates at a
frequency of 1.8 kHz. In addition to this an intermediate DC-link capacitor voltage is represented
by a DC voltage source. The primary function of this capacitor is to provide constant DC voltage.
Constant DC voltage is mandatory for successful operation of the rotor-side converter. The gridside power converter’s function is to maintaining constant system voltage by reactive power
compensation as well to keep the DC-link voltage constant. For our case study over here it is
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assume that grid side converter has been able to maintain constant voltage and therefore we can
simply used a DC voltage source to represent the bridging capacitor voltage.
Fig. 3.8 shows the DFIG transient simulation model in ‘detailed converter’ mode. The
‘average mode’ model has already been presented in Fig. 2.9 of chapter 2.

Fig. 3.8 Control Implementation in ‘detailed converter’ model
Figure 3.9 shows the results of transient simulation study under variable wind conditions.
The initial slip is estimated by solving a non-linear equation in Mathcad for some suitable value
of d and q voltages. As described earlier wind turbine driving torque is computed on the basis of
wind speed and turbine rotational speed. The speed reference is generated according to the
maximum power extraction principle shown in Fig. 3.5. Before t = 2.5s, the wind speed is 7m/s
and the reference generator speed calculated from (2.4) is 95rad/s. As it is shown in Fig. 3.9, the
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generator rotor speed is maintained at the reference speed. This reference speed ensures maximum
power extraction for the wind speed at this point. The stator and rotor real and reactive powers are
the same as the steady-state calculated results. However, the rotor voltage is high due to which the
rotor-side converter comes closer to the converter linear modulation limit. At t = 2.5s, the wind
speed changes to 11m/s and the reference speed changes to 125rad/s. The rotor d-axis voltage is
reduced for a higher generator speed demand but the q-axis voltage increases to compensate the
stator reactive power causing increased real power to pass on to the stator. At t = 6m/s, the
generator reference speed changes to 149rad/s which corresponds to a wind speed of 11m/s. It can
be seen in Fig. 3.9, the rotor control voltage becomes small as generator tends to operate near the
synchronous speed. This reduces the power passed on from rotor to the stator. Further, at t = 9.5s,
the generator reference speed changes to 177rad/s which is above the synchronous speed. The daxis voltage becomes highly negative in order to shift DFIG from sub-synchronous to oversynchronous zone. In over-synchronous speed zone, the captured wind power flows to the grid
through both the stator and the rotor paths and the stator real power is smaller than it was before t
= 9.5s. The highly negative d-axis voltage also takes care of increased speed demand.

(a)
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(b)

(c)

(d)
Fig. 3.9 DFIG speed control for maximum power extraction in ‘average mode’
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Similar results have been obtained for the ‘detailed converter’ model. The only difference
in the transient simulation results of the ‘average mode’ and ‘detailed converter’ model is a hint of
mild oscillations. These minor oscillations in the various results presented in Fig.3.10 are
attributed to the PWM converter which operates at a frequency of 1.8 kHz and is one of the
proven sources of power system harmonics. But as mentioned earlier, ‘detailed converter’ model
is a more practical representation of a DFIG wind turbine.

(a)

(b)
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(c)

(d)
Fig. 3.10 DFIG speed control for maximum power extraction ‘converter’ mode
In Matlab®/Simulink® modeling environment, oscillations also depend on the sampling
time of the signals that run through various sections of the model. These mild oscillations can be
curtailed by having a very small sampling time typically of the order of few microseconds.
However, the results obtained in both modes are quite identical apart from the oscillations that are
produced in the detailed model.
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Thus, the case study presented in this chapter clearly describes the speed control and
maximum power extraction concept of the DFIG wind turbine. The design and operation of the
controller is justified by the manner in which decoupled d-q voltages are controlled for extracting
maximum energy from the wind under different speeds. From Fig. 3.9 and 3.10, it is clear that the
power output of the DFIG follows the principle of power extraction as shown in Fig. 3.5.
As rotor current control, speed control and maximum power extraction control strategy has
been analyzed, it makes a case where DFIG can be connected to the power grid. The control
technique and the grid connection methodology described in the next chapter utilize the concept
of rotor-side converter control to implement successful grid synchronization control system.
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CHAPTER 4
SYNCHRONIZATION CONTROL TO CONNECT DFIG TO THE GRID

4.1 Introduction
This chapter describes the technique and control system designed to achieve successful
grid synchronization of the DFIG. The simulation model has been described primarily in the
stator-voltage orientation frame. The stator-flux orientation frame has been implemented later
using two different techniques based on the estimation of stator-flux space vector angle using
two different approaches as described in chapter 2. The simulation results present the
effectiveness of synchronization under different conditions and different reference frames used.
A comparative analysis has been carried out between direct synchronization method and the
method proposed here to demonstrate effectiveness of the technique proposed.

4.2 Grid Synchronization Control Method
As stated earlier, the main goal of successful synchronization is to reduce stresses on the
electrical and mechanical components of the wind turbine. Also it helps in preventing power
system disturbance due to stator-grid connection. The mechanical stress is caused by heavy
transient torque at the start-up and electrical stress is due to huge heavy start-up currents which
are transient in nature and take some to settle. The mechanical stress can damage the gearbox,
shaft and the rotor of the machine while electrical stress can damage the insulation, and winding
of the stator and the rotor over a period of time.
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To introduce synchronization control method, we can define the DFIG system on either
side of the three-phase circuit breaker located between the stator and the grid as shown in Fig.
4.1.

Fig. 4.1 DFIG-grid synchronization system
The voltage quantities on either side of the switch/circuit breaker are referred to as the
stator-induced voltage and the grid voltage. As described in previous chapters the three-phase
voltage undergoes a suitable vector transformation into d and q quantities. Under stator-voltage
oriented transformation, we know that the d-axis component of the grid voltage is constant and
q-axis component is zero. This means, in case of condition synchronized between stator induced
voltage and grid voltage, the q-axis component of the stator induced voltage should be zero in
stator-voltage orientation frame. When the q-axis component of the stator induced voltage is not
zero, it indicates that basic synchronization condition is not completed. In case of a stator-flux
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oriented reference frame the q-axis component is constant while the d-axis is zero. The
synchronization condition under stator-flux oriented frame is not satisfied when the d-axis
component of the stator induced voltage is zero. Otherwise the synchronization is not successful.
To synchronize the generated voltage vector with the grid voltage vector, at the start-up stage
before connecting to the grid, d-axis and q-axis rotor currents are applied as obtained in the
stator-voltage orientation frame. Then we connect stator induced voltage to the grid through
three-phase circuit breaker.
Now, the synchronization control scheme and method presented in this chapter is also
based on the equalization of the stator induced voltage and the grid voltage as described above.
But in the control technique proposed in [36] and [37], a phase-locked-loop (PLL) computes the
grid voltage phase displacement required for the system control orientation and synchronization
procedures. According to [36] and [37] the PI controller gives an angular frequency which is
integrated to obtain the grid voltage space vector angle. This angle is back-fed and used for abcto-dq transformation. A particular value of the frequency (ωs=314.15 rad/s for a 50Hz system) is
fed-forward to improve the overall performance of the PLL.

Fig. 4.2 Phase Locked Loop (PLL) to compute grid voltage angle
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The rotor components are displaced by the slip angle which is estimated as the difference
between the grid voltage angle given by the PLL and the rotor angle obtained from the machine
parameter measurement. The arrangement shown above uses the stator-voltage orientation model
as the q-axis voltage is zero and d-axis voltage component has some constant value.
The rotor current controllers are initialized to induce voltage in the stator. The rotor
∗
∗
current set-points (𝑖𝑖𝑟𝑟𝑟𝑟
and 𝑖𝑖𝑟𝑟𝑟𝑟
) have been actually calculated by (4.1) and (4.2) in the stator-

voltage reference frame.

∗
𝑖𝑖𝑟𝑟𝑟𝑟
=0

(4.1)

∗
= 𝑖𝑖𝑚𝑚𝑚𝑚 = 𝑉𝑉𝑠𝑠𝑠𝑠 _𝑠𝑠𝑠𝑠 /(𝜔𝜔𝑠𝑠 𝐿𝐿𝑚𝑚 )
𝑖𝑖𝑟𝑟𝑟𝑟

(4.2)

These calculated reference currents are injected to the rotor of the DFIG to induce
voltage. Once the voltage is generated, the three-phase circuit breaker is closed to connect stator
to the grid and then the main speed and power controllers are initialized to complete the
synchronization process.
Also in [37] a PI controller has been utilized to generate an ‘offset angle’ compensator
which is required to make for the phase shift if any between the stator induced voltage and the
grid voltage. This compensator generates a compensating angle from the error voltage signal
between the grid q-axis voltage component and the stator-induced q-axis voltage component in
the stator-voltage orientation frame. In stator-flux orientation frame d-axis voltage signals are
compared.
However, the control system proposed here does not require a separate PLL to compute
the angle nor any controller to compensate for the phase shift. The rotor-side current controller
controls the magnitude, phase angle and frequency of the stator induced voltage. Since we expect
the DFIG stator induced voltage to be same as the grid system voltage in terms of magnitude,
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phase angle and frequency, the grid system voltage is considered to be the reference signal for
the rotor-side controller instead of stator voltage as shown in Fig. 4.3. As per the normal control
technique described in previous chapters, the rotor-side current controller generates a d-q control
signal which is injected to the rotor of the DFIG through the rotor-side converter. The angle
estimated for the grid voltage would also be the angle for the stator-induced voltage. This implies
that, the stator-voltage space vector position would be the same as grid-voltage space vector
position and is computed directly in the α-β reference frame given by (2.34) in chapter 2. This
control technique eliminates the need to, 1) compute parameters 𝑘𝑘𝑝𝑝 and 𝑘𝑘𝑖𝑖 of the PI controller of

the PLL, 2) ‘calculating’ the rotor current set-points as described in [36] and [37] and 3) design
voltage and angle compensators.

Fig. 4.3 Presented method of DFIG control and grid-synchronization
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Vgrid is the three phase grid voltage which undergoes a suitable vector rotation to get

transformed in to α-β components and the grid-voltage space vector position 𝜃𝜃𝑠𝑠 is determined

from (2.34). This angle 𝜃𝜃𝑠𝑠 would also be the position of stator induced-voltage space vector.
𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 , 𝐼𝐼𝑟𝑟 and 𝜔𝜔𝑚𝑚 are the grid current, rotor current and the rotor speed respectively. The rotor-

side current controller generates the control voltage 𝑉𝑉𝑟𝑟_𝑑𝑑𝑑𝑑 which is injected to the rotor of the

DFIG to generate voltage same as the grid. As the rotor rotates a voltage is induced in the stator
which is exactly identical to the grid voltage in terms of magnitude, phase angle and frequency.
Any changes in the grid voltage conditions reflects in an equivalent change in the stator
induced voltage since the grid voltage is the reference for the stator induced voltage. This
procedure is similar to the one proposed in [36] wherein a null current concept in stator-voltage
orientation frame has been used for the DFIG-Grid connection except that the implementation
method has become more simple.
As described earlier, in stator-voltage orientation frame, the d-axis of the reference frame
is aligned along the stator voltage position and the q axis component is zero. In this frame, the
∗
∗
and 𝑖𝑖𝑟𝑟𝑟𝑟
) are calculated based on the desired stator voltage 𝑉𝑉𝑠𝑠 with
rotor current set-points (𝑖𝑖𝑟𝑟𝑟𝑟

‘opened stator’. The method proposed in this chapter utilizes the conditions as given by (4.1) and

(4.2) but the rotor-current set points instead of calculating separately, get automatically generated
for the grid reference voltage and not for the stator induced voltage as stated above.
As per [37], in order to make the amplitude of the stator induced voltage identical with
the grid voltage for successful synchronization, the d-axis component should be the same for
each of the two voltages. Voltage ‘error compensation’ has been utilized to counter any
difference in the d-axis components of the two voltages to enable synchronization. However, the
technique proposed here automatically takes care of this condition since the voltage induced in
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the stator is generated from the grid reference voltage in the stator-voltage orientation frame.
Therefore, the d-axis components of both the voltages are identical which facilitates identical
grid and stator induced voltages.

4.3 Synchronization Method
A specific methodology needs to be adopted for effective synchronization. So far we
described one of the stages of synchronization which was to generate stator induced voltage
identical in magnitude, phase angle and frequency to the grid voltage. The second stage of
synchronization process involves precise control of the three-phase circuit breaker which is the
interconnecting bridge between the power grid and the stator of the DFIG. The start-up and
synchronization process irrespective of the type of orientation frame used can be achieved in
steps mentioned below.
A. Turbine acceleration
The first step is to start the DFIG system. The aerodynamic drive torque exerted by wind
on the wind turbine blades rotates the system and accelerates the generator shaft. The pitch angle
β is maintained at the lowest point in order to obtain maximum torque and to keep the
acceleration time very short. Due to inertia of heavy masses of the wind turbine mechanical
system, this step can take the longest time.
B. Controller Initialization
As the wind turbine speeds up to the cut-in wind speed, the rotor-side current controller is
initialized. The d-q rotor control voltage generated by the controller is injected to the rotor of the
DFIG through the PWM converter to induce voltage in the stator. The voltage induced in the
stator is produced in accordance with the principle described in section 4.2. At this stage, the
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stator is ready to be connected to the power grid. However step C ahead needs to be understood
before making connection by closing the circuit breaker.
C. Stator connection
This is the most critical stage of the synchronization process. The time at which the threephase circuit breaker needs to be closed for connecting the stator is very important. Care has to
be taken that the breaker is closed at a point of time when the stator induced voltage is exactly
equal in magnitude to the grid voltage. The stator induced voltage would be in phase with grid
voltage and so would be the frequency, but the magnitude needs to be monitored. If the circuit
breaker is closed with a stator induced voltage less than the grid voltage, heavy transient stator
and rotor currents would be observed which indicates unsuccessful synchronization. The worst
scenario is observed in stator-flux orientation frame developed using ‘Approach 1’.
In a nutshell, these conditions can be summarized in form of equations given below.
𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 sin(𝜔𝜔𝜔𝜔 + 𝜑𝜑) = 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 sin
(𝜔𝜔𝜔𝜔 + 𝜑𝜑)

(4.3)

�𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 � = |𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡 |

(4.5)

𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(4.4)

where 𝜑𝜑, 𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 , 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , 𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 , 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , �𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 � , |𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 | are the phase angle, peak value,
frequency and magnitude of the grid and stator voltage respectively.

4.4 Transient simulation study and results
The transient simulation model has been developed in ‘detailed converter’ mode. A
comparative analysis with direct connection has been done to demonstrate the effect of proper
grid synchronization. Analysis has also been done in stator-flux orientation frames using two
different approaches of obtaining the stator-flux space vector position.
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Fig. 4.4 DFIG grid-synchronization structure in ‘detailed converter mode’
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Fig. 4.4 shows the DFIG transient simulation model for implementing grid
synchronization in the ‘detailed converter mode’. The magnitude of the stator induced voltage
was observed at about 50 different test points after the start-up to determine the point at which
this voltage was equal to the grid voltage. It was found that at t = 0.1s, the magnitude of the
stator induced voltage is equal to the grid voltage. It was at this point the circuit breaker was
closed and the connection was established between the stator and the power grid. Fig. 4.5 shows
the stator connection for one of the three phase voltages. The fundamental component of the
induced voltage over the grid voltage shows no deviation in magnitude, phase angle and
frequency. A high frequency noise is observed in the induced voltage before the synchronization
which can be attributed to ripples in the rotor current.

Fig. 4.5 Stator-Grid Synchronization
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A successful synchronization at t = 0.1s reflects in almost no or very low impact on the
grid. Fig. 4.6 below shows that stator-grid current has very low oscillations. The stator current
reaches a peak transient value of 2200A which is just a little over the peak value of the rated
current which is 1950A. Rotor current also has very small oscillations.

Fig. 4.6 Synchronization impact on stator current and rotor current
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Stator power and electromagnetic torque also have very small oscillations as shown in the
figures below.

Fig. 4.7 Synchronization impact on DFIG stator power and torque
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A comparative analysis of the parameters such as stator current, rotor current, stator
power and electromagnetic torque can be done with the help of results obtained for direct
connection of chapter 3 through various figures presented below.

Fig. 4.8 Stator and rotor currents under stator-grid direct connection
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From Fig. 4.8 it is clear that in case of direct connection, improper stator to grid
connection causes heavy oscillation in the currents which has an adverse affect on the machine
and power system.

Fig. 4.9 Stator power and electromagnetic torque in stator-grid direct connection
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The results of stator power and torque in Fig. 4.9 show oscillations of very high
magnitude. The huge swings in the stator power can cause power system instability and serious
grid disturbance. The start-up transient torque of high magnitude can impart enormous stress to
the mechanical assembly of the wind turbine damaging the gearbox and shafts.
The transient simulation model was also simulated under three different conditions to
analyze their effect on the synchronization and the system parameters.
1) Connection at a point of no induced stator voltage at t = 0.0s
2) Connection at a point of unequal voltages at t = 0.05s.
3) Connection at a point of unequal voltages at t = 0.065s.

Fig. 4.10 Synchronization under unequal stator and grid voltage (at t = 0.0s)
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Fig. 4.11 Synchronization under unequal stator and grid voltage (at t = 0.05s)
From Fig.4.10 and 4.11 it is clear that if the basic principle of synchronization i.e
identical magnitude of the stator induced voltage and the grid voltage is not obeyed, the
synchronization is not successful. Lot of high magnitude oscillations can be observed in the
stator current waveform which is solely attributed to magnitude difference between the two
voltages. Among the two conditions, the worst case scenario is observed in condition 1 i.e for a
stator-grid connection at t = 0.0s. The peak amplitude of the stator current waveform is about
11500A which is about six times higher than the nominal value of the current. Under condition 2,
the amplitude of the transient component of the stator current is lesser than for condition 1 but it
is significant enough to cause grid disturbance. Even though the phase angle and frequency of
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the stator induced voltage was equal to the grid voltage, the magnitude difference between the
two rendered synchronization unsuccessful.
Fig. 4.11 below shows unsuccessful synchronization under condition 3 wherein the
magnitude of the stator induced voltage is again lesser than the grid voltage. This condition is
simulated by closing the circuit breaker at t = 0.065s, the point at which the stator voltage is
smaller in magnitude than the grid voltage. The waveform clearly indicates that once again the
synchronization has been unsuccessful as the stator start-up current peak goes to about 3.5 times
the rated current. Hence, equal magnitudes of the two voltages are important for synchronization.

Fig. 4.12 Synchronization under unequal stator and grid voltage (at t = 0.065s)
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Further, we describe grid synchronization of a DFIG under stator-flux orientation frame.
As discussed numerous times, in stator-flux orientation frame the d-axis of the reference frame is
aligned along the stator-flux space vector. It was described in detail in chapter 2 that the statorflux orientation frame can be developed using two different techniques based on the method of
estimation of stator-flux space vector position. The grid-synchronization results obtained for
various parameters in stator-flux oriented model developed using ‘Approach 2’ are identical to
the results obtained for stator-voltage orientation frame (Fig. 4.4 – 4.6). However, the results
obtained for the model developed using ‘Approach 1’ shows that stator-grid synchronization is
not satisfactory.

Fig. 4.13 Stator-Grid Connection in stator-flux orientation frame (Approach 1)
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As shown by Fig. 4.13 the stator induced voltage and grid voltage connection is exactly
similar to the connection in stator-voltage orientation frame. But, the other parameters like stator
current, stator power and torque possess heavy oscillations.

Fig. 4.14 Synchronization impact on stator current and power in stator-flux orientation frame
(Approach 1)
The figures above show that stator current and stator power possess oscillations of
highest amplitude of all the conditions under which we have tested our DFIG model.
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This is simply attributed to high computational error in the estimation of stator-flux space
vector position due to multiplication of the stator current with a low stator winding resistance
and the numerical integration involved (2.39 – 2.40). Even the electromagnetic torque has the
transient component of highest amplitude amongst all the cases studied so far.

Fig. 4.15 Synchronization impact on torque in stator-flux orientation frame
Analyzing the grid synchronization method in two different orientation frames clearly
implies that stator-voltage and stator-flux based models are equally successful in achieving
satisfactory grid synchronization. While considering stator-flux orientation frame, the model in
which stator-flux space vector position is estimated by subtracting 90° to the stator-voltage space
vector (Approach 2) behaves exactly similar to the stator-voltage orientation frame. However,

the model in which stator-flux space vector position is estimated through numerical integration
(Approach 1) is not at all successful in stator-grid synchronization as shown by simulation
results. We recall approach 1 of chapter 2 here for a quick grasp of our analysis. In approach 1,
the stator-flux space vector position is computed using (2.39) and (2.40) which has lot of
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computational error due to indefinite integration involved. This numerical indefinite integration
is carried out to compute the flux in α-β reference frame and finally the stator-flux space vector
angle.
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CHAPTER 5
SUMMARY AND FUTURE SCOPE

With population increasing at a rapid pace around the world, more industries are coming
up so are the automobiles. These industries and automobiles consume a lot of conventional fuel
like gasoline, coal, natural gas etc. Thermal power plants around the world are the most common
source of electricity and rely primarily on coal as their fuel. These natural resources are getting
exhausted at a very fast rate and coal may not be available in the next 80-100 years. These
natural fuels are undoubtedly the most reliable form of energy but they are also the primary
source of environmental pollution. The chemicals and gases released by the combustion of these
fossil fuels are depleting the ozone layer of the atmosphere which prevents the ultra-violet rays
from reaching the earth’s surface. Considering all these serious issues, the world has started to
think of alternative forms of energy which are cheap, environment friendly and inexhaustible.
Over the past 20 years wind has become the most popular source of alternative energy which is
both cheap and inexhaustible.
However, the wind profile of a particular area is highly variable and newer technologies
are required to make the electricity output from the wind turbines reliable. The work presented in
this thesis is committed to control and grid-synchronization of the doubly-fed induction
generator. A DFIG d-q steady state model is developed to study the real and reactive power
control in stator-voltage and stator-flux oriented frame. Both transient and steady-state models
have been presented in the d-q reference frame. The steady-state model is used to derive
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relationship between the rotor d-q currents and stator real/reactive power in the stator-voltage
and stator-flux oriented frame. The transient model along with the DFIG equivalent circuit is
used to design the DFIG controller. Study conducted shows that the mathematical representation
of the stator-voltage and stator-flux orientation frames is different which causes difference in the
design of controller in two different orientation frames. Also, the current references for the
current-loop of the conventionally used PI-controller are generated from the real and reactive
power references which eliminate the power-loop of the two-stage controller topology. Also, the
estimation of stator-voltage space vector position is easier and more accurate than the stator-flux
space vector. Study also shows that stator-flux space vector position can be estimated by simply
adding -90° to the stator-voltage space vector position. Simulation studies conducted show that

the DFIG controller designed in stator-voltage and stator-flux oriented frames have identical
performance.
Further, the electrical characteristics of the generator and aerodynamic characteristics of
the wind turbine are studied jointly to analyze DFIG speed control and maximum power
extraction technique. The DFIG can generate power both above and below the synchronous
speed. In the sub-synchronous speed region DFIG requires more rotor voltage for maximum
power extraction. The rotor draws in more reactive power from the rotor-side converter and
therefore the stator active power includes both power captured from the wind and the rotor active
power. In the over-synchronous speed zone DFIG requires less rotor voltage. The rotor supplies
active and reactive power to the converter. Therefore, power is supplied to the grid both through
stator and the rotor paths which reduces the stator power output. The rotor-side converter has the
tendency to be over the linear modulation limit due to reactive power compensation at high
speed. The rotor-side converter can also go over the linear modulation limit below the
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synchronous speed to meet the speed controller’s demand of low speed. The rotor current
controller design has been based on the logic that DC link capacitor voltage is constant. This
constant voltage is maintained by the grid-side converter. Therefore in all the transient and
steady-state models developed that have been, DC voltage source has been used to represent
constant capacitor voltage.
Lastly, the grid-synchronization control technique has been proposed. Also, the
synchronization method has been proposed in three steps and transient simulation models
developed both in stator-voltage and stator-flux orientation frame. Instead of the conventional
phase locked loop (PLL) required to generate a common phase angle for the stator induced
voltage and grid voltage, the rotor-side current controller receives input from the grid voltage.
Therefore the stator induced voltage is identical in magnitude, phase angle and frequency to the
grid voltage which is very important for effective grid synchronization. The technique also
eliminates the need to design voltage and phase angle compensators. Also, the timing of closure
of circuit breaker is observed so that magnitude of the stator induced voltage and grid voltage is
equal. Circuit breaker closure at magnitudes of induced voltage other than grid voltage causes
heavy transients in the system parameters like stator current, rotor current, real/reactive power
and the electromagnetic torque.
In future, improvements in the grid-synchronization technique can be achieved by
applying intelligent control technique using fuzzy logic to obtain negligible oscillations in the
various system parameters. By incorporating suitable L-C filters, the ripple in the rotor current
can be curtailed in order to have noise of frequency smaller than we currently got in the stator
induced voltage. This can facilitate in having an even more effective synchronization. The
method proposed in the thesis induces voltage in the stator as per the grid reference voltage but
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grid voltage dips for a long time can cause protection system to activate leading to generator
disconnection. A novel start-up technique needs to be developed to re-connect generator back to
the grid once normal voltage recovers with minimal grid disturbance and transients in the stator
current, rotor current and electromagnetic torque. Also the big swings in the real and reactive
power need to be taken care of.
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