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Wind power is the most reliable and developed renewable energy source. The
share of wind power with respect to total installed power capacity is increasing
worldwide. The Doubly Fed Induction Generator (DFIG) based wind turbine with
variable-speed variable-pitch control scheme is the most popular wind power generator in
the wind power industry. This machine can be operated either in grid connected or
standalone mode. A thorough understanding of the modeling, control, and dynamic as
well as the steady state analysis of this machine in both operation modes is necessary to
optimally extract the power from the wind and accurately predict its performance.

In this thesis, a detailed electromechanical model of a DFIG-based wind turbine
connected to power grid as well as autonomously operated wind turbine system with
integrated battery energy storage is developed in the Matlab/Simulink environment and
its corresponding generator and turbine control structure is implemented. A thorough
explanation of this control structure as well as the steady state behaviour of the overall
wind turbine system is presented. The steady state reactive power capability of the DFIG
is studied.

Typically, most of the wind turbines are located at remote places or offshore
where the power grid is usually long and weak characterized by under voltage condition.
Because of the limited reactive power capability, DFIG cannot always supply required
reactive power; as a result, its terminal voltage fluctuates. Hence, a voltage regulation
device is required for the secure operation of the overall wind turbine together with
power grid during normal operation as well as disturbances in the grid. Flexible ac
transmission system (FACTS) devices, through their fast, flexible, and effective control
capability, provide solution to this challenge. Therefore, this thesis examines the use of
Static Synchronous Compensator (STATCOM) at the Point of Common Coupling (PCC)
to regulate terminal voltage of the DFIG wind turbine system. The series compensation in
the transmission line to improve steady state voltage and enhance power carrying
capability of the line is also examined. Simulation results verify the effectiveness of the
proposed system for steady state as well as dynamic voltage regulation.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to Wind Energy Conversion System

Wind Energy Conversion System (WECS) is the overall system for converting
wind energy into useful mechanical energy that can be used to power an electrical
generator for generating electricity. The WECS basically consists of three types of

components: aerodynamics, mechanical, and electrical as shown in Figure 1.1 [1].

1.1.1 Wind Turbines

.  VAWT/HAWT

From the physical setup viewpoint, there are horizontal axis wind turbines
(HAWT) and vertical axis wind turbines (VAWT) [2]. Initially, vertical axis designs were

considered due to their expected advantages of omni-directionality (hence do not need

Aerodynamic Mechanical Electrical
Components Components | | Components

| S —
Power Electronics
Converter

Figure 1.1 Block Diagram showing the components of WECS connected to grid [1]
(dashed item is architecture dependent)
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Figure 1.2 Examples of HAWT (a) and VAWT (b, c and d) [2]

yaw-system) and having gears and generating equipments at the tower base. However,

the following disadvantages caused the VAWT to have a diminished presence in the

commercial market:

» Reduced aerodynamic efficiency: much of the blade surface is close to the axis.

» Housing usually at ground level so it is not feasible to have the gearbox of large
VAWT at ground level because of the weight and cost of the transmission shaft.

In HAWT, the wind turbine blades rotate about an axis parallel to the ground and
wind flow. Almost all the larger turbines employed in modern wind farms are HAWT
because they are more suitable for harnessing more wind energy. However, HAWT are
subjected to reversing gravitational loads (structural load is reversed when the blade goes

from upwards to downwards position) which impose a limit on the size of such turbines



[2]. The rotation of both HAWT and VAWT can be powered primarily by lift or drag

force depending on the design of the blade as shown in Figure 1.2.
Il.  Variable-speed, Pitch-regulated Wind Turbine

A variable speed wind turbine can incorporate a pitch regulation feature that
involves turning the blades about their lengthwise axes (pitching the blades) to regulate
the power extracted by the rotor.

Advantages:

»  Turbine can operate at ideal tip-speed ratios over a larger range of wind speeds so
as to capture maximum energy from wind.

>  Ability to supply power at a constant voltage and frequency while the rotor speed
varies.

»  Control of the active and reactive power.

Disadvantages:
»  Generates variable frequency current/voltage so needs power electronic converter.
I1l.  Fixed-speed, Stall-regulated Wind Turbine

When the wind speed increases, the blades become increasingly stalled to limit
power to acceptable levels without any additional active control hence the rotor speed is
held essentially constant.

Advantage:
»  Simple and robust construction, hence lower capital cost.
Disadvantages:

»  Cannot extract optimum energy from wind.



» Do not have the capability of independent control of active and reactive power.
»  Generates more mechanical stress on gearbox during variable wind speed.

The modern wind turbine industry is shifting towards variable speed because of
their better overall performance. They take full advantage of variations in the wind speed,
encounter lower mechanical stress and less power fluctuations and provide 10 - 15%

higher energy output compared with constant speed operation [3].

Number of Blades:

To extract maximum possible amount of wind energy from wind, the blades should
interact as much as possible with the wind blowing within swept area. Theoritically, more
the number of blades a wind turbine has, the more efficient it should be. But in reality,
when the number of blades increases; there will be more interference within blades. As a
result, it is more likely that blade will pass through the disturbed weaker windflow
region. From a structural stability viewpoint, the number of blades of HAWT should be
odd and greater or equal to 3, in which case the dynamic properties of the turbine rotor
are similar to those of a disc [4]. Hence most of the commercially available modern wind

turbines are three-bladed.
Betz Limit:

Betz law says that we can only convert less than 16/27 (or 59.3%) of the kinetic
energy in the wind to mechanical energy using a wind turbine [4]. It is because the wind
after passing through wind turbine still has some velocity. Within the turbine, most of the
energy is converted into useful electrical energy, while some of it is lost in gearbox,
bearings, generator, power converter, transmission and others [4]. Most practical rotors

with three blades can reach an overall efficiency of about 50%.



1.1.2 Components of Wind T

urbines

The major components of a wind turbine system are shown in Figure 1.3 (drawing

not to scale). The turbine is formed by the blades, the rotor hub and the connecting

components. The drive train is
gearbox, high-speed shaft, and

output power up to the generator

formed by the turbine rotating mass, low-speed shaft,
generator rotating mass. It transfers turbine mechanical

rotor where it is converted to electrical power. The wind

strikes the rotor on the horizontal-axis turbine, causing it to spin. The low-speed shaft

transfers energy to the gear box,

The high speed shaft causes the

which steps up in speed and rotates the high speed shaft.

generator to spin, hence generating electricity. The yaw

system is used to turn the nacelle so that the rotor faces into the wind. The low speed

,
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Yaw Drive

Yaw motor

: Brake ‘C/

Blades w—

Low-speed
shaft
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Generator
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Controller
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\| Wind vane

High-speed
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Figure 1.3 HAWT showing mechanical, electrical, and control components [5]



Shaft contains pipes for the hydraulics system that operates the aerodynamic brake [4].
The high speed shaft is equipped with an emergency mechanical brake which is used in
case of failure of the aerodynamic brake [4].

The generator converts mechanical power of wind into electrical power. Usually
the generator produces power at low voltage and the transformer steps up the generator
output voltage to connected grid voltage. The transformer may be placed at the bottom of
the tower [4] or in the nacelle for losses minimization [2].

Other components of wind turbine system are the anemometer to measure wind
speed and a wind vane which measure the wind direction. Wind speed information is
used to determine when the wind speed is sufficient to start up the turbine and when, due
to high winds, the turbine must be shut down for safety whereas wind direction
measurement is used by the yaw-control mechanism which helps in orienting the rotor to
the wind direction [5]. Electric fans and oil coolers are used to cool the gearbox and

generator.

1.1.3 Operating Region of the Wind Turbine

The operating region of a variable-speed variable-pitch wind turbine can be
illustrated by their power curve, which gives the estimated power output as function of
wind speed as shown in Figure 1.4. Three distinct wind speed points can be noticed in
this power curve:

»  Cut-in wind speed: The lowest wind speed at which wind turbine starts to generate

power.
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Figure 1.4 Power curve of a variable speed wind turbine

>  Rated wind speed: Wind speed at which the wind turbine generates the rated power,
which is usually the maximum power wind turbine can produce.

»  Cut-out wind speed: Wind speed at which the turbine ceases power generation and
is shut down (with automatic brakes and/or blade pitching) to protect the turbine

from mechanical damage [2].

1.1.4 Control of Wind Turbine System

With the increase in wind turbine size and power, its control system plays a major
role to operate it in safe region and also to improve energy conversion efficiency and
output power quality. The main objectives of a wind turbine control system are [6]:

» Energy capture: The wind turbine is operated to extract the maximum amount of

wind energy considering the safety limits like rated power, rated speed.
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Figure 1.5 Electrical generators used in commercial wind turbines

» Power quality: Conditioning the generated power with grid interconnection
standards.

The various control techniques used in wind turbines are pitch control, yaw
control and stall control. But in the modern variable speed-variable pitch wind turbines,
pitch control is the most popular control scheme [7]. In this control scheme, the
horizontal axis wind turbine blades are rotated around its tower to orient the turbine

blades in upwind or down wind direction.

1.1.5 W.ind Turbine Generators

Wind Turbine Generators in the current market can be classified into three types
according to their operation speed and the size of the associated converters as below:
%+ Fixed Speed Wind Turbine (FSWT)
¢ Variable Speed Wind Turbine (VSWT) with:
o Partial Scale Frequency Converter Wind Turbine (PSFCWT)

o Full Scale Frequency Converter Wind Turbine (FSFCWT)



Variable-speed variable-pitch wind turbines utilizing DFIG, also called PSFCWT,
are the most popular in the wind power industry especially for multi-megawatt wind
turbine generators [8]. The DFIG consists of a wound rotor induction generator with the
stator side connected directly to the constant frequency three-phase grid and the rotor
windings connected to grid through a bidirectional back-to-back ac/dc/ac IGBT voltage
source converter as shown in Figure 1.5 (a). Its output power can be controlled via pitch
control as well as back to back converter control.

The term ‘Doubly Fed’ refers to the fact that the voltage on the stator is applied
from the grid and the voltage on the rotor is induced by the power converter. This system
allows a variable-speed operation over a large, but restricted, range [9]. The converter
compensates the difference between the mechanical and electrical frequencies by
injecting a rotor current with a variable frequency [9]. Hence, the operation and behavior

of the DFIG is governed by the power converter and its controllers.

Table 1.1 Summary of features of FSWT and FSFCWT generators [6]:

FSWT FSFCWT
Structure Figure 1.5(c) Figure 1.5(b)
Machines Squirrel Cage Induction Generator Permanent Magnet Synchronous
Generator
e Simple construction e Complete control of active and
Merits e Low cost reactive powers
e Low maintenance e High efficiency
¢ No control on real/reactive power e Additional cost of  power
Demerits | o Less efficiency electronics
e Poor power factor e Limited fault ride through
e High mechanical stress on turbine capability




The power converter consists of two converters, the Rotor Side Converter (RSC)
and the Grid Side Converter (GSC), which are controlled independently of each other.
The RSC controls the active and reactive power by controlling the rotor current
components, while the GSC controls the DC link voltage and DFIG terminal voltage or
power factor of the overall DFIG system by controlling amount of reactive power

exchanged with the power grid.

Stator side always feeds active power to the grid whereas active power is fed into
or out of the rotor depending on the operating condition of the drive. In super-
synchronous speed, power flows from the rotor via the converter to the grid, whereas it

flows in the opposite direction in sub-synchronous speed of the drive.

Advantages of DFIG wind turbine system:

> It has ability to control reactive power and decouple control of active and reactive
power by independently controlling the rotor excitation current. So power factor
control can be implemented in this system [10].

» DFIG is wound rotor induction machine which is simple in construction and cheaper
than the synchronous machine. In DFIG, converter rating is typically 25-30 % of
total system power which results: reduced converter cost, less harmonics injection to
the connected grid and improved overall efficiency (approx. 2-3% more than full
scale frequency converter) of the wind turbine system [10].

» Inthe case of a weak grid, where the voltage may fluctuate, the DFIG can produce or
absorb an amount of reactive power to or from the grid within its capacity, to
regulate the terminal voltage.

» High energy conversion efficiency.
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»  Smaller power rated DFIG can be used with higher power rated wind turbine.
Disadvantages of DFIG wind turbine system:
» Inevitable need of slip rings and gear box which requires frequent maintenance [9].

» Limited reactive power capability [8] and fault ride through capability [6].

1.2 Motivation of the Research

Wind power is the most reliable and developed renewable energy source over past
decades. The increased awareness of people towards renewable energy, support from
governmental institution, and rapid advancement in the power electronics industry, which
is the core of wind power systems, are the most contributing factors for the development
of wind power systems. As a result, the share of wind power with respect to total installed
power capacity is increasing worldwide. The WECS utilizing variable-speed variable-
pitch wind turbine with DFIG is the most popular in the wind power industry especially
for multi-megawatt size. The beauty of the DFIG-based WECS is its efficient power
conversion capability at variable wind speed with reduced mechanical stress and low
price because of partial size rated power converters needed to achieve the full control of
the machine. These favorable technical and economical characteristics have encouraged
the commercialization of this wind turbine in the modern wind power industry quickly.
Unfortunately, these kinds of wind turbines have limited reactive power capability and
are typically connected at remote areas and offshore mainly because of favourable wind
condition, noise pollution, physical dimension and impact on the scenery. These areas
usually have electrically weak power grids characterized by low short circuit ratios and

under-voltage conditions.
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Hence, to assist its further integration into the modern power system, it is
therefore important to assess its dynamical behavior, steady state performance, and
impacts on the interconnected power network with regard to its reactive power capability
and voltage control. The voltage at the particular bus in the power system is a local
quantity. It is very difficult or even impossible to regulate the node voltage at the remote
location using conventional power stations located elsewhere in the grid. So, a local
reactive power source is needed. With the fast advancement in power electronics
technology, FACTS devices having excellent dynamic response are technically and
economically feasible in power system application. Therefore, in this study, reactive
power compensation using the STATCOM at the PCC is studied to enhance the reactive
power capability and voltage controllability of the DFIG wind turbine system for
improving dynamic and steady state stability of the wind turbine system as well as the
interconnected weak power system.

Additionally, series compensation of transmission line helps in steady state
voltage regulation and enhances the transmission line power carrying capability.
Moreover, off grid applications of the DFIG-based WECS is very important to supply
power to the remote places where there is no grid supply. This operation mode involves
standalone operation of DFIG-based WECS. Standalone operation of grid connected
DFIG system is also needed in case of failure of the main supply due to breaking of the
transmission line or permanent short circuit in the grid to supply part of an isolated load.
This increases the reliability of the power supply system. Hence, this thesis is motivated
at contributing to the better understanding of the DFIG-based WECS and its interaction

with the STATCOM as well as series compensated line in regard to those aspects.
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1.3 Objectives of the Thesis

The main objective of this thesis is to develop a dynamic model and analyze the
steady state performance of the grid connected DFIG-based WECS. Moreover, to assess
the integration of this kind of wind turbine into a particularly weak power system, it is
important to study its steady state reactive power capability and voltage controllability.
The DFIG wind turbine system has limited reactive power capability so an additional
reactive power source is needed to meet the power factor requirement and to secure the
voltage regulation in the system during all the operation time including periods with
transient disturbances in the connected grid. STATCOM has better dynamic reactive
power capabilities than other FACTS devices so it is used as an additional dynamic
reactive power source in this study. Hence, modeling and control of STATCOM is the
another objective of this thesis. Series compensated line provides steady state voltage
regulation and enhances the power transferring capability of the line. Modelling and
analysis of the DFIG wind turbine interfaced with series compensated line is another
objective of this thesis. Standalone operation of the DFIG system is required: 1) to supply
off grid loads in remote area and 2) to supply local loads connected to grid in case of
failure of the main supply. Standalone operation of the DFIG system needs more complex
control system development. Modeling and control of the autonomous operation of the
DFIG system with integrated battery energy storage system is also an objective of this

thesis.
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1.4 Methodology

The following methodology has been adopted in order to carry out the research

work:

>

The complete modeling and control of DFIG-based WECS connected to power grid
is done so that its behavior and interaction with the power grid during transient and
steady state conditions can be determined.

The steady state reactive power capability of the DFIG wind turbine system is
derived to understand when the DFIG needs additional reactive power in the steady
state to maintain the desired power factor.

The complete modeling and control of STATCOM connected to power grid is
developed to know its interaction with the DFIG wind turbine system during
transient and steady state conditions. Based on the necessary reactive power to meet
the power factor requirement, the maximum MVA rating of STATCOM is
calculated.

Complete model of the DFIG-based wind turbine interfaced with series
compensated line is built to study the effect of series compensation on voltage
regulation of this wind turbine and power transferring capability of the line.

The model of the autonomously operated DFIG-based WECS connected with a
integrated battery energy storage system is developed and its control is
implemented in Matlab/Simulink to study its transient and steady state

characteristics.
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1.5 Organization of the Thesis

This thesis is organized into eight chapters. Chapter 1 gives the introduction of the
DFIG-based WECS and the motivation and objectives of the thesis. Chapter 2 provides a
literature review for modeling and control of the DFIG-based WECS connected to power
grid, steady state reactive power capability of the DFIG, and grid code requirements for
connecting wind turbines to power grid. Moreover, Chapter 2 also presents the literature
review for necessity of additional reactive power source in the DFIG-based wind turbine
system, modeling and control of the STATCOM, and control and operation of
autonomously operated DFIG-based wind turbine system. Chapter 3 describes the
modeling and control of the grid connected DFIG system, different operation modes of
variable-speed variable-pitch wind turbine system and controllers design for the DFIG-
based WECS. In Chapter 4, steady state characteristics of the DFIG-based WECS and its
steady state control settings are discussed. The steady state reactive power capability of
the DFIG is derived and steps of drawing PQ diagram of overall DFIG and STATCOM
to meet the power factor requirement is presented through the flowchart. In Chapter 5,
modeling and controller design of STATCOM is discussed along with dynamic and
steady state voltage regulation in the DFIG wind turbine system using STATCOM.
Chapter 6 presents the modeling and analysis of a DFIG wind turbine connected to power
grid through series compensated line. Chapter 7 illustrates the modeling, controller
design, operation, and analysis of the autonomously operated DFIG-based WECS with
integrated battery energy storage. Finally, in Chapter 8, a summary of research

99contributions and extensions for future work are presented.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents the relevant literature review done to carry out this research
work. Section 2.2 gives a survey and comparison of various approaches for the DFIG
wind turbine system dynamic modeling. In Section 2.3, a literature survey related to
steady state analysis and reactive power capability of the DFIG system are presented.
Section 2.4 describes the work done on the voltage regulation in the DFIG wind turbine
system using STATCOM. The interaction of the DFIG wind turbine system with the
series compensated line is discussed in Section 2.5. Finally, in Section 2.6, existing
methods of control for the autonomous operation of the DFIG wind turbine system with

integrated energy storage is discussed.

2.2 Dynamic Modeling and Control of the DFIG System

Global concern about the environmental pollution and continuously increasing
energy demand has led to the growing interest in innovative technologies for generation
of clean and renewable electrical energy. Among a variety of renewable energy sources,

wind power is the most rapidly growing one in the power industry.
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The traditional wind turbine generator (WTG) systems employ squirrel-cage
induction generators (SCIGs) to generate wind power. These WTGs have no speed
control capability and cannot provide voltage or frequency support when connected to the
power grid [11]. During the past decade, the concept of a variable-speed wind turbine
driving a doubly fed induction generator (DFIG) has received increasing attention
because of its noticeable advantages over other WTG systems [12]-[15]. Most existing
wind farms and those in planning employ this type of WTGs. Compared to the fixed-
speed SCIG wind turbines, the DFIG wind turbines can provide decoupled active and
reactive power control of the generator, more efficient energy production, improved
power quality and improved dynamic performance [8-10]. All of those above mentioned
advantages of the DFIG are possible because of the control scheme that can be
implemented in the back-to-back converters of the DFIG. Hence, the method of
controlling this back-to-back converter plays a significant role in achieving better
performance of the DFIG system. Different types of the modeling and control schemes
for the DFIG system can be found in the literatures which are discussed here.

The Doubly Fed Induction Machine using an ac/dc/ac converter in the rotor circuit
(Schrebius drive) has long been a standard drive option for high power applications
involving a limited speed range. The power converters only need to handle the rotor side
power. In 1980, Leonhard explains the vector control technique used for the independent
control of torque and excitation current [16]. The converter design and control technique
are well explained in [17]. Pena, Clare and Asher [18] gave a detailed design of the DFIG
using back-to-back PWM voltage source converters in the rotor circuit and they also

validated the system experimentally considering a grid connected system.
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Energy extraction from a DFIG wind turbine depends not only on the induction
generator but also on the control strategies developed using different orientation frames.
The DFIG usually operates in vector control mode based on the PI controllers in a
synchronous reference frame either to the stator-flux-oriented (SFO) or stator-voltage-
oriented (SVO) frames. The DFIG with PI controllers and its performance under normal
operation conditions has been discussed in a number of publications [19-23]. It is well
known that the DFIG performance with PI controllers is excellent in normal grid
conditions, allowing independent control of the grid active and reactive power [24, 25].
In [26, 27], the SFO frame is used to develop the DFIG wind power extraction
mechanisms. Another approach, for example, direct-power-control strategies for DFIG
wind turbines using the SFO frame [28], has also been proposed recently. Although, the
SVO frame is normally not used in a DFIG design, [29] and [30] report special
approaches to improve DFIG stability under unbalanced conditions using the SVO frame.
In [29], a DFIG system model in the positive and negative synchronous reference frames
is presented to enhance the stability of the DFIG under unbalanced voltage supply. In
[30], it is shown that a DFIG control strategy can enhance the standard speed and reactive
power control with controllers that can compensate for the problems caused by an
unbalanced grid by balancing the stator currents and eliminating torque and reactive
power pulsations. In [31], a rotor position Phase-Locked Loop (PLL) is used which
acquires the rotor position and rotor speed simultaneously for the implementation of the
decoupled P-Q control in the DFIG. The rotor position PLL is designed to operate
without the knowledge of any parameter of the DFIG except the magnetization reactance.

In [32], comparison between SFO and SVO reference frames is done and it is shown that
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the performance of DFIG wind power extraction is similar to using both SVO and SFO
frames. But, it is found that a conventional wind power extraction approach using the
SFO frame could deteriorate the power quality of the DFIG system while it is more stable
to estimate the position of the stator-flux space vector by simply adding -90 degree to the
stator-voltage space vector [32].

Hence, in this thesis, the variable-speed, variable-pitch wind turbine is designed to
operate in maximum power point operation mode at low and medium wind speeds and in
pitch control mode at higher wind speed. The vector control technique using SVO
reference frame is used to get de-coupled control of active and reactive power from the
DFIG based wind turbine. The PI controller design for Rotor Side Converter and Grid

Side Converter is presented clearly.

2.3  Real and Reactive Power Capability of the DFIG

With the increased penetration level of wind power in the power system, grid
utilities want wind turbine generator system to behave like a conventional synchronous
generator in terms of real and reactive power settings [33]. In other words, wind turbines
have to contribute not only to active power generation but also to the reactive power.
Hence, wind turbines should have extended reactive power capability not only during
voltage dips but also in steady state operation [8]. Although, the DFIG wind turbines are
able to control active and reactive power independently of one another by virtue of
ac/dc/ac power electronic converter present on it, the reactive power capability of those

generators depend on the active power generated, the slip and the limitation due to
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following design parameters: 1) rotor voltage, 2) stator current and 3) rotor current [34,
35]. The grid side inverter reactive power capability can be taken into consideration, but
in commercial system, this converter usually works with unity power factor, i.e. zero
reactive power, so the total reactive power capability of the generator is equal to the
stator reactive power capability [34, 35].

Therefore, in this thesis, the steady state operation of the DFIG wind turbine system
is described clearly through the characteristic curves. The steady state active power flow
in the stator and rotor side is presented for sub-synchronous and super-synchronous
operation modes of the DFIG. The reactive power capability of the DFIG is studied
through the P-Q diagram. The reactive power capability is obtained for maximum power
point operation mode and is extended to the pitch control operation mode of the DFIG as
well which is not found in the literature. The reactive power capability curve of the
overall DFIG with the STATCOM connected at the PCC is derived to meet the steady

state power factor requirement.

2.4 Voltage Regulation in the DFIG Wind Turbine System Using STATCOM at
PCC

The reactive power capability of the DFIG system is limited [8, 34 and 35].
Typically most large size wind turbines are usually installed at remote places or offshore
because of their dimension and impact on the scenery [36]. Those areas usually have
electrically weak power grids characterized by low short circuit ratios and under-voltage
conditions [37], which means, they require special consideration in connecting those

wind turbines to the grid [38]. In such grid conditions and during a grid side disturbance,
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the DFIGs may not be able to provide sufficient reactive power support. Without any
external dynamic reactive compensation, there can be a risk of voltage instability in the
power grid [12]. The aerodynamic behaviour of wind turbine causes its output voltage
fluctuation [39]. Voltage instability problems occur in a power system that cannot supply
the reactive power demand during disturbances like faults, heavy loading, voltage
swelling and voltage sagging [40]. This problem is more severe in case of the weak
power grids having under-voltage. During the grid side disturbances, the power electronic
converters in the DFIG may be damaged because of the high voltage induced in it [40].
To prevent such contingencies, utilities typically immediately disconnect the WTGs from
the grid, and reconnect them when normal operation has been restored. This is possible,
as long as wind power penetration remains low. However, with the rapid increase in
penetration of wind power in power systems, tripping of many WTGs in a large wind
farm during grid faults may begin to influence the overall power system stability.
Therefore, it will become necessary to require WTGs to support the network voltage and
frequency not only during steady-state conditions but also during grid side disturbances.
Moreover, the particular bus voltage is local quantity and hence it is very difficult and
costly to control the bus voltage at the remote node by the use of conventional power
stations consisting of synchronous generators and synchronous condensers located
elsewhere in the grid [36]. It is because the reactive power flow in the power system is
associated with changes in voltage which in turn increases the power losses (mainly I°R
loss) in the system. Hence it is necessary to install local voltage control devices in the
transmission/distribution network even if the wind turbine itself has voltage controlling

capability [36].

21



At the same time, the decentralization concept of power generation is becoming
popular [36]. As a result, the contribution of conventional power plants to the voltage
control in transmission network is diminishing. It is becoming more difficult to control
the voltage in the entire transmission network from conventional power stations only
[36]. Hence grid companies are installing dedicated local voltage control equipments and
demanding distributed generation equipments to have reactive power capability
irrespective of applied technology [36]. So there will not be any exception for wind
power plants.

Recently, the utility companies are asking to fulfill certain criteria (grid codes) for
the interconnection of wind turbines to the power grid. The grid codes mainly demand
wind turbines to have low voltage ride-through capability and reactive power capability
[35]. The first specification seeks to improve transient stability in a power system with a
high penetration of wind energy, while the second specification targets to support steady
state voltage regulation in such power system [35]. Another key requirement for wind
power interconnection is that the power factor at the PCC must remain between 0.95
leading and 0.9 lagging [41]. The reason for this ruling is that reactive power capability
for a wind plant is a significant additional cost compared to conventional units which
possess inherent reactive power capability [41].

The problem of voltage fluctuation can be solved by using dynamic reactive
power compensation technique installing the Flexible Alternating Current Transmission
Systems (FACTS) devices [42]. FACTS devices are becoming more and more popular in
power system these days because of rapid advancement in power electronics technology

[40]. Among various FACTS devices, those based on the VSC concept have some
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attractive features [43], such as rapid and continuous response characteristics for smooth
dynamic control, allowing advanced control methodologies for the high-performance
operation, elimination or reduced requirements for harmonic filtering, ability to add
energy storage devices, allowing simultaneous active and reactive power exchange with
the ac system. The VSC based FACTS devices include the static synchronous
compensator (STATCOM), the static synchronous series compensator (SSSC), and the
unified power flow controller (UPFC). In [39] and [44], STATCOM is proposed to
minimize DFIG-based wind turbine terminal voltage fluctuation. In [40, 45], reactive
power compensation using the STATCOM is proposed for improving the fault ride-
through capability and transient voltage stability in the DFIG wind turbine system.

In this thesis, a STATCOM connected at the PCC to regulate voltage fluctuation
during grid side disturbances like voltage swelling and voltage sagging is presented. The
use of STATCOM to provide steady state voltage regulation of the DFIG wind turbine
terminal is described. It is also shown that the MVA rating of the Grid Side Converter
(GSC) has to be increased more than three times compared to unity power factor
operation of the GSC if it has to supply the reactive power to meet the power factor

demanded by the grid code.

2.5 Interaction of a DFIG Wind Turbine System with the Series Compensated
Line

Traditionally, series compensation is used in long transmission line to increase the
power transfer capability of the line [46]. Series compensation also helps in the steady

state voltage regulation [46]. Series compensation is also used to enable power to be
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transmitted stably over a greater distance than is possible without compensation [46]. The
DFIG wind turbines are installed in remote areas and offshore due to favorable wind
conditions and are therefore connected to the power system via weak and long
transmission lines. Hence, to evacuate large amounts of electrical power from the wind
farms, it is quite likely that the transmission lines will be series compensated [47].

In this thesis, the grid side converter (GSC) is designed to regulate the DFIG
terminal voltage of the series compensated line. The steady state analysis of the overall
system is done to evaluate the effect of different compensation levels. It is shown through
the dynamic simulation and steady state analysis that the series compensation helps in
improving the steady state voltage regulation and enhances the power carrying capability
of the transmission line. It is clearly shown that the reactive power that GSC has to
supply to regulate the terminal voltage keeps on decreasing when the compensation level

increases.

2.6 Autonomous Operation of DFIG Wind Energy Conversion System with
Integrated Energy Storage

The majority of research interests related to DFIG systems in the literature have
concentrated on the grid connected wind power applications. However, in order to assess
the full potential of the DFIG, control strategies of the standalone operation mode should
be also examined. For the autonomous operation of the wind turbine, two issues need to
be addressed [48]: 1) integration of properly sized energy storage system into the WECS
to mitigate the power fluctuations and consequent power quality problems, and 2)

development of effective control strategies. To control the voltage and frequency of the
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standalone operated system, traditional reactive power versus voltage (Q-V) and real
power versus frequency (P- @) droop techniques have been adopted and successfully
implemented [49]. Moreover, the variability of wind speed causes fluctuation in the
power output of wind generator as a result the voltage and frequency of the isolated
power system gets affected. To increase the reliability and performance of the system,
energy storage is required [48]. Many investigations have been done for technical and/or
economical advantages of augmenting a wind power unit with energy storage for instance
fuel cell [50], batteries [48, 51], flywheel [51], compressed air [51] and super-capacitor
[51, 52]. In the case of small-scale wind power system with energy storage system peak
power less than 1 MW, lead-acid battery energy storage systems constitute a technically
mature solution with considerable application potential [53].

In this thesis, the standalone operation of the DFIG system with integrated battery
energy storage connected across the DC-link of ac/dc/ac converter is modeled. The
connected load consisting of RL load, linear load and non-linear load is modeled. The
Grid Side Converter is designed to control frequency and load bus voltage magnitude

using droop control technique.
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CHAPTER 3

DOUBLY FED INDUCTION GENERATOR BASED WIND ENERGY
CONVERSION SYSTEM

3.1 Introduction

This chapter presents a detailed explanation about DFIG-based WECS. The overall
components of DFIG-based WECS are discussed first. Its operation modes, modeling,
control system design, and the detail explanations about each significant component are
presented later.

Among different wind generation technologies available, variable-speed variable-
pitch wind turbines utilizing DFIGs are the most popular in the wind power industry

especially for multimegawatt wind turbine generators [8].

3.2  Components of DFIG-based WECS

The DFIG-based WECS basically consists of generator, wind turbine with drive
train system, RSC, GSC, DC-link capacitor, pitch controller, coupling transformer, and
protection system as shown in Figure 3.1. The DFIG is a wound-rotor induction generator
with the stator terminals connected directly to the grid and the rotor terminals to the
mains via a partially rated variable frequency ac/dc/ac converter, which only needs to
handle a fraction (25-30 %) of the total power to accomplish full control of the generator.
The functional principle of this variable speed generator is the combination of DFIG and

four-quadrant ac/dc/ac VFC equipped with IGBTs. The ac/dc/ac converter system
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Figure 3.1 Components of DFIG-based WECS

consists of a RSC and a GSC connected back-to-back by a DC-link capacitor. The rotor
current is controlled by RSC to vary the electro-magnetic torque and machine excitation.
Since the power converter operates in bi-directional power mode, the DFIG can be
operated either in sub-synchronous or in super-synchronous operational modes.

The general structure of control block diagram in the DFIG-based WECS having
two levels of control is shown in Figure 3.2. The highest level is the WECS optimization;
wherein the speed of the wind turbine is set in such a way that optimum wind power can
be captured. This control level is mechanical system control. The lower level control
being the electrical system control, i.e. torque and reactive power control. The
mechanical control system acts slower compared to the electrical control system.

The DFIG-based WECS block diagram model built in MATLAB/Simulink is
shown in Figure 3.3 where the actual flow of different signals among various components

of the overall system is shown clearly.
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3.3 DFIG Model

The DFIG consists of stator winding and the rotor winding equipped with slip
rings. The stator is provided with three-phase insulated windings making up a desired
pole design and is connected to the grid through a three-phase transformer. Similar to the
stator, the rotor is also constructed of three-phase insulated windings. The rotor windings
are connected to an external stationary circuit via a set of slip rings and brushes. By
means of these components, the controlled rotor current can be either injected to or
absorbed from the rotor windings.

The stator and rotor windings are usually coated with insulation and are
mechanically assembled to form a closed structure to protect the machine from dust,
damp, and other unwanted intrusions ensuring proper magnetic coupling between rotor
and stator windings. In wind energy conversion system, this generator is mounted in the
nacelle of the wind turbine system as shown in Figure 1.3.

The dynamics of the DFIG is represented by a fourth-order state space model using

the synchronously rotating reference frame (qd-frame) as given in (3.1)-(3.4) [54]:

Vqs = r-slqs + a)e)“ds + iﬂ’qs (31)
dt
d
Vds = rslds - a)eiqs + _ﬂ’ds (32)
dt
d
Vo, =1l + (@, — o)Ay, +a/1qr (3.3)
d
Vy =1l + (@, — o)A, +azdr (3.4)
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where V., Vy,, V,,, V, are the g and d-axis stator and rotor voltages, respectively. 1,

lgs 1o g are the g and d-axis stator and rotor currents, respectively. A,

ﬂ’ds !

qr’

Aq, are the g and d-axis stator and rotor fluxes, respectively. @, is the angular velocity of
the synchronously rotating reference frame. «, is rotor angular velocity, r, and r, are

the stator and rotor resistances, respectively. The flux linkage equations are given as:

/’qu = leqs+Lm|qr

(3.5)
Ao =Ll +L I, (3.6)
Agr = Liplgs + L1, (3.7)
ﬂ“dr = Lmlds + I-rldr (38)

where L, L, and L, are the stator, rotor, and mutual inductances, respectively, with

L - L, +L,and L, =L, +L,:L,being the self inductance of stator and L, being the self

inductance of rotor.

Solving (3.5) - (3.8) in terms of current equations:

S R
® oo, * oL " (3.9)
.= L A Ly
ds O'LS ds O'le_r dr (310)
_ L, 1
el (3.11)
L 1
Idr__O_LSLr /”“ds—‘_o_Lr ﬂ’dr (312)

2
where leakage coefficient o = %

s—r
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3.3.1 Dynamic Modeling of DFIG in State Space Equations

The dynamic modeling in state space form is necessary to carry out simulation
using different simulation tools such as MATLAB. The basic state space form helps to
analyze the system in the transient condition.

According to the basic definition, the space whose co-ordinate axes are the ‘n’ state
variables with time as the implicit variable is called the state space. The variables of the
state space (state variables) are involved to determine the state of the dynamic system.
Basically these are the energy storing elements contained in the system like inductor and
capacitor. The fundamental equation of the state space is as follows:

{)’( (t) = AX (t) + BU (t) (3.13)
Y (t) =CX (t)+ DU(t)
Equation (3.13) is for linear time invariant system, where A, B, C, and D are state, input,
output and feed forward matrices, respectively, X is the state vector and Y is the output
vector. Equation (3.14) is for linear time variant system, where A, B, C, and D are time
dependent matrices.
{5( (t) = AQ)X (t) + BOU (1) (3.14)
Y (t) =C(t) X (t) + D()U (1)

In the DFIG system, the state variables are normally currents or fluxes. In the
following section, the state space equations for the DFIG in synchronously rotating frame
has been derived with flux linkages as the state variables. Substituting (3.9) - (3.12) into

(3.1) - (3.4) gives the DFIG dynamics in the state space form as:

d r, r.L,
d—/IqS = Ags = DpAgs + "R Aqr T Vas (3.15)

S ST
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d X’ds = a)eﬂ’qs - E //lds + rern ﬂ“dr +Vds

dt ol, " oLl

d rL., r

a ar = Eﬂqs — (a)e —a)r)ld, —Irﬂ,qr +Vqr
d rL., r,

aﬁ“dr = ol L ﬂ'ds - ol ﬂ'dr + (a)e - a)r)ﬂ“qr +Vdr

Equations (3.15) - (3.18) are written in state space matrix form as:

r r.L

_ s -, s—m 0
GLS OLs Lr —
rs rs Lm )’.q s 1 0 O O
®, - 0
ol ol L, | 4 N 0100
b " (@) | Ar| |00 10
oL, oL, Aoy | 10 0 0 1
L r B
0 r—m ( o, — o, __r
L O-Ls Lr r |

3.3.2 Active Power, Reactive Power and Torque Calculation

<< <<

(3.16)

(3.17)

(3.18)

(3.19)

All the equations above are induction motor equations. When the induction motor

operates as a generator, current direction will be opposite. Assuming negligible power

losses in stator and rotor resistances, the active and reactive power outputs from stator

and rotor side are given as:

Ps = _gblqslqs +Vds|ds]
Qs = _gblqslds _Vdslqs]

5__3

r A LYar'qgr
2qq

+Vdr|dr]
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(3.21)
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Qr :_gblqudr _Vdrlqr] (323)

The total active and reactive power generated by DFIG is:

Prow =P, + P, (3.24)

otal — r

Qroa = Qs +Q; (3.25)
If P, and/or Q.. is positive, DFIG is supplying power to the power grid, else it is

drawing power from the grid.

In the induction machine, the electromagnetic torque is developed by the
interaction of air-gap flux and the rotor magneto-motive force (mmf). At synchronous
speed, the rotor cannot see the moving magnetic field; as a result, there is no question of
induced emf as well as the rotor current, so the torque becomes zero. But at any speed
other than synchronous speed, the machine will experience torque. That is true in case of
motor, where as in case of wind turbine generator; electromechanical torque is provided
by means of prime mover which is wind turbine in DFIG-based WECS.

The rotor speed dynamics of the DFIG is given as:

d P
—w,=—({ -T -C 3.26
dta)r 2J ( m e fa)r) ( )

where P is the number of poles of the machine, C is friction coefficient, J is inertia of the

rotor, Ty, is the mechanical torque generated by wind turbine, and T, is the
electromagnetic torque generated by the machine which can be written in terms of flux
linkages and currents as follows:

T =2l — Al (3.27)

e s ds'qgs
2q q

where positive (negative) values of T, means DFIG works as a generator (motor) [55].
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3.4 Drive Train Model

The generator in a DFIG-based WECS is driven by the wind turbine through a
gearbox system to attain a suitable speed range for the rotor. By means of the gearbox,
the low rotational speed of the wind turbine is transformed into high rotational speed on
the generator side. For 2-3 MW wind turbines, a gearbox ratio of around 70-100 is
common [56].

The actual gearbox ratio is chosen considering the optimum operation speed of
the generator. The optimum speed of the generator is selected based on annual wind
speed distribution and the size of the power converter. The annual efficiency of the
generator is somehow influenced by the operating speed of the generator, whether it
operates at sub-synchronous or super-synchronous speed. Another aspect to be
considered when selecting a gearbox ratio is the weight of the gearbox, which increases
along with gearbox ratio [56].

It is important to analyze the transient stability of power system including wind
generators. Since, in general, the turbine shaft of wind generator is not as stiff as that of
usual synchronous generator; analysis based on a single-mass shaft model system may
give significant error in the transient stability analysis. It is because the low-speed shaft
encounters a torque Ny (Gear Ratio) times greater than the high-speed shaft torque that
turns Ng times more quickly than the low-speed shaft. As the low-speed shaft encounters
a higher torque, it is subject to more deviation and it is more convenient to take it into

consideration.
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Figure 3.4 (a) Two-mass drive-train [57] and (b) One-mass drive-train model

Although, more complex models of wind turbine drive train system using a six-
mass and three-mass [57] are studied; two-mass shaft model is simplest one and
sufficient, with reasonable accuracy, for the transient stability analysis of wind turbine
generation systems [58]. The equivalent two-mass model of a wind turbine drive train is
presented in Figure 3.4(a). The masses correspond to a large mass of the wind turbine
rotor and a mass for generator. The mass and moment of inertia for the shafts and the
gearbox wheels can be neglected (which is considered in three-mass model) because they
are small compared with the moment of inertia of the wind turbine or generator. The
dynamic equations of the two-mass drive-train written on the generator side are [57]:

do'

T =3 T\M +D(@'\—@ye) + K(O'—O,er) (3.28)
da)gen \ 1
_Tgen =J gen dt + D(a)gen @y ) +K (egen -0 wt ) (329)

where Tyt — wind turbine torque, Jwr — wind turbine moment of inertia, ®,, — wind

turbine mechanical speed, Ky — spring constant indicating the torsional stiffness of the
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shaft on wind turbine part, Ty, — generator torque, Jgen — generator moment of inertia,

@, - generator mechanical speed, and Kgen — spring constant indicating the torsional
stiffness of the shaft on generator part. The torque and the speed of the shaft are
transmitted via the gearbox with a gear ratio Ng. Also the angular speeds are given as:

Rotor speed, o', = % and

dé,

gen

Generator speed, o, = it

The equivalent stiffness and moment of inertia for the rotor is given by [57]:

i1 .1

K K K,
Ng (3.30)
1

‘]Wt:_z‘]wtr
Ng

If a perfectly rigid low speed shaft is assumed, then the two-mass drive-train
model reduces to a one-mass drive-train model as shown in Figure 3.4(b). The governing
dynamic equation is given as:

d P
—w=—(T,-T -C 3.31
257 (=T ~Ce) (331)

where o is the mechanical speed of the shaft, P is the number of poles of the

machine, C; is the friction coefficient, J is the inertia of the rotor, T, is the mechanical

torque generated by wind turbine, and T is the electromagnetic torque generated by the

machine. One-mass drive-train model is used for the simulation study in this thesis.
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35 Power Converters

The power converter is made up of a back-to-back converter connecting the rotor
circuit and the grid as shown in Figure 3.5. The converters are typically made up of
voltage source inverters equipped with IGBTs provided with freewheeling diodes (see
Figure 3.5), which enable a bi-directional power flow. A RL-filter is provided on the

GSC output to minimize switching harmonics supplied to the grid.

3.5.1 Rotor Side Converter

The power rating of the RSC is determined by two factors, namely maximum slip
power and reactive power control capability. The rotor-side converter can be seen as a

current controlled voltage source converter. The control objective of RSC is to regulate

. {Er ZEI:W -r {Br £+
B £ EF | EF i &

Figure 3.5 The ac/dc/ac bidirectional power converter in DFIG
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the stator side active power (or rotor speed) and the stator side reactive power

independently.

3.5.2 Grid Side Converter

The power rating of the GSC is mainly determined by maximum slip power since it
usually operates at a unity power factor to minimize the losses in the converter [59]. The
GSC is normally dedicated to controlling the DC-link voltage only. The converter can
also be utilized to support grid reactive power during a fault [60]. The grid-side converter
can also be used to enhance grid power quality [61]. However, these abilities are rarely
utilized since they require a larger converter rating which is discussed more in Chapter 5.

The amount of energy stored in the dc-link capacitor can be written as:
1.2
Ec=[Pdt= >CVic (3.32)

where P is the net power flow into the capacitor, C is the DC-link capacitor value and
Vpc is the capacitor voltage. P is equal to P, - Py, where P, is the rotor power inflow and

Py is the grid power outflow.

3.6  Wind Speed Model

A wind speed signal generated by an autoregressive moving average (ARMA)
model described in [62] is utilized in this simulation study, and its development is
described here. The wind speed Vying (t) has two constituent parts expressed as [62]:

Vwind (t) :Vw_mean +Vt (t) (333)
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where V, is the mean wind speed at hub height and V,(t) is the instantaneous

W_mean
turbulent part, whose linear model is composed by a first-order filter exciteded by

Gaussian noise [62]:

Vi(t) = —Tivt O+a, (3.34)

w

where T, is the time constant and ¢, is the white noise process with zero mean. The
white noise is smoothed by a signal shaping filter, thereby transforming it to colored
noise V,, as shown in Figure 3.6. The instantaneous turbulence component of wind speed
is obtained as [62]:

V,(t) =0V, (3.35)
where o, is the standard deviation and V, is the ARMA time series model, which is
expressed as [62]:

V,=aV,,-bV,,+cV, _;+a, —-de, , +eqa,, (3.36)

where a, b, and c are the autoregressive parameters and d and e are moving average

parameters whose values being: a =1.7901, b=0.9087, ¢=0.0948, d=1.0929 and e =

0.2892.
|T|_ |T|_ |T|_ ud = unit delay
= |£| |£| Mean
uds ud4 ud3 Wind
Gaussian speed
noise =
generator > = ]
o p
> ARMA Time li 1l
> nd Series o p+1
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1 Trans-fer wind speed
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udl =z

Figure 3.6 Generation of wind speed by ARMA model in MATLAB/Simulink [62]
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Figure 3.7 Sample wind speed (mean speed being 12 m/s) obtained using ARMA model

3.7 Wind Turbine and Pitch Controller

The turbine is the prime mover of WECS that enables the conversion of kinetic

energy of wind E,, into mechanical power P, and eventually into electricity [62].

w 1 3
m at CDZEID AVW Cp

116 (3.37)
C,(4.B8) = 0.5176(7 -048 _SJE_W +0.00681

where V,, is the wind speed at the center of the rotor (m/sec), p is the air density (Kg/m®),

A=TIR? is the frontal area of the wind turbine (m?) and R is the rotor radius. C, is the
performance coefficient which in turn depends upon the turbine characteristics (p - blade
pitch angle and A - tip speed ratio) that is responsible for the losses in the energy

conversion process. The numerical approximation of C, used in this study is taken from
[62] and A4, = f (4, ) is given by [62]:

oR

V (3.38)
1 1 0035

% 2+0088 B +1

A=
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where o, is the turbine speed and R is the blade radius of the wind turbine. Since
C, = f(4,0), the plot of C, vs 4 at various values of £ is shown in Figure 3.8. When

the wind speed increases beyond the rated value, the electromagnetic torque is not
sufficient to control rotor speed since this leads to an overload on the generator and the
converter. To prevent rotor speed from becoming too high, the extracted power from
incoming wind must be limited. This can be done by reducing the coefficient of
performance of the turbine (the C, value). As explained earlier, the C, value can be

manipulated by changing the pitch angle (see Figure 3.8). Altering the pitch angle f

means slightly rotating the turbine blades along the axis. The blades are considerably
heavy in a large turbine. Therefore, the rotation must be facilitated by either hydraulic or
electric drives. The pitch controller model is given in Figure 3.9. The lower part of the
pitch controller shown in the Figure 3.9 is the turbine speed regulator, while the upper

part is an aerodynamic power limiter. The entire control can be realized by means of Pl

controllers.
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Figure 3.8 Wind turbine characteristic curves
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Figure 3.9 Pitch angle control scheme using PI controllers

3.8  Protection System

The main task of a protection system is to protect the wind turbine system from
damage caused by the high currents that can happen when the DFIG terminal voltage
drops as a result of short circuit (fault) in the grid. It also prevents DFIG from islanding.
Islanding is the situation in power system in which part of the system continues to be
energized by distributed generation after the system is isolated from main power grid. If
those two cases happen in the DFIG system, the protection system operates the Circuit
Breaker (CB) to isolate it from the power grid. Similarly, CB can be operated to isolate

DFIG from power grid during its repair and maintenance operation.

3.9  Operating Regions

Two distinct operating regions of a variable-speed variable-pitch DFIG-based
wind turbine system can be defined based on incoming wind speed and the generator

power output required. The output power from wind turbine (P¢) can be defined as shown
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below. Assuming P, varies when wind speed V,, varies between cut-in (V) and rated (V)

wind speeds, the closed form expression for energy production is [62]:

P.=0, for (v, <V,)
P =a+bV,* for (V,<V, <V.) (3.39)
P,=P, for (v, >V,)

where P, = rated electrical power, k is Weibull shape parameter = 2 for the studied

k
system and the coefficients a and b are given as: a = % and b=— R -
VvV, -V \Y/

c r r C

As shown in Figure 1.4, the variable speed WECS can be operated in MPPT mode
and blade pitch control mode (constant power mode) depending upon the velocity of
wind to extract maximum power from the wind as well as regulate the power output from

the wind turbine.

3.10 Operating Modes

Variable-speed variable-pitch wind turbine can be operated in three distinct
operating modes depending upon the wind speed available and amount of power output

needed from the wind turbine system.

3.10.1 Mode I: Maximum Power Point Tracking

From the plot shown in Figure 3.8, it can be stated that, for p= 0°, Aopt =8.1 and
C =0.48. Now the rotor mechanical torque extracted from the wind that in turn

p_max

drives wind generator is:
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T,=-m (3.40)

Now from Equations (3.37) and (3.40):

1 3 R 2
T, == pAV,’C, = — pAV,’C 3.41
! a)tp P 21p P (34

Since C, =C, ., = constant, in this mode, from (3.37):

P, =KV} (3.42)

1
where K = E'O AC, . =constant

From Equation (3.42), if the wind generator is run at a particular speed that
corresponds to wind speed V,, in such a way that wind turbine will be operating at

maximum power point (as shown in Figure 3.10) then we can extract maximum available
power from the available wind speed via wind turbine.

The objective of the MPPT operation mode is to maximize power extraction at
low to medium wind speeds by following the maximum value of the wind power

coefficient (Cp_max) as depicted in Figure 3.10.

3.10.2 Mode I1: Pitch Control (Rated Power Operation)

When the wind speed increases beyond the rated value, the electromagnetic
torque is not sufficient to control rotor speed because this leads to an overload on the
generator and the converter. To prevent rotor speed from becoming too high, the
extracted power from incoming wind must be limited. This can be done by reducing the

coefficient of performance of the turbine (the C, value). As explained earlier, the C,
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Figure 3.10 Wind Turbine mechanical power output vs rotor speed (dotted line shows the
MPPT operation points)

value can be manipulated by changing the pitch angle (see Figure 3.8). Altering the pitch

angle S means slightly rotating the turbine blades along the axis.
The wind speed is varied, turbine speed is maintained at rated speed (@, = @, )

and corresponding A is calculated using (3.43). The power output is maintained at rated

power (P =P,.4)- The C, corresponding to rated power is calculated using (3.43). The

A= a)t_ rated R

V,

w

(3.43)
C — I:)rated
P 0.5ApV,
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Figure 3.11 Pitch angle for various wind speeds in a variable-speed variable-pitch wind
turbine system

value of pitch angle is obtained solving (3.37). The pitch angle for various wind speeds is

shown in Figure 3.11.

3.10.3 Mode I11: Power Regulation

With the increased penetration level of wind power in a power system, it is not
always possible to operate wind turbine in MPPT mode and constant power mode only.
For maintaining regulated frequency and voltage in the power system, the generated
power should be equal to the demanded power. Hence in that condition, the variable-
speed variable-pitch wind turbine should be operated in power regulation mode. When

the load decreases, the power output from the turbine should be reduced to match the
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load. When the wind speed is less than the rated speed, the pitch angle is always kept at
zero (B =0)and the A is varied and corresponding C, is calculated to obtain demanded

power output from the wind turbine. Then, the wind speed is calculated based upon the

demanded power output (P) given by (3.44).

1/3
vo-[_P
0.5A0C, (3.44)
w, = A—\R/W*Gear Ratio

Figure 3.12 shows the rotor speed vs. wind speed operating points for various
demanded power outputs (P). As shown in Fig. 3.12, DFIG wind turbine system can be
operated at more than one speed to generate particular power output (P) from wind
turbine. In that case, wind turbine should be operated in the closest possible speed from
the previous speed to minimize the transient operation period. In that way disturbance to
the pitch controller is also reduced significantly.

If the wind speed is more than the rated speed, then the turbine speed is

maintained at rated turbine speed (@, =@, ,.) and wind speed is varied. The

corresponding A is calculated and pitch angle is obtained for various values of demanded

power (P), which gives corresponding C  using (3.45); by solving (3.38).

R

/1 — a)t_rated
Vw
(3.45)

c [P
* | 0.5ApV,

Figure 3.13 shows the pitch angle vs. wind speed operating points for various

demanded power outputs.
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3.11 Control of DFIG-based WECS

The DFIG-based WECS control system consists of two parts: the electrical
control of the DFIG and the mechanical control of the wind turbine speed and blade pitch
angle as shown in Figure 3.2. Control of the DFIG is achieved by control of the variable
frequency converter, which includes control of the RSC and control of the GSC. The
objective of the RSC is to allow the DFIG wind turbine for decoupled control of active
and reactive power. This facilitates high flexibility which enables the turbine to capture
maximum energy from wind and at the same time to provide reactive power support to
the grid. The objective of the GSC is to keep the DC-link voltage constant regardless of

the magnitude and direction of the rotor power.

3.11.1 Design of the RSC Controller

The RSC control scheme consists of two cascaded vector control structure with
inner current control loops which regulates independently the d-axis and g-axis rotor

currents, i.e. I, and 1., according to some synchronously rotating reference frame. The

qr?
outer control loop regulates the stator active power (or DFIG rotor speed) and reactive
power (or DFIG terminal voltage) independently. The stator voltage orientation (SVO)

control principle for a DFIG is described in [31], where the g-axis of the rotating

reference frame is aligned to the stator voltage i.e V,, =0and V,, = V,. From (3.15) and

(3.16), the stator side flux can be controlled using PI controller. In this study, the g-axis
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flux is regulated to zero (4,, =0) and (4, = 4,) for the de-coupled control of active and

reactive power as described below (where p :% throughout the thesis):

rS rS Lm
p/1qS + ) /Iqs = -0,y + OL—ﬂqr +Vqs

S s—r

r.L
O s = —Wphgs + aSL E Aqr T Ves (3.46)

s—r

x = i(hz 4V, - %SJ

s ™ q
o, \ oL,

pﬂds + O:_—Sﬂds = a)eﬂ“qs + Or:ls_Lm ﬂdr +Vds

S S

G s = Os + 22 1V, (3.47)
« 1 r.L,
ﬂ‘qs = ;e(o-ﬂds - O'LS Lr ﬂ‘qr _Vqu

I’S kAs *
where s = PAgs + I/lqs = [k% + 'pj(}tqs —Ags) and

S

r K | o :
O s = Py +—— Ay =[km +ﬁj(/1ds - J4) are the outputs from the PI controllers as shown in

S

Figure 3.14.

The PI parameters are determined by comparing with the Butterworth polynomial

which is described in the below section, are given as:

Ko, =209, O:_ (3.48)

Kizs = a)oz (3.49)

Now, neglecting frictional losses in (3.26) gives:
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Figure 3.14 Stator fluxes control using PI controllers
po, = (T, -T,) (350)
r 2J m e '

where T, is the mechanical torque from the wind turbine. When the wind speed (V,,) is
less than the rated speed, the T, is given as:

T. =k, V,>° (3.51)

p AC =constant and if the wind speed (V,, ) is more than the rated

R
where K, = > o opt

opt
speed, the T, is given as:

P

Tm — rated (3.52)
W ated
where P, 1S rated power of the wind turbine and a,,,., is the rated speed of the wind
turbine.

Equation (3.46) can be re-written as:
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2?‘] pw, =T, -T.,)=0,, =K, (0 —®,) (3.53)

where k,, is the PI controller for rotor speed controller, given as: k,, = (km + k'””)
p

Then (3.53) will be:

2J K * K
- — k + wr _ k + wr
P pa)r ( Pwr p ja)r ( Pwr p Ja)r

P
3.54
a)r _ 2J (kawr + klwr) ( )
0 . 2 I:)kF’wr F>klwr
r + +
P+P 2] 2]

Substituting 4, =0 in (3.27) and (3.5) results in (3.55).

T =34
e 2 slgs
] (3.55)
Iqs =—— r
L q

A further substitution of (3.54) into (3.53) and in combination with (3.49) results in:

3 L,

Te = Eﬂds(_rs)lqr (356)
2 L

Iy = “To)z— 3.57

o= Tn) 35 (357)

Now, the stator active power can be written as:

3 3L
P="(VI +V.l )J=—2""V | 3.58
2( ds dS) 2 L ( )

s gs' gs gs'qr
s

Now, the stator supplied reactive power is given as:

3 3
Qs = E (Vqslds _Vdslqs) = qusl ds (359)

Substituting V,, in (3.57) gives:
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Qs = g(rslqs + a)eﬂ“ds + pﬂ“qs)lds (360)

Assuming constant stator flux, neglecting the stator resistance and substituting I, from

(3.10) gives:

3 o, L

Qs = 2 O'LS (ﬂis _rr:]ﬂ’dsﬂer (361)

Differentiating (3.59) w.r.t. time gives:

3w, L
ool L P (3.62)

pQ, =

From (3.60) and (3.4) and solving A, in terms of I . gives (3.63)

3w, L
st - _E O'C rmﬂds(vdr - rrldr + (a)e - wr)ﬂ'qf)

3w, L,
st = _E ol Tﬁds(vdr - r-rldr + (a)e B a)l’)o-l‘rqu) (363)
vas = GQs = st (Qs* - Qs)

20 L . . .
where V _2obL and K, is the PI controller for stator side reactive power controller,

3w,L,,

k
given as: Ky, = (kPQs + 'SS J So, (3.63) can be re-written as:

Kios ) - » Koo
VpQ, =(kPQS +'—;st —(kPQS +'—§st (3.64)
1
Q g(kaQs + kIQs)
QS* = " . (3.65)
s 2 PQs | 'IQs
p*+p v + v

From (3.62) and (3.63) gives:
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I —1(v (@, —o)oL 1 +&j (3.66)
dr — dr e r r qgr /1 '

rr ds

It can be seen from Equations (3.56) and (3.66) that, P, and Q, are proportional to I,
and 1, , respectively. The mutual coupling term (@, —,)ol 1, in (3.66) is very small

so its effect is negligible. The rotor current can be regulated by means of rotor voltages.
The relation between rotor current and rotor voltage is obtained by substituting

values of 4, and A, from (3.7) and (3.8) in Equations (3.3) and (3.4), respectively, and

further simplification yields:

Vqr = I’rlqr+0Lrp|qr+a)so(%ﬂ,ds+oLr|er (3.67)

Vdr = r.rldr + OLr pldr - a)sod—rlqr (368)
L 2
where o,,=(0, —®,) and o =1——"
L.L

S—r

In the Equations (3.67) and (3.68), there is the term including 1, in the g-axis
equation and there is the term including I, in the d-axis equation. So these two equations

are coupled and the traditional linear controllers cannot be used. However, through the
exact linearization method, these equations can be linearized by putting the terms other

than the currents control to one side.

Lm
1y, +ob ply =V, —a)so[r/lds +0L,Idr] (3.69)

s
g +ol ply, =V + o0l 1, (3.70)
Then linear controllers are used to regulate the currents as shown in Figure 3.15, where:
Oy =11, +ol.pl,, (3.71)
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o, =nl, +olply, (3.72)

The idea behind this is to use the linear controllers that include integrations to
calculate the derivative terms. And the nonlinear equations become linear when all the
nonlinear terms are moved to the other side of the equations. Then the q and d-axis

voltages are calculated as shown in Figure 3.15.

. L,
Vo =04 + a)so(L_ Ags + O-Lrldrj (3.73)

Vy =04 — @01 1, (3.74)

Using the inner current control loop has a significant advantage for the protection
of the DFIG. It can naturally protect the system from over-current since current limiters
can be easily inserted in the control system shown in Figure 3.15.

Since the general PI controllers are widely used and proved to be effective, they

are also applied in the following analysis [63]. For |qr current control loop from (3.69):

V, =rl, +ol pl, =(r, + pol, )l (3.75)

qr

Figure 3.15 Inner current controller
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v, = (kqp +ﬁj(|qr* -1,) (3.76)

Ko ), Ky
(r. + pol, )l =(kqp+—;jlqr —(kqp+—gjlqr (3.77)

Similarly, for |4, current control loop from (3.70):

V, =rl, +oL pl, =(r + poL )l (3.78)
dr ridr T dr r r/ dr
' k P *
Vdr :(kdp +%)(Idr - Idr) (379)
kdi * kdi
(rr + pO-Lr)Idr = kdp +? Idr - kdp +? Idr (380)

Then the transfer functions between the reference and actual currents are changed

to the following:

1
I(pkqp +kqi)
r 3.81
RO PR I .
oLr r ap ol qi

r

I _ pkqp + kqi _
| © plol, +p(r. + Kyp) +K; B

1
I(pkdp + kdi)
—F - (3.82)
p-+ pIr(rr + kdp)+Ikdi

r

pkdp +Ky; _
p’ol, + p(r, + Kap) + Kgi

Idr —

Idr

Choosing the appropriate control parameters is very important to gain good
performance although the whole system might be able to work for a wide range of
parameters. Many researchers select the gains based on the experience or just by trial and
error. This is not good especially when the control system is designed for a new system.
The most important objective is to maintain the system stability by selecting appropriate

control parameters. And then those parameters can be tuned up corresponding to the
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specified performance requirement. There are some methods that can be used to
determine the system parameters that can keep the whole system in the stable region.
One of the methods is by using Butterworth polynomial to optimize the closed-

loop eigen value locations [63]. The Butterworth method locates the eigen values

uniformly in the left-half s-plane on a circle with radius @, , with its center at the origin

as shown in Figure 3.16.
The Butterworth polynomial for a transfer function with a second order

denominator is given as:
p? +2w,p+w, =0 (3.83)
The PI parameters are determined by comparing the coefficients in (3.79) with the

denominators of the corresponding transfer functions and then choosing appropriate o, .
Kep = Kgp =201, — T, (3.84)
Kgi =Kgi = oL, @, (3.85)

Here w, is the bandwidth of the current controller, which depends upon the design value.

The overall vector control scheme of the RSC is shown in Figure 3.17.

A
Imag

pl

» Real

p2

Figure 3.16 Location of poles for second order Butterworth polynomial
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S

Similarly, comparing denominator of (3.51) with Butterworth second order polynomial,

i.e. p?++/2a,, p+aZ,, Pl controller gains are obtained as:
kavr = \/ECOOWr ZFJ (386)

2]
I(Iwr = F a)Owrz

(3.87)

where a,,, is the bandwidth frequency of the speed controller.
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Similarly, comparing denominator of (3.65) with Butterworth second order polynomial,

i.e. p°+ \/Ea)QS p + @5, , P1 controller gains are obtained as:
Kegs = V20, (3.88)

Kigs = Adg,” (3.89)

1Qs
3.11.2 Design of the GSC Controller

Figure 3.18 shows the general vector control scheme of the GSC where control of
DC-link voltage V,, and reactive power exchange between GSC and power grid is

achieved by controlling current in synchronous reference frame [54].

Now, DC voltage dynamics in DC-link is given by:

quqr af “af

3 3
Cdec:Z(M +Mdr|dr)+Z(Mdf|df+M I ) (3.90)

where C is the DC-link capacitance, M, and M, are g and d-axis modulation indexes
of RSC and M and M are g and d-axis modulation indexes of GSC, respectively.

Hence, (3.90) can be re-written as (3.91) which can be solved to get 1.

3 3
C pvdc = Z(Mquqr + Mdrldr) +Z(Mdf Idf + qu qu ): Oyc (391)
Equation (3.91) can be re-written as:
C pVye =0y = kdc(vd’:: —Vie) (3.92)

where k. is the Pl controller for DC-voltage control given as: k, = [dec + k'ch . Then
P

(3.92) will be:

59



Vdc
—>

Grid Side

Converter

abcs

I
Qs o oLl qd/abc ¢

e —f "qf
95—'[: i
abcf ~

qd/abc et D

Qs
Calculation

<P

Figure 3.18 Block diagram of GSC control system

C pvdc = [dec + kl_rjc}/dc* - (dec + kl_;c)\/dc (393)

1
Vv ?(kadc + I‘(Idc)
o _ e (3.94)
Ve p2 +p Kpac +@
C:dc Cdc

Comparing denominator of (3.94) with Butterworth second order polynomial, i.e.

p? + \/Ea)Odc p+ @}y, Pl controller gains are obtained as:

dec = \/ECUOdCCdc

(3.95)
kIdc = Cdca)Odc2 (396)
where «,,, is the bandwidth frequency of the DC-voltage controller. From (3.91):
. 41 3 M
Lot :gM_qf(Gdc_Z(Merqr—i—Mdrldr)j_M_mldf (3.97)
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Using KVL across the RL filter gives:

Vs V,,
Var =Telgr Lo Plog + L Ly +- =M, ==

qf

Vy
Vg =Tl +Liply —o Ll =My —=

(3.98)

(3.99)

Since the g-axis of the rotating reference frame is aligned to the stator voltage i.e V,, =0

and V,, = V. So, the GSC supplied reactive power to the grid is controlled using d-axis

current.

3
=—V
Q=N

where N is the transformer turns ratio connected between GSC and stator.

WS
pr = N pldf

Substituting (3.99) in (3.101) gives:

v, 1

pQ; = N L,

Il + o, Lfqu)

I'pQy = (Vg —Filgs + @, Li1y) = 0y

2N
where T =

I'pQ; = Oy = ka (Q: -Qs)

where k is the P1 controller for reactive power supplied by GSC given as:

Ko
Kox :(kaf - J Then (3.104) will be:
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r —|k kIQf * k kIQf
pr — | "PQf +T Qf | Ppof +T Qf (3-105)

1
Q, r(kaQf + kIQf )
> = 3.106
Qo py |OLPQf 4 Kot o0
I I

Comparing denominator of (3.106) with Butterworth second order polynomial, i.e.

P + /2@, P+ @l , Pl controller gains are obtained as:

Keor = ‘/Ea)ocfr (3.107)

2

Kigr =T ooy (3.108)

where @, is the bandwidth frequency of the reactive power controller. From (3.103):

.1
15 ==y + oL, —0y) (3.109)

f
Equations (3.98) and (3.99) give the inner current control loop for the GSC control.

Inner current control:

If we assume:
Felge + L Pl :kqf(l*qf —ly) =0y (3.110)
Felge + Lo Plye =Ky (1Mot — 1) = o (3.111)

Then, (3.98) and (3.99) can be written as:

Vi, 2
My = (O-qf +o,Lily +Wq)\z (3.112)

2
My = (o4 —@.L qu)v_ (3.113)

dc
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Equations (3.112) and (3.113) give modulation indexes which are the output of

the converter. And k,, and k,, are Pl current controllers for g and d-axis currents,

respectively and k,; =Ky = [kpl + k—r')lJ Then, (3.110) can be re-written as:

1
?(kal + k|1)
i = f (3.114)

1 1
af p2+pL—(I’f +kPl)+rkll

f f

Comparing denominator of (3.114) with the Butterworth second order polynomial gives:

Koy =~/2ap,L; —T, (3.115)
k,=L (3.116)

where a,, is the bandwidth frequency of the current controller.

3.11.3 Transfer Function of RSC and GSC Controllers

In the above mentioned controller design for RSC and GSC, each controllers are
designed separately and finally combined together. This procedure is only valid when the
controlled variables are independent of each other, i.e. they should be mutually
decoupled. To check whether they are independent of each other or not, or if there should
be any conditions to be fulfilled for the decoupled control of those two controllers, the
transfer functions of the RSC and GSC are derived in this section. The conclusion is
made at the end of this section.

From the flux control:
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r.L
—_ sS—m
O s = —, Ay + /1qr +VqS
Sr

Gﬂqs:_a)eﬂ‘ds"— fs o (GLI +i/1 )+V
oL, L, (3.117)
2
O-/iqs:_a)eﬂ‘ds—i—rsl_ﬁqu rSLm ﬂ“ +V
. p8Jw, —4PT | rl3
Kls(iqs_ﬂ/qs)z_weﬂ’ds_i_rs( 3P2/1d5 J O'LZL l V
_ 0Lt BP*K oAy +3P* 24 —3PV,)  ol’L,1,(p8Ja, —4PT,,) (3.118)
as 3r,L2P? +3P% LK, JasBr, L, P? + 3P%0L LK) |
Similarly,
Gids:a)eﬂ“%_‘_ rsLm ﬂ’df +Vd5
O 45 = a)e O-|s_ ; ( ﬂ’ds +L O-Idr) +Vd
Lo L 3.119
SIS R TR o
Ads O'LS ds I—s dr ds
r.L2 2rp Q,
Kls(ﬂ’ds j’ds) a)ﬂ’ s T ;Ls ﬂ’ds_ 3 a)/lds +Vd5
K oo — 0, +2£ Qj ~V,
. O (3.120)
rsLm
[K% *wj

From (3.118) and (3.120), it is clear that the relations between control variable

(A4s» 45 ) @nd reference variable (4., A..) are non-linear. Hence, transfer function cannot

ds ! qs
be obtained. Therefore, in the later part of the transfer function derivation, the stator
fluxes are assumed constant as a result the relationship between control variables and
reference variable is linear.

In the RSC, from (3.49):
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Owr = kwr(a): _a)r) = (Tm _Te)

Owr :Tm 3P Lm /ldsl ar
4 Ls
. 4L
qr = (O'Wr _Tm)/\—
3P Ln A,

where () shows the measured value.

GQs = st (Qs* - Qs)s = ﬂ‘ds[v

N AN

O =st(rr Idr +pPpo L, Idr

* GQ

S
Idr_ AN

pO- Lr j‘ds

From (3.123) and (3.126):

Similarly, from (3.63):

N N FASERAN
dr—rr Idr+a)soGLr Iqr)

n NN N N AN
—C’)soO-Lr |qr—l’r Idr+a)506|_r Iqrj

4L,
. 0 o 4LsT
qr* — 3P Lm ﬂ’ds wr + -
Loy 0 1 Ogs 3P|6m s
| pAasoLr | —

c

(3.121)

(3.122)

(3.123)

(3.124)

(3.125)

(3.126)

(3.127)

Here, the mechanical torque from the wind turbine is considered as a disturbance to the

RSC controller.

From (3.46):
P
w=—0 (T -T
por =-5 (T = T)

3P

L'"/ll

ds qr)
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_p8) Lo, 4T,L
" 3P% LA, 3PL, A,

From (3.62):
3w L,
pQ, = _EISrr/ids(Vdr — Il + a0l 'qr)
3w L,
st B _EIrlds(rrldr + pGLr Idr - a)SOOLl’Iqr - rrldr + a)sool_rlqr)

S T

_ 2Qs Ls
o 3a)e I—mﬂ’ds

ke Qs
Idr 0 _A Qs Om %
3w, L, Ay S

D

E

From (3.77):

(;r+ pc;li,jlqr =Kgrlgr —Kigelor
From (3.80):

(;r+ péf_,jldr =Kyl —Kigi 1y

Combining (3.135) and (3.136):

A A A

re+ pO' Lr+ kiqr

* 0 I
lgr re+ poLe+ Ky, lar

kidr

Substituting (3.127) and (3.134) in (3.137) gives:
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o o,
c{ } D= KE[Q } KD (3.138)

Ogs s

41 A

g 0 . ALT

3P Ln A, Kur (0 =) | - —==om
0 1 st (Qs - Qs) 3P I6m A’ds
PAgs o Lr (3.139)
re+ po Lotk p8lL, 0 . .
r+poletk
= kiqf 3PLm2'dS wr + _ pa r iqr 4L5Tl'ﬂ
A aa Q. Kige 3PL, A,
0 It poletky 2L 0
Kiar 3m,L,, Ay,

Solving (3.139) gives:

o =52 +0T, (3.140)
Ki ki
" s et L+ k. As
where ki = 2pJL o iar L Ku
b Kiar Lm Ags
> As . ;r+ ; IA_r+ k, As
ko= KurLs gng e, = IEPIETRe L L
Lm Ay Kige Lndes L, A,
Similarly,
k4 *
Q, =+0Q, (3.141)
Ks
ok © ke retpoletk
where k4 =* and ks = Q,S\ - e+ pO'L +k|dr 2Ls

pﬂdsd Lr pﬂdSO'Lr kidr 3a)el‘m/q’ds

If the measured parameters are assumed to be equal to the actual quantities, solving

(3.139) gives:

67



K K

o = Fo + 2T, (3.142)
k, k,
where k = 2pdL, I+ poly ke | LKy K, = Kuls ang
Lm/IdS kiqr Lm/lds Lmj’ds
k _ I’-I’ + pOLr + I(iqr Ls |_s
’ kiqr Lmﬂds I—m/lds
Similarly,
Ky
Q=1"Q (3.143)
k5
k K _
where k4 = Qs and k5 = Qe _ r+ pGLr + kldr 2'—3
ds——r p)“dso-Lr kidr 30)9 I-mﬂ“ds

Here it should be noted that the inner current controller parameters are same for g and d-
axis currents, i.e. ki, =k

re

Similarly, in the GSC, from (3.91):

. 3 3
e = Kae Ve = Vo) :Z(Mquqr + Mdrldr)+Z(Mdf lyr + My qu) (3.144)
« 1 (4 3
qu = qu [g(adc_Z(Mquqr+Mdr|dr))_Mdf|dfj (3145)

* *

yAY, . .
where M, =—2 and M, = Ny . Here, E(M A, +M 1) is the DC-link current
dc Vdc 4 e

coming out from RSC.

And we also know from (3.73) and (3.74) that-

. . L
Vqr = qur(lqr - Iql’) + a)SO[L_m ﬂ’ds + O.l_l'ldl’J (3146)

S

*

Vi

r =

kldr(ISr_ Idr)_a)sod-rlqr (3147)
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Using (1.146), (3.147), (3.127) and (3.134), DC-link current is expressed as:

ar-qr

%(M I + Mg ly) =

p8JL . ) 4T L . o,,P8Jw
— (w0 -0)-——=-k k (0 —@ )+ 2——T
3 Iqr “Mwr 3P2Lmﬁds( r%r r) 3P|-mjvds Iqr wr( r r) 3P2 (3148)
2Vdc _ a)SO4Tm 2L kldrk (Q Q*_QZ)_ 4L§kldl’
3P 3paLr oL T 9 PR

Here, A, is regulated to constant value using flux control. Hence, it is clear from
(3.148) that the DC-current flowing in ac/dc/ac converter has a non-linear relationship

between control variables like ®,, Q, and V.. So it can be concluded that decoupled

control of Q;, Q,, w, and V. can be done if the DC-link current coming out from RSC

is taken as a disturbance for the GSC control.

Now, from (3.104):

=\Vy — rf Iyt +@e Lt 1y)

n n n n n

_(rf g + pl_f g —@e Lt Iy =Tt 1y + e Lt 1) (3.149)
1 =
daf — = A~
pLt

From (3.149) and (3.145):

. 1|4 3 o
qf = M g(adc _Z(Mquqr + Mdrldr)) Mdf (/?f (3150)
qf pL;s

Combining (3.150) and (3.145) gives:
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From (3.90):

3
CV,.=—(M
p dc 4(

4
i =3m

qf

From (3.102):

Ve
pQ; :I(Vdf —rely + oLl )
f

df
—

M
+Mdr|dr))_{M

qf

3
+Mdr|dr)+Z(Mdf|df + ququ)

de

Ny
pQ; :I(rfldf +PLilg —@lily —Tily + @ Lily)

2
df Y

qgs

Substituting (3.155) into (3.153):

, __ 4
" 3Mm

qf

Combining (3.156) and (3.155)

From (3.110):

Z(Mquqr + Mdrldr))_[

2M &J
3M,, V,,
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(3.151)

(3.152)

(3.153)

(3.154)

(3.155)

(3.156)

(3.157)



(;w pﬁfjqu = Kigt Lo = Kigr
From (3.111):

(?w pﬁfjldf = Kig Do — Kige Vs
Combining (3.158) and (3.159) gives:

Fe+ pLe+ kg

qu* — kiqf
Idf

0

0

kidf

re+ pLle+ Ky _Idf

F

Substituting (3.150) and (3.157) in (3.160):

{Gdcj| |:Vdcj|
@) +P=FQ +FR
O Q;

4 M 4

(3.158)

(3.159)

(3.160)

(3.161)

T « 1
Squ po qu kdc(\/dc_vdc) n _7(Mqr|qr+Mdr|dr)
0 1 ke @-Q0]T| T
pLt¢
4pC ri+pLi+ky 2M ¢ ri+pLi+kig, A A
_ | My Kigs NosMyi Kigs Ve + _ Myly #Myly) et pLe+ky
- " " Q M iqf
0 re+ple+ky 2 Lef 0
L kidf 3Vqs i
(3.162)
Solving (3.162) gives:
Kgo\y= _37:71 3.163
Vdc: A Vdc_ZA—(Mquqr_'_Mdrldr) ( ' )
71 71
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~ o ri+ pLle+kg "

where y, =—————% and 71 = pCy, +k,,. Similarly,
idf
Q, =1Q; (3.164)
1,
A k A A k
where » = —%_and », =, 2, of
pL;t as  plLy

If the measured quantities are assumed to be equal to the actual quantities, solving

(3.162) gives:

k 37f_1

Vdc zith:__—(,\/iquqr—i_,\/ldrldr) (3165)
7 4 7
L. +k
where y, I PR R gng 7, = pCy, +ky,
idf
Similarly,
Q ="1q; (3.166)
m,
k 2 k
where 7, = -2 and ;. = + 2
m sL, M =7 3Vqs oL,

Here it should be noted that the inner current controller parameters are same for g and d-

axis currents, i.e. i, =Ky -

Combining (3.140), (3.141), (3.163) and (3.166) gives:

(8 ki1 (0] (0] O a)r* ;‘1le 0

Qs _ O k 22 ,\O O QS* —+ O -+ /\O (3167)
Ve (o) O Kss o Vac o #as3

Q; e 0] o Kaa | Qs | O | O
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A n

A k2 N k4 N kd A N k3
where ki1=-—, Koo =—+—, k33=,\—c, k44=$, o1 =-—and

N

K1 Ks 71 n, K1
" Iqr wr p28JLS ( : r rz) - 4Tm Ls qurkwr (a): - a)r) +M8;]a)r
A 3 y,-1 3P°L, Ay 3PL, Ay 3P
Hyz="—"7""=
Al @5, 4T, 2L KigrKqs " 41k
de 7y | _Zso'm o ldrQ , (Qst _QSZ)_ 25 2Idr2
3P 3pa oL, A 9w," L, Ay,
Combining (3.142), (3.143), (3.165) and (3.166) gives:
@, k,, O 0] 0] w,” o L 0]
Q |_| 0 ke O O 1Q 7| | O | | O (3168
Ve 0 O ks O ||V, 0] 7.
Q; o 0 O Kkl |lQ,” 0 o}
, . |
where k, =Kz =Ko o ke o oo Kagng
k, Ks 2] m, 1
p8Jla,

POL, (o, —?) - nbs g k(@) — )+ P

I e
Haa = 2Vdc 7, _ a)so4Tm n 2Lsklders (Q Q* _QZ) _ 4L§k|dr
R

3P 3polal, L

3 7/f -1 A 3P2Lmﬂ’d5

As shown in (3.167) and (3.168), the transfer function matrices A and & are both
diagonal which verifies that all the four controlled quantities are independent of each
other regardless of error in parameter estimation. That means, the controller design can
be done independent of each other and combined them together for the overall control.
According to (3.167) and (3.168), there exists a non-linear relation through the DC-link

voltage controller which can be considered as a disturbance for the GSC control.
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3.11.4 Phase Locked Loop (PLL)

A PLL is designed to define the reference angle for qd transformation so that the
stator voltage can be aligned along the g-axis and is included in the overall model of the
system to make the designed system more realistic. Figure 3.19 shows the 3-phase PLL
which takes the input as the measured DFIG terminal voltage V, and transforms it to qd-
reference frame. PLL aligns the stator side voltage to g-axis by comparing d-axis load
voltage with zero reference voltage. The voltage error signal is passed through the PI
controller to obtain the angular frequency of the terminal bus voltage. Hence in the PLL
system:

V,, =-V,sin(g,—6,) =0=-V,sin(6,-6,) = 6, =6, (3.169)
Now the error signal is given as: e=0-V, =V,sin(@ —-6,)

If (6, —6,) is very small, then we can write: sin(6, —6,) = (6, - 6,)
From the block diagram shown in Figure 3.19, V (6, —6,) is the input to the controller

and o, is the output from the controller. Hence,

Vs(el _gs)Kpll =,

3.170
\%pes:(ei_es)KpII:O_H ( )

S

k
where, K, =k, ,, +—="

k k
\% pgs = (kP_pII +|Tp”j9| _(kP_pII +ITPII]05 (3171)

A pV ks , +V.K
L P_pll 1_pll (3172)
O P +PVke itV
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V,—»[abc| @4
Vbs_> to Divisi
\/CS qd IvVIsion

Figure 3.19 Block diagram of PLL control

Now comparing the denominator of (3.172) with the Butterworth second order

polynomial p® +\/§a)o_p” p+a; . the parameters of the controller are:

K, == (3.174)

where @, ,, is the bandwidth frequency of the PLL controller.

Table 3.1 gives the PI controllers values used for the simulation study following
above procedure. The switching frequency is taken as 1 kHz and the bandwidth of inner

current controller is taken ten times that of outer loop controller, i.e.

o, =2*7* f,,=6280 rad/sec and @, = 2 ; @, = Jowe
10 10

a)inner -

o, =0, =628 rad/s, o

outer —

Wy = Do = Wy =62.8 rad/s and w,,, =0.628 rad/s

From (3.84): k,, =kg, = \/EcoooLr —r. =176 and from (3.85): k, =k, = ol.m,” =783.6

= Ea)2 =3.65
P

Iwr owr

From (3.86): k,, = \/Ewowr% =8.26 and from (3.87): k

From (3.95): Ky, = 29,,Cy =5.32 and from (3.96): K,,, = #%Cy, = 236.63

odc
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Table 3.1 Parameters of the machine and PI controller coefficients

Is 23mQ Cac | 60mMF |k /ky | 176 | k,/k,| 7836
I 2mQ L | 2mH Koyr 8.26 K r 3.65
Ls 2.93 mH | 2mQ Kpge 5.32 Kige 236.63
L 2.97 mH J 18.7 Kp, 1.77 K, 788.76
Lm 2.88 mH P 4 Kegs | 0.00022 | Kk 0.001
o 0.046 Kpo | 0.00022 | k. | 0.00093
Ko 72.06 K 3943.8
Vs | 56338V | N 1 Ke o1 2.10 k, o | 12444

From (3.115): k,, = \/EcoOCLf —r, =1.77 and from (3.116): k,, =@}l =788.76
From (3.88): Kpos = \/Ea)OQSA =0.00022 and from (3.89): =k, = Aa)QSZ =0.001
From (3.107): Kpos = \/Ea)OQfF: 0.0002 and from (3.108): K, ="y ? =0.0093

In PLL controller design, the switching frequency is taken as 2 kHz and the

bandwidth of the PLL controller is taken as: @, =2*7z*f,, =12560 rad/s and

a’sw —837.3 rad/s

)y =

Voo :

From (3.173): kp, = V—O =2.10 and from (3.174): k, ,, = f/)—o =1244 .4

S S

3.11.5 Stator Flux Estimation

As shown in Figure 3.17, the stator side flux should be estimated as accurately as
possible for the RSC control implementation. Therefore this section explains the stator

flux estimation using Low Pass Filter (LPF).
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The stator flux in stationary reference frame is given as:
(3.175)

+ p/lfqu
(3.176)

s s
qus - rslqu

ﬂ:ds = .[( qsds - rslc?ds) dt
Flux can be estimated using (3.176) but the pure integration (1/p) involves the

DC offsets and drifts [64]. To solve these problems, the pure integrator is replaced by a

LPF. The estimated stator flux by the LPF can be given as:
(3.177)

As 1
p+a
qds the phase lag

where A4 is the estimated stator flux by LPF, a = pole and V, =V, —

and the gain of (3.177) can be given as:
_ _tant%e
$=—tan"— (3.178)
1
(3.179)

where we. is the estimated synchronous angular frequency given as [64]:

dA
¢ -
q

2
" ﬂ« sl

A qds

Figure 3.20 Vector diagram of the LPF and the pure integrator [64]
7



) (Vs_rsls)ﬂ“s_(vs_rsls)/ls
e =220 dwzd = (3.180)

S

The LPF eliminates the saturation and reduces the effect of DC offsets but at the

same time it brings the magnitude and phase angle error due to the cut off frequency of
the LPF. Figure 3.20 shows the phase lag of A« estimated by the LPF and the phase lag

of Aqs estimated by the pure integrator. The phase lag of Aqes is 90" and the gain is

n

N
We We

1/

. However, the phase lag of the LPF is not 90" and the gain is not 1/|w.|. Hence, an

error will be produced by this effect of the LPF. When the machine frequency is lower
than the cutoff frequency of the LPF, the error is more severe. In order to remove this
error, the LPF in (3.177) should have a very low cutting frequency. However, there still

remains the drift problem due to the very large time constant of the LPF. For the exact

estimation of the stator flux, the phase lag and the gain of A in (3.177) have to be 90°

n

and 1/|w.|, respectively. Furthurmore, to solve the drift problem, the pole should be

located far from the origin.

Hence, the decrement in the gain of the LPF is compensated by multiplying a gain
compensator, G in (3.181) and the phase lag is compensated by multiplying a phase
compensator, P in (3.182) given as:

G yal+ o

N

(3.181)
We

P= eXp(_J¢1) (3.182)
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=tan” ——— 3.183
h=tan %7 (3189
;lqu 1 V a2 + a)e2 .

= e —

The cutoff frequency in LPF cannot be located at fixed point far from the origin. If the
pole is varied proportionally to the machine speed, the proportion of the machine
frequency to the cutoff frequency of the LPF is constant. If the proportion is large, the
estimation error will be very small. Consequently, the pole is determined to be varied
proportionally to the motor speed as (3.185). Therefore, the pole is located close to the

origin in very low speed range and far from the origin in high speed range.

n

e
a=—: (3.185)

where K = constant. Finally, the complete equation for stator flux estimator can be
derived as:

ﬂqu _ 1 (C()e/ K) + @, exp(—j¢1) (3186)

Ve p+(welK) .

We

n

We

A

— and sin(¢1) =$
V (@l K)? + &} V(@ K)? + @f

Simplifying (3.181) and separating into real and imaginary parts gives:

/“%S _ 1 V (@el K)? + o

where exp(—]d) =cos(d) - jsin(4), cos(¢,) =

N

p+ (Q)e/ K)

{COS ¢1(Vqs - Iqs) +sin ¢1(Vds — I Ids)} (3187)

A

We

79



(PR S TS R

D+ (el K) ,

{c0s 4y (Vs — 1,1 0) —SiN A (Vo — 11 o0)} (3.188)

We

Figure 3.21 shows the overall block diagram of the system to estimate stator side
flux using LPF and estimated synchronous speed of the machine. Similarly, Figure 3.22

shows the schematic diagram of the overall DFIG wind turbine control structure.

Gain qus qus
LPE Compensator Phase + +

- - Compensator i
| d
V + ; >l (a)e/ K)2 + a)e2 qds Signal

qds p+ (c:)e/ K) a) exp(_ J ¢1) Computation
Fs 1 gas sin(¢,) | e |

cos(@,)

Figure 3.21 Overall block diagram of the stator flux estimation using LPF [64]
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Figure 3.22 Schematic diagram of the DFIG wind turbine control structure
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3.12 Simulation Results

Figure 3.23 shows the plot of stator voltage and fluxes in g and d axis. The stator
voltage is aligned along g-axis using the reference angle given by PLL and the g-axis
stator flux is regulated to be zero and d-axis flux gives the total stator flux.

Figure 3.24 shows the plot of reference angle given by PLL to align the stator
voltage along the g-axis. Figure 3.25 depicts the angular synchronous frequency of the

system measured by the PLL and estimated by the stator flux estimator.

o) S
g i
s —7-v——"—7 17" ==== Vs
>
S
S
a0 :
0 1 2 3 4 5 6 7
= 2F
2
&
l:? 1 }\«ds ]
R s
© |
& Op=—————m—————==- e e S=======x
0 1 2 3 4 5 6 7

Figure 3.23 Stator voltage alignment and flux control for the decoupled control of active
and reactive power
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Figure 3.24 Reference angle output from PLL, 6, (top) and reference angle after
modular division by 27, 6, (bottom)
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Figure 3.25 The angular synchronous frequency of the DFIG system measured by PLL
and the stator flux estimator
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Figure 3.26 Estimated stator fluxes and synchronous speed of the machine

The estimated stator fluxes using pure integrater as well as LPF and estimated
synchronous angular speed of the machine are presented in Figure 3.26. At t=3 sec., the
step increase in rotor speed is applied from 391 rad/s to 400 rad/s as a result there is small
oscillation in flux and speed estimated values which settles down quickly as shown in
Figure 3.26.

Furthurmore, simulation studies are carried out for a 1.5 MW DFIG-based WECS
to verify the effectiveness of above described control system under varying wind speed.

Two different simulation studies are done for assessing the performance of the control
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system discussed above. In the first case shown in Figures 3.27 and 3.28, the step
decrease in wind speed from 12 m/s to 8 m/s is created at t = 8 s, the rotor speed and
active power output varies according to wind speed where as reactive power is regulated
to a constant value. Again at t = 5 s, step increase in reactive power supplied by stator
side is applied and at t = 10 s, step increase in reactive power supplied by GSC is applied.
Both cases do not affect the active power output of the DFIG which proves the decouple
control of active and reactive power.

Figure 3.29 (a) shows the wind speed profile of DFIG-based WECS. The wind
speed varies in a range of +4 m/s around its mean value of 12 m/s which is the rated
wind speed of the turbine. The variation of wind speed causes change of operation mode
in the wind turbine system. When the wind speed is less than rated speed, wind turbine is
operating in MPPT mode so Cp = 0.48 and tip speed ratio = 8.1 with pitch angle = 0.
When the wind speed is more than rated speed, pitching control starts operating as a
result, Cp < 0.48, tip speed ratio < 8.1 and pitch angle > 0 as shown in Figure 3.29 (b),
Figure 3.29 (c), and Figure 3.29 (d), respectively. Figure 3.29 (e) shows the independent
control of active and reactive power in DFIG as explained above. When the wind speed
varies, the active power output varies accordingly but the reactive power is always
regulated to zero, i.e. unity power factor operation of both RSC and GSC. By doing so,
the power factor of the overall DFIG wind turbine system can be regulated according to
the requirement. During the entire operation period of the wind turbine, GSC maintains

the DC-link voltage in back to back converter of the DFIG to a constant value.
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Figure 3.27 Simulation results of 1.5 MW DFIG-based WECS for step change in wind
speed and corresponding rotor speed as well as DC-link voltage
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Figure 3.29 Simulation results of 1.5 MW DFIG-based WECS: (a) wind speed, (b)
Coefficient of performance, (c) tip speed ratio (d) pitch angle and (e) Total active and
reactive power output.
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Hence, in this chapter, modeling and controller development for variable-speed
variable-pitch wind turbine is presented. Vector control technique is implemented for
decoupled control of active and reactive power in DFIG connected to power grid. The
decoupled control of the rotor speed, stator side supplied reactive power, DC-link voltage
and GSC supplied reactive power is verified by calculating the overall transfer function
of the system. The dynamic characteristics of the DFIG-based WECS are studied during
varying wind speed inputted to the wind turbine. In Chapter 4, the steady state
characteristics of DFIG wind turbine system and its reactive power capability are

presented.
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CHAPTER 4

REAL AND REACTIVE POWER CAPABILITY OF DFIG WIND
TURBINE SYSTEMS

In this chapter, the DFIG steady state behavior is investigated by analyzing its
steady state operating characteristics. The aerodynamic, mechanical, and electrical steady
state characteristics of the DFIG-based WECS are analyzed. The steady state reactive

power capability study of the DFIG is done in the last section of this chapter.

4.1 Real Power Flow Analysis

In this section, set of steady state equations of the DFIG system are gathered.
Those equations are solved simultaneously to obtain the steady state real power flow
curves in the sator and rotor side of the DFIG by varying the rotor speed from sub-
synchronous speed to super synchronous speed. The machine is assumed to be operating

in unity power factor mode, i.e. reactive power output from the machine is zero.

4.1.1 Steady State Equations

The steady state equations of the DFIG are obtained from the machine voltage

Equations (3.1) to (3.8) with all the time derivatives equal to zero as:

Vi =l oLl + oLy, (4.1)
Vi =rlg -l —al,l, (4.2)
V=t +(o,—o )Ll +(o, o)L 1, (4.3)
Vy =ty — (0, - o )Ll — (@, - o, )L, 1, (4.4)
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As shown in above four equations, for given stator voltage which is directly

connected to grid (V,, V), synchronous speed (@, ) and rotor speed (®,) or wind

gs ?

speed (V,,), (4.1) - (4.4) is a system of four equations and six unknowns (V_,, V,,, |

qr? gs

lss: 14 and 1g.). Hence, two more equations have to be specified so that an operating

point can be determined. In the wind energy conversion applications, it is sensible to
impose a constraint on the electrical torque (or rotor speed) for maximum power
captured, and the other constraint on the reactive power (or power factor) for terminal
voltage control. The two constraints can be written as: Mechanical Torque = Electro-
magnetic Torque, i.e.:

L

m 4 Lm[lquds_ldrlqs] (45)

In wind turbine system, if wind speed is less than rated speed, from Equation (3.39):

T,=———~ 5 AV,’C,
A*Gear Ratio

(4.6)

W = }“\R/W Gear Ratio

If the wind speed is more than rated speed, the mechanical torque from the wind
turbine is given as:

P

Tm _ m_ rated (47)

a)r _rated

where B, .., is the rated power and @, .., IS the rated rotor speed of the DFIG wind

m_
turbine system.

If DFIG is operating in unity power factor operation mode:
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Qs zg(\/qslds _Vdslqs) =0 (4.8)
If DFIG is operating in constant terminal voltage operation mode:

qus +Vd23 = [\/t|2 (4.9)
where V, is the desired DFIG terminal voltage magnitude.

As explained in Chapter 3, the constraints (4.5) and (4.8) or (4.9) are the control

objectives of the RSC. The torque reference T, is such that maximum power tracking is

ref
achieved in MPPT operation mode and rated torque tracking is achieved in pitch control

(constant power) operation mode. The reactive power Q; . is determined by the desired

power factor or terminal voltage and by the reactive power sharing policy with the GSC.

In the DFIG, rotor side is connected to the grid through back-to-back power
converters whose steady state equations are discussed below. Since, DC-link capacitor
does not exchange any DC current during steady state, i.e.:

E(n\/l I+ Mdrldr)+%(M

4 qr'qr qu +Mdf|df)=0 (410)

qf

where M and M, are RSC modulation indexes, |

,1,,and |, are current flowing into

RSC, M, and M are GSC modulation indexes, and I, and I are currents flowing

out from GSC to grid. Here, it should be noted that during steady state, DC-link voltage

V¢ IS constant so _ % and M,, = Ay
qar r

de dc
Using Kirchhoff’s voltage law (KVL) during steady state across RL filter given by (3.98)

and (3.99) as:
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<

dc __
M rfqu + oLy +VqS

af 5
2 (4.11)

dc _
Mdf7_rf|df _weLfqu + Vs

<

If the GSC is operating in unity power factor mode, then:

3
QGSC = E (Vqsldf _Vdsqu) =0 (412)

In overall DFIG system, we have ten steady state Equations (4.1)-(4.5), (4.8) or

(4.9) and (4.10)-(4.12) and ten unknowns which are: 1 o, o, T, lys Ty lgs My,

My, M, and M, . Hence we can get a unique solution of the system, i.e. particular

qr

operating point.

4.1.2 Steady State Characteristics

The steady state aerodynamic characteristics of variable-speed variable-pitch wind
turbine system are discussed based on the aerodynamic equations of the wind turbines
system given by (3.37) and (3.38) is shown in (4.13). Variable speed-variable pitch wind
turbine basically operates in two modes, MPPT mode in low wind speed and pitch

control mode in higher wind speed more than rated speed (12 m/s in this study).

P=1pAv3c

m w p

C,(4,5)=0.5176 116 0458—5 le24 +0.00684 (4.13)
(4 B)=0. 7—-ﬂ—e +0.

As given by (4.13), mechanical power from wind is function of C, which in turn is
function of pitch angle and tip speed ratio (see Figure 3.8). So if wind turbine is operating

in MPPT mode, C, should be maximum (= 0.48 as shown in Figure 4.1) in which case,
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Figure 4.1 Steady state coefficient of performance in variable speed wind turbine

9¢
S 8 \
2 \
g7
2 \
O 6 ™~
o \
n
|_
n A
4 6 8 10 12 14 16 18 20 22
(a)
25¢ s
##
20 G’/
= 15 o
g o
=]
= 10 Qf
+F
5 i
Nl
ot i : ! ‘!‘ I I I i I
4 6 8 10 12 14 16 18 20 22
Wind Speed [m/s]
(b)

Figure 4.2 Steady state aerodynamic characteristics of wind turbine system, (a) tip speed
ratio and (b) pitch angle
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pitch angle will be zero and tip speed ratio will be maximum (see Figures 3.8, 4.2(a) and
4.2(b)). As the wind speed increases more than rated wind speed, pitch control should be
activated so as to limit the wind turbine from getting overload. When the pitch angle
increases, C, decrease (so does the tip speed ratio) and less mechanical power from wind
IS extracted as shown in Figures 4.1 and 4.2. Figure 4.3 shows the various steady state
control settings proposed in the DFIG-based WECS for MPPT mode and pitch regulation
modes. In the low wind speed (MPPT mode), power output is proportional to the wind
speed and rotor speed is also proportional to wind speed. At higher wind speed, control
setting should be set in such a way that the wind turbine operates at rated power and rated
rotor speed as depicted in Figure 4.3.

Figures 4.4 - 4.11 show the steady-state characteristics obtained by solving
Equations (4.1)-(4.5), (4.8) or (4.9) and (4.10)-(4.13), under the assumptions that the

terminal voltage is at nominal level (V=1 and V,;,=0) and the DFIG is operating at
unity power factor (Q, = Qg =0). Figure 4.3 shows that DFIG is able to produce active

power (P, >0) at unity power factor regardless of the wind speed variation. In

addition, the DFIG is able to operate optimally in low wind speed regime by capturing
maximum input power over a wide range of wind speed and rotor speed. It is seen that
choosing a higher rated rotor speed gives lower electrical torque in rated regime since the

rated torque is defined as the rated air gap power (rated output power plus losses) divided

P

output

0

+R

. losses
by the rated rotor speed, i.e. Te_rated =

rated
The control of the wind turbine shown in Figure 4.3 is targeted to maintain both the

mechanical speed of the turbine shaft and the generator power output to be within rated
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Figure 4.3 Steady state control settings of DFIG-based wind turbine system for various
wind speeds, from top to bottom: (a) total active power, (b) rotor speed, and (c) Te

limits, while at the same time extracting as much power from the wind as possible and
converting it into electrical power.

Figure 4.4 and Figure 4.5 show the steady state power flow in stator side and rotor
side and the total power flow in DFIG for different rotor speeds (W;). As shown in Figure

4.4, the stator side is underutilized when the rotor speed exceeds rated speed, i.e. stator
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supplied power decreases to maintain total output power within the turbine power rating.

So if the turbine power rating is more than the DFIG, then the DFIG wind turbine system

can be operated as shown in Figure 4.5 to extract more power from the wind utilizing the

same DFIG at super-synchronous speed operation mode, i.e. generator can generate more
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Figure 4.4 DFIG steady state power flows in the stator and rotor and the total power flow
with the assumption that power ratings of DFIG and wind turbine are equal
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Figure 4.5 DFIG steady state power flows in the stator and rotor and the total power flow
with assumption that power rating of wind turbine > power rating of DFIG
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than 100% output power. In other words, smaller power rated DFIG can be coupled with
bigger power rated wind turbine to generate the electrical power without overloading
DFIG.

The DFIG consists of a three phase induction generator with three phase windings
on the rotor. The rotor is connected to a converter which supplies power to the rotor via
the slip rings. The power electronic converter is capable of handling power flow in both
directions which permits the DFIG to operate at both sub-synchronous and super-

synchronous speeds. The DFIG produces controlled voltage Vs at grid frequency f, at

the stator and variable voltage V. is provided at the rotor at variable frequency f,. The
frequency of the rotor depends on the angular velocity of the rotor which in turn depends

on the wind speed. Let f, be the electrical frequency of revolution of the rotor. The

following relation always holds true between these various frequencies:
f,=f.£f,
The positive sign above is for the super-synchronous operation where rotor speed

exceeds rated speed, f, =0 for synchronous speed and negative sign is for sub-

synchronous operation when rotor speed is less than rated speed.

According to the steady state power flow curves shown in Figures 4.4 and 4.5, a
DFIG has three distinct operation modes based on the direction of active power flow in
the stator and rotor sides of the DFIG as represented clearly with equivalent block
diagram in Figure 4.6. It can be observed from Figure 4.6 that, at sub-synchronous speed
operation, the rotor speed is slower than the synchronous speed, i.e. the slip is positive. In
order to generate power in this mode of operation, positive slip power must be obtained

by injecting power from the grid into the rotor by means of a power converter, i.e. rotor
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side absorbs power from grid to provide excitation to the DFIG. Therefore, closed loop
power flow occurs through the rotor and the stator but still the net power output will be
positive, i.e. DFIG generates power in the sub-synchronous operation speed range as
well.

During the synchronous speed operation point, the rotor side is not involved in the
power generation process, i.e. active power exchange via rotor side is zero and only the
stator side will supply generated power to the grid.

In super-synchronous operation speed range, mechanical power from the shaft
splits into two parts; the largest part of the power goes to the grid through the stator and a
fraction of the power goes through the converter to the grid, i.e. both stator and rotor

generate power and supply it to grid as a result the total power output will be high.

Sub- synchronous Rech P b
Speed Operation P Rot
r
I:)r L AC/DCIAC
Synchronous  FMech P e R
Speed Operation tot
R =0
AC/DC/AC
Super-synchronous Puiech R cp
Speed Operation ( Rot
P

R. | AC/DC/IAC

Figure 4.6 DFIG stator and rotor active power flow direction during different rotor speed

99



From Figure 4.7, it can be interpreted that at synchronous speed, the rotor voltage
magnitude will be minimum, i.e. very close to zero but at both super-synchronous as well
as sub-synchronous speed, (i.e. slip not equal to zero), the rotor voltage magnitude
increases as the slip (both +ve and -ve) increases. It is well known fact that every
electrical induction machine has a rated rotor side voltage so the rotor voltage magnitude
is one of the constraints for limited speed range operation of DFIG. The rotor side draws
the reactive power from RSC at sub-synchronous speed as a result the power factor of the
machine is very poor (low) at sub-synchronous speed. But when the machine operates in
super-synchronous speed, rotor side also supplies reactive power to the machine for its

excitation as a result the rotor side power factor also improves.
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Figure 4.7 Rotor voltage magnitude, rotor side power factor and rotor supplied reactive
power in DFIG
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Figure 4.8 shows the modulation indexes of the RSC and the GSC when the rotor
speed varies from 0.3 pu to 1.5 pu. The modulation indexes magnitude (shown by the red
solid line) are less than 1 in both converters for the entire range of rotor speed.

From Figure 4.9, it is clear that to generate the same amount of total active power

and reactive power from the same DFIG with two different rated rotor speeds, at higher
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Figure 4.8 Modulation indexes of (a) Grid Side Converter (b) Rotor Side Converter
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rated rotor speed, the electromagnetic torque that DFIG has to develop is lower. As a
result, the stator side current magnitude as well as rotor side current magnitude is lower at
higher rated rotor speeds which is depicted in Figures 4.10 and 4.11, respectively.

Hence, higher value of rated rotor speed is better from the converter rating
viewpoint, as the current magnitudes in rated regime are lower. The rated rotor speed is

usually chosen in the super-synchronous region at a value less than the maximum rated
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Figure 4.9 Electromagnetic torque, total active power and total reactive power developed
by DFIG at two different rated rotor speeds (a) @, =1.20, and (b) ®,,., =1.10,

rated rated
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speed. The margin required between @, .., and @, . depends on the speed of the

pitching mechanism and generator inertia. Lighter generators with slower pitching

require a larger margin since they accelerate more quickly and the pitch control takes
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Figure 4.10 Stator Current Magnitude in DFIG at two different rated rotor speeds
(a) a)rated :1'2a)e and (b) a)rated :1'la)e
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constraints like rotor voltage magnitude, rotor current magnitude, and stator current

magnitude ratings.
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4.2  Reactive Power Capability

4.2.1 Introduction

Most of the newly installed megawatt size WECS are DFIGs. The increasing level
of wind power penetration into the power grid has generated a widespread concern over
its impact on power system performance. As a result, utility companies have set some
requirements (also called grid codes) to be fulfilled before connecting the wind turbine to
the grid [65]. A key requirement for plant operation is that the power factor at the PCC
must remain between 0.95 leading and 0.9 lagging [41]. The reason for this ruling is that
reactive power capability for a wind plant is a significant additional cost compared to
conventional units consisting of synchronous generators which possess inherent reactive
power capability. Another significant focus of the grid codes has been on the active and
reactive power control capability of the wind turbines so as to support the control of
frequency and voltage in the grid, respectively [65].

Reactive power is essential for the stable operation of the power system. It
facilitates the flow of active power from the generation sources to the load centers and
maintains the various bus voltages within prescribed limits [66]. Stable operation of
power systems requires the availability of sufficient reactive power generation. Both
static and dynamic reactive power sources play an important role in voltage
controllability of the power system. Hence accurate evaluation of the reactive power
capability of wind turbines is very critical to assess the voltage controllability of the
power system containing wind turbines and to prevent the voltage violations in all nodes

of the power system. A DFIG being the most dominant wind generator installed in
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current wind farms has significant impacts in the current power system stability and

control. Hence it is very important to analyze the reactive power capability of the DFIG.

4.2.2 Reactive Power Capability Limitations with DFIG

To determine the reactive power limits in DFIG, the electromechanical
characteristics of the generator and the power converter have to be taken into
consideration. Although, the DFIG wind turbines are able to control active and reactive
power independently, the reactive power capability of those generators depend on the
active power generated, the slip and the limitation due to following design parameters
[34, 35]: 1) rotor voltage, 2) stator current, and 3) rotor current. The stator voltage is
given by the grid which can be assumed fairly constant, and is not influenced by the wind
turbine design. The stator current limit depends on the generator design, whereas the
rotor voltage and rotor current limits depend on generator as well as power converter
designs. The size of power converter is limited (about 25-30% of the total MV A rating).
The rotor voltage limitation is essential for the rotor speed interval, because the required
rotor voltage to provide a certain field is directly proportional to the slip. Hence, the rotor

speed is limited by the rotor voltage limitation.

4.2.3 Mathematical Model of the DFIG System

In the following section, a mathematical model of the DFIG is used for the
calculation and derivation of its reactive power capability in terms of the active vs

reactive power curve (P - Q diagram). The fundamental idea is to set the boundaries
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defined by the rotor current, the rotor voltage, and the stator current combined together as
well as separately so as to study the effect of each of them separately at the end.
The DFIG steady state voltage equations in complex form are given by (4.14) and

(4.15). All the variables are referred to the stator side.

qus = rslqu+ ja)elequ+ ja)e Lmlqdr (414)
qur = I’.rlqdr + j(a)e — o )Lmlqu + j(a)e — @, )Lr qur (415)

where qus :Vqs - des’ qur :Vqr - der’ qus = lqs - jlds ’ qur = Iqr - jldr' a)e is the

synchronous speed, L, =L, +L, and L, =L, +L,.

The equivalent circuit diagram represented by (4.14) and (4.15) is shown in Figure 4.12.

From (4.14), we can write:

V.. —jo LI
| s = q": :?;E ar (4.16)
From (4.16):
V... —(r.+ jo,L)I
qur: qds (s-+Ja)e s) qds (417)
oL,
From (4.15) and (4.16):
Is Ja)eLIs Ja)elﬂr aQ—a
— 1} L1 ) G — I
— -
loos loar )
—V
\A]UST<> ja)eLm ()T a%_@ qdr

Figure 4.12 The DFIG steady state equivalent circuit
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Vi (r yele o) i(o, —wr)l_,jlqdr+j(‘”e__—"’f)"quds (4.18)
L+ oL, L+ oL

Now we know the stator side supplied apparent power in DFIG is given as: (- sign
is for generation mode)

3 *
Ss = P JQ 2 qu qds (419)

From Equations (4.16) and (4.19):

S _ _3qus qus Ja) Lmlqdr (4 20)
) 2 rs +J e s .
We know that:
P, = Real[S,] (4.21)

Simplifying Equation (4.20) and separating into real and imaginary parts:
3 1

PS :Em[_ rS(VqZS +Vd25)_a)ers|-m(vds|qr gs dr)+a) m(Vqs ar +Vds|dr)]

(4.22)
Similarly, the apparent power generated by rotor side in DFIG is given as:
3 .
Sr = P JQ qdr qdr (4-23)
P. =Real[S, ] (4.24)
Substituting (4.18) into (4.23) and separating into real and imaginary parts gives:
Pr :_§ rr(lgr n Ijr) n we(we _Za)r)rsl‘fn(lgzr + Idzr) n a)e(we _mr)stL (Vqslqr +Vds|dr) n (we _wr)r Lm(vds qr qs dr)
2 re+(o,L,) r? +(o,L,) r’ +(o,L,)
(4.25)
Hence the total power output of DFIG system is:
I:)Total = Ps + I:}r (4-26)
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4.2.4 Plotting PQ Diagram of DFIG for MPPT and Pitch Control Mode

Here the objective is to plot the optimum P-Q diagram of the DFIG system. The
recommended way to study the reactive power capability of the DFIG machine is to use
the optimization method subjected to the following equality constrints constraints and

inequality constraints.Also the rotor speed (@, ) and the total real the power output (P,,,,)

of the DFIG should be varied according to the MPPT mode or Pitch control operation
mode relation described at the beginning of the chapter.

The steady state stator voltage and rotor voltage equation in DFIG is given as:

Vi =l +ao,L ] +o,l, 1y, (4.27)
Vi =g~ —ao,L 1, (4.28)
V, =ty +(@,— o )Ll + (@, — o)L, (4.29)
Vg =g — (@, — o)Lyl — (@, — o, )L 1, (4.30)

In the DFIG, rotor side is connected to the grid through back-to-back power
converters. In steady state, DC-link capacitor does not exchange any DC current, i.e.:

§(|\/| | +Mdrldr)+%(M L +Myly )=0 (4.31)

4 qr-qr af "af

Using Kirchhoff’s voltage law (KVL) across RL filter given by (4.11):

Vv
M 7“ =1l + oLy +Vy (4.32)
M, \’7(1 rly — Ly +V, (4.33)

where M, and M, are RSC modulation indexes, I ,.and 1|, are currents flowing into

RSC, M, and M are GSC modulation indexes, and I, and I are currents flowing
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out from GSC to grid. Here, it should be noted that during steady state, DC-link voltage

Vi is constant so _Ya and M, = ar

dc dc
The optimization should be done for the objective function given by (4.34) subjected

under the equality constraints (4.27)-(4.33) and inequality constraints (4.35) - (4.37).

Quu =0, +Q, = g(\/qslds V) +§(vqs|df V) (4.34)
Iy <1 ratea (4.35)
) (4.36)
V. <V, e (4.37)

The approach implemented in this particular study is to vary the total active
power (Pita1) With rotor speed varying proportional to power output in MPPT mode and
power output is maintained at rated power in pitch control mode. The rotor current

magnitude is set to its rated value ( “qdr ) because it is typically the limiting factor

I r_rated

for production of reactive power in DFIG (see Figure 4.14). The stator current and rotor

and qur < Nr_rated

The corresponding reactive power (Quta) is calculated and plotted against total active

voltage magnitudes are limited within the rated value, i.e. 1 ,| <

I s_rated

power. The approach used to get the P-Q diagram is explained in following steps:
» Stepl
Since the V; is reference grid voltage, we can write: V,, =V, 26, =V, £0, hence
V, =V, cosd, =V, and Vs =V sind; =0. Similarly, 1,, =1 cos6, and I, =1 sing, .

SubstitutingV, Vs, 1, and I into Equation (4.26):

gs’
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b _3 1 —rV:+ o, - o,)r,L V.1, sin0, +w,0,LL VI, cosb, —
P20+ (@,L) | 1 (1 + (0,L))1 - 0, (0, o)L
(4.38)
» Step Il

At boundary condition, we have: |, =|I

r_rated| *

From (4.27), we can get rotor current angle (&, ) at the boundary condition by varying the
total power output of the DFIG from 0 to 1 pu. Equation (4.38) gives two rotor current
angles (8., and &, ,), one for motoring mode and another for generating mode.

From (4.16):

Vv L1
lgas =~ 2 oo (4.39)
rS+J e S

For known value of rotor current angles (6, and &,,) from (4.38), we can get stator
current magnitude and angles (6, and é,) using (4.39). If magnitude of I as IS lESS

than I ..., then proceed to next step.

» Step Il

Now from Equation (4.15):
qur I qdr + J(a) — O )Lmlqu + j(a)e _a)r) Lrlqdr (440)
Here |, and I, are known so after knowing their corresponding angles using

(4.38) and (4.39), solve (4.40), if the magnitude of V,,, is less than V calculate the

r_rated?
corresponding reactive power.
In this study, GSC is assumed to be operating in unity power factor mode because

of the following reasons:
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1. This scenario gives the worst reactive power capability of DFIG. If GSC is supplying
reactive power then the reactive power capability of DFIG system will be enhanced.
2. In the commercially available DFIG, the GSC is designed to operate at unity power
factor [21, 22, 41].
3. The current (or MVA) rating of the GSC has to be increased significantly if GSC has
to supply reactive power which is discussed in more detail in Chapter 5.
» Step IV
Hence, in this study, the stator supplied reactive power is equal to the total reactive
power output from DFIG, i.e.

QTotaI = Qs = imagl:_ gvs[wj ] (441)

rS + ja)eLs

Figures 4.13 (a) shows the P-Q diagram of DFIG system obtained by following
above explained procedure and assuming the stator voltage (or grid voltage) to be 1 pu
and rotor speed being the rated rotor speed (1.2 pu in this study). The 0.9 power factor
(both leading and lagging) line is also included in the same plot. According to the Figure
4.13 (a), when the DFIG starts to generate more than 82 % of the rated power, the amount
of reactive power that DFIG can supply, is not enough to maintain + 0.9 pf (leading)
which is the requirement for interconnecting DFIG wind turbine to power grid according
to grid code.

As shown in Figure 4.13 (b), when the wind turbine starts to operate in blade
pitching mode where the active power output is maintained at rated power output of the

DFIG, the reactive power capability of DFIG gets enhanced.
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Figure 4.13 DFIG steady state reactive power capability curves: (a) active vs. reactive
power (b) rotor speed vs. reactive power
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Figure 4.14 Comparison of three limiting quantities at rated rotor speed (o, =1.2 pu)

Figure 4.14 demonstrates that at low rotor speed, the rotor voltage limits the
reactive power production capability (generating mode) and stator current limits the
reactive power absorption capability. But at higher rotor speed, the rotor current limits
the reactive power production capability whereas the stator current limits the reactive
power absorption capability (motoring mode). The rotor voltage limitation in the
motoring mode is not a problem and it falls beyond the range shown in the Figure 4.14.

Figure 4.15 shows that the reactive power capability of DFIG degrades with the
reduced terminal voltage. Hence if the wind turbine is connected to weak grid where

terminal voltage will be usually under-voltage, the wind turbine is unable to maintain the
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Figure 4.15 DFIG steady state reactive power capability curves at different DFIG
terminal voltages

the required power factor demand at the PCC without having additional reactive power
source even when the wind turbine is operating as low as 65 % of the rated power.
However, if the grid voltage is over-voltage, the DFIG reactive power capability is
enhanced. But this is not the appropriate way to operate DFIG because higher terminal
voltage means higher stator voltage which might affect the generator. For instance, high

voltage can damage the insulation system in the generator winding.
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4.2.5 Plotting PQ Diagram of DFIG

In the previous section, process of plotting PQ diagram of DFIG operating in
MPPT mode and pitch control mode is discussed. In this section, more generalized
method of plotting PQ diagram of DFIG is presented where the rotor speed is varied
independent of the powe output of the machine. Here the objective is to plot the PQ
diagram of the DFIG system.

The steady state stator voltage and rotor voltage equation in DFIG is given as:

Vi =Kl ta il + a1, (4.42)
Vi =Kl —a. Ll — o L 1, (4.43)
V=1l +(0, -0 )Ll + (@, — o, )L g, (4.44)
Vy =ty — (0, — o )Lyl — (@, — 0, )L 1, (4.45)
Since the V, is reference grid voltage, we can write: V.. =V, 26, =V, £0, hence
V,, =V, cosd, =V, and Vy =V sing, =0. Similarly, V,, =V, cos8,, V, =V, sin§,,

I, =1,cosby,

Iy =1,SINO

is?

l,=1.cos@, and I, =1 sing, .
In the DFIG, rotor side is connected to the grid through back-to-back power

converters. In steady state, DC-link capacitor does not exchange any DC current, i.e.:

§(l\/l | +Mdrldr)+%(M l+Myly )=0 (4.46)

qf " gf

Using Kirchhoff’s voltage law (KVL) across RL filter given by (4.11):

V C
M 7“ =1l + oLy +Vy (4.47)
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Vd c

Mdf7:rfldf — @l +Vy (4.48)

where M, and M, are RSC modulation indexes, |

,1,and 1, are currents flowing into

RSC, M, and M are GSC modulation indexes, and I, and I are currents flowing

out from GSC to grid. Here, it should be noted that during steady state, DC-link voltage

Ve is constant so M, _ Yy gng M, = Dy

Vdc Vd

C

The stator side voltage is the grid voltage whose magnitude is also known. At the
boundary of the PQ diagram, the rotor current, rotor voltage and stator current magnitude
are equal to their rated values.

1) Is = Is_rated

2) Ir = Ir_rated

3) V.=V

r_rated
So, the overall system has seven equations (4.42) — (4.88) and seven unknowns

which are: 6., 6., 6., M

is? Yvr? ir qf ?

Mg, 1 and I . By varying the rotor speed, active and

qf

reactive powers are calculated using:

3

Ps = E(Vqslqs +Vds|ds) (449)
3

Qs = E(Vqslds _Vdslqs) (450)
3

P :E(Vqsqu +Vds|df) (4-51)
3

Qf :E(Vqsldf _Vdsqu) (4-52)

Ptotal = Ps + Pf (453)
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Quotar = Qs +Q; (4.54)

Varying the rotor speed within operation range of DFIG, P, vs. Q.. can be plotted.

4.3  Connecting STATCOM at the PCC with DFIG-based WECS

It can be clearly seen in Figure 4.13 that the reactive power capability of DFIG is
not enough to maintain required power factor at the PCC when the DFIG is operating at
higher rotor speed (more than 1.1 pu and corresponding output active power being 0.82
pu). According to grid code requirement, WECS should be operating up to 0.9 lagging pf
to support the stability of the connected power system. So to meet this requirement, we
need extra reactive power source. Here STATCOM is proposed as a dynamic reactive
power source because of its many advantages explained in detail in Chapter 5 compared
to other reactive power sources. Here, the STATCOM is connected at the PCC as shown

in Figure 4.16 and the power grid is modeled as an infinite bus, i.e. constant voltage

v I
2 STATCOM

w

—)
_’% Gear V_dC
5 Box 2
Win_d DC link N
Turbine RSC # GSC \Hic
2
J

Figure 4.16 STATCOM connected to DFIG-based WECS at PCC
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source, the reactive power required is provided by the combination of DFIG and
STATCOM. The detail operation, modeling, and control of STATCOM are explained in

Chapter 5.

4.3.1 Mathematical Model of the STATCOM

In this section, a mathematical model of the STATCOM during the steady state is
used to derive the reactive power output expression from STATCOM and it is co-related
with the DFIG reactive power capability to draw the reactive power capability curve of
the combined STATCOM and DFIG system.

The steady state equations of the STATCOM connected to the power grid as shown

in Figure 4.16 is obtained by applying KVL from STATCOM to the PCC as:

Vql _Vqs = rllql + a)eLlldl (455)
le _Vds = r1|q1 - a)eLilql (456)
where V,,, V,,;, V,and V are g and d axis voltage at STATCOM terminal and PCC,

respectively. 1, and I, are the g and d axis current outputs from STATCOM. r, and L,
are the resistance and inductance of the tie line connecting STATCOM to the PCC.

At steady state, DC-link current balance equation in STATCOM is:

g(M I, +Mgl,)=0 (4.57)

gs"q
where M and M are g and d axis modulation indexes in STATCOM. We know that the

M dsvdc

M,V
STATCOM terminal voltages are given by: V,, = %‘“ and V,, = ; V4. being

the DC-link voltage. Substituting V41 and Vg, into (4.55) and (4.56):
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M,V

%“—vqs =rl,+ oLy, (4.58)
Me¥ee v, —tl, - oL, (4.59)

If the amount of reactive power STATCOM is supplying to the system is known

(Q.) then:

« 3
Qs = E(Vqsldl _Vdslql) (460)

Equations (4.47), (4.48), (4.49), and (4.50) are the required steady state equations. And

M., Mg, I, and I are four unknowns so we can get the unique solution of the

gs’ ql’
system, i.e. particular operating condition.

From Equations (4.48) and (4.49):

M.V, M,V
rl(qzd _VQSj -, Ll(dzd _Vdsj
|

= 4.61
: oLy e
M,V
@, Li(q;dc _Vqs] + r.l(l\/l(j;W: _VdsJ
Iy = 4.62
. i+ (L)’ o2

Substituting g1 and 11 from (4.11) and (4.12) to (4.57) and further simplification gives:
a(MZ +MZ)— KM —NM,, =0 (4.63)
Vdc
where a=r, EE K=nrV,—alLV, and N =rV +alV,

Again, substituting ly; and lq1 from (4.61) and (4.62) to (4.60) and further simplification
gives:

M, =b—cMy, (4.64)
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4Q* 2 2 20,1, 4> 2
7S(r1 +(a)eL1) )+ ¢ (Vs+Vds)
where b= 3Vdc Vdc ’ and c= w
23 leqs - I’1\/ds @, Livqs - rlVds
Now substituting (4.64) into (4.63) gives:
a(c® +)MZ + (cK — N —2abc)M , +ab® —bK =0 (4.65)

Solving (4.55) gives:

N + 2abc — cK ++/(cK — N — 2abc)? — 4ab(c? +1)(ab — K)
2a(c? +1)

Mdsl,z =

(4.66)

Substituting M, , from (4.66) to (4.64) gives M, , as follows:

N + 2abc —cK +./(cK — N — 2abc)? — 4ab(c? +1)(ab — K)

M =b-c
ast.2 2a(c? +1)

(4.67)

Only the +ve sign for M, , and M, in (4.66) and (4.67) for some value of Q. gives

M, =MZ + Mg <1 which is the feasible solution.

Hence M, and M are given as:

v — N+ 2abe—cK + J(cK — N —2abc)? — 4ab(c? +1)(ab — K) (4.68)
ds 2a(c’* +1)

M —p_ N *2abe—cK + J(cK — N — 2abc)? — 4ab(c?® +1)(ab — K) (4.69)
as ™ 2a(c?® +1)

When the r, =0 then (4.68) and (4.69) gives:

" ZL(ZQ:weLlwsJ

* v, |3V, (4.70)
M, =0
Since the q and d-axis modulation indexes can be only real values, i.e.:
(cK —N —2abc)? —4ab(c® +1)(ab—K) >0 (4.71)
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Solving (4.71) gives the condition for both modulations indexes to be always real as:

n<——% (4.72)

2

. L . 3
So, range of r, for which the solution given by (4.68) and (4.69) existsis 0<1, <——.

4 Q,
Based upon (4.72), since the steady state voltage is constant then when the

resistance r, increases, maximum value of reactive power STATCOM can supply
decreases. As shown in Figure 4.19, the maximumvalue of Q. is 0.2 pu, and steady state

voltage is 1 pu, using (4.72), r, can go upto 3.75 pu. The value of r, used in this study is

0.05 pu which satisfies (4.72). Figure 4.17 shows the maximum value of reactive power

STATCOM can supply for various values of line resistance at different PCC voltages.

50¢
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V= 0.9 pu

Maximum Qgrarcom [P

Figure 4.17 Maximum values of reactive power STATCOM can supply for various
values of line resistance
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Now, in the overall Pioa - Qrotar CUrve plotting, another one more condition should

be satisfied, i.e. ‘\/m

Here, Qo = Qoric + Qsrarcom -

<1.

The flowchart for drawing reactive power capability curve (P-Q diagram) of the
DFIG wind turbine system with STATCOM at the PCC to meet the reactive power
requirement (or power factor requirement) is shown in Figure 4.18.

The reactive power capability diagram of overall DFIG-based WECS with
STATCOM connected at PCC is shown in Figure 4.19. When the DFIG does not have

enough reactive power, STATCOM supplies the additional reactive power to maintain

DFIG & STATCOM
Steady State
Equations

'

Satisfy Boundary
Conditions

'

Calculate
P and Q

y

Is No

- STATCOM
quf;|C|ent — Supplies Q

Yes l

Draw
P-Q Diagram

STOP

Figure 4.18 Flowchart for plotting PQ diagram of DFIG-based WECS with STATCOM
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Figure 4.19 Reactive power capability diagram of overall DFIG-based WECS with
STATCOM at various rotor speeds

0.9 pf during entire operation region of the DFIG to meet the grid code requirement. As
depicted in Figure 4.19, STATCOM has to supply maximum of 0.2 pu reactive power,
which gives the rating of the STATCOM required to fulfill the steady state reactive
power (or power factor) requirement.

Therefore, in this chapter, steady state characteristics of the DFIG-based WECS
are presented and the steady state reactive power capability of the DFIG is shown in the
form of PQ diagram. It is observed that, DFIG has limited reactive power capability so
installation of STATCOM at the PCC as an additional reactive power source to fulfill the
reactive power requirement is proposed. In the Chapter 5, the use of STATCOM
connected at the PCC to regulate the steady state voltage as well as improving the

dynamic response of DFIG wind turbine system during grid side disturbance is discussed.
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CHAPTER 5

VOLTAGE REGULATION IN DFIG-BASED WIND TURBINE
SYSTEM USING STATCOM

51 Introduction

Most large size wind turbines are generally located at remote places or offshore
because of the noise pollution created by wind turbines, large dimension of wind turbine
and its ancillary components, better wind condition and impact on the scenery. Those
areas typically have electrically weak power grids characterized by low short circuit
ratios, low X/R ratio of the transmission line, and under-voltage conditions. Voltage
instability problems occur in a power system that cannot supply the reactive power
demand during disturbances like faults, heavy loading, and voltage swelling/sagging. In
case of wind turbine system, the aerodynamic behavior of the wind turbine and variable
nature of wind also causes its output voltage fluctuation. VVoltage regulation refers to the
task of keeping node voltages in the system within the tolerable bandwidth (normally 5%
to 10%) in the whole power system. It is very important to notice that the particular bus
voltage is local quantity and hence it is very difficult and costly to control the bus voltage
at the remote node by the use of conventional power stations consisting of synchronous
generators and synchronous condensers located elsewhere in the grid. It is because the
reactive power flow in the system is associated with changes in voltage which in turn
increases the power losses in the system. Hence it is necessary to install local voltage

control devices in the transmission/distribution network even if the wind turbine itself has
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voltage controlling capability because the wind turbines are usually located at a more
distant location from the load center.

Voltage regulation can be maintained in the power system by supplying or
absorbing the reactive power. Hence, the voltage regulation at a particular node in a
power system is directly related to the reactive power capability of the devices directly
connected to that node or present in the vicinity of that node. Although, the DFIG-based
wind turbines are able to control active and reactive power independently, the reactive
power capability of those generators is limited as discussed in Chapter 4. This problem is
more severe in the case of DFIG wind turbines connected to weak power grids having
under voltage condition as the reactive power capability gets even more degraded. Hence
an additional local reactive power source is needed. Moreover, the power generation
trend these days is shifting from the transmission network to the distribution grid, i.e.
decentralization of power generation. As a result, it is becoming more difficult to control
the voltage in the entire transmission network from conventional power stations only.
Hence grid companies are installing dedicated local voltage control equipments like
capacitor banks, FACTS devices and are demanding distributed generation equipments to
have their own reactive power capability as a result there cannot be any exemption for
wind turbines.

Furthermore, because of the increased penetration level of wind turbines in the
power grid, utility companies are asking to fulfill certain criteria (grid codes) for the
interconnection of wind turbines to the power grid. The grid codes mainly requires that
wind turbines remain connected to the network during temporary disturbances in the

network like voltage swelling and sagging, and step change in load. Wind turbines cannot
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be a VAR neutral (or consumer). Now they must be able to provide reactive power and
adjust their control according to the necessity of the system. To meet this requirement,
the DFIG wind turbine system should be able to respond fast whenever there is
disturbance in the system by supplying or absorbing reactive power. Hence, the added
reactive power source should have good dynamic response.

FACTS devices are dynamic reactive power sources which are becoming more
and more popular in power system application these days because of rapid advancement
in high-current, high-power semiconductor device technology, digital control, and signals
conditioning. In this study, a voltage source converter (VSC) PWM technique based
STATCOM is modeled, its control system is designed and the use of STATCOM (a
FACTS device) at the PCC is investigated for voltage regulation purpose in the DFIG
wind turbine system. The voltage regulation study is done by creating three phase
symmetrical fault and voltage swelling and sagging at the PCC where local load is also

connected.

52 STATCOM

The IEEE definition of a STATCOM [66] is: “A static synchronous generator
operated as a shunt connected static var compensator whose capacitive or inductive
output current can be controlled independent of the AC system voltage”. Basically
STATCOM is a FACTS device which is also known as electronic generator of reactive
power. It consists of a VSC, a DC energy storage device (capacitor), and a coupling

transformer which connects the VSC in shunt to the power network as shown in Figure
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Figure 5.1 Single line diagram of the STATCOM connected to power grid

5.1. The VSC produces a set of controllable three-phase output voltages with the
frequency of the AC power system. The charged capacitor provides a DC voltage to the
VSC. It can continuously generate or absorb reactive power by varying the amplitude of
the converter output voltage with respect to the line bus voltage so that a controlled
current flows through the tie reactance (jXs) between the STATCOM and the power grid.
If the amplitude of the output voltage is increased above that of the line bus voltage, a
leading current is produced, i.e. the STATCOM generates reactive power. Decreasing the
amplitude of the output voltage below that of the line bus voltage, a lagging current
results and the STATCOM absorbs the reactive power. If the amplitudes of both voltages
are equal, no power exchange takes place. This enables the STATCOM to mitigate
voltage fluctuations such as sags, swells, transient disturbances, and to provide voltage

regulation.
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5.2.1 Reasons for Choosing the STATCOM

Capacitors are usually connected to fixed speed wind turbines to enhance the
system voltage because they are the sink of reactive power. Mechanically switched fixed
shunt capacitors can enhance the system’s voltage stability limit, but is not very sensitive
to voltage changes, i.e. dynamic response of capacitors is not good.

STATCOM is the best option for dynamic compensation of reactive power
because at voltages lower than the normal voltage range, it can generate more reactive
power than other FACTS devices like Static Var Compensator (SVC) [67], which is very
similar to STATCOM for functional compensation capability but its fundamental
operating principle is different.. A STATCOM functions as a shunt-connected
synchronous voltage source whereas a SVC operates as a shunt-connected controlled
reactive admittance. This difference accounts for the STATCOM’s superior functional
characteristics, better performance, and greater application flexibility than those
attainable with a SVC [67]. The STATCOM is able to control its output current over the
rated maximum capacitive or inductive range independently of AC system voltage,
whereas the maximum attainable compensating current of the SVC decreases linearly
with AC voltage. In addition, the STATCOM normally exhibits a faster response as it has
no delay associated with the thyristor firing [42].

The output of the wind power plants and the total load vary continuously
throughout the day. Reactive power compensation is required to maintain normal voltage
levels in the power system. Reactive power imbalances, which can seriously affect the

power system, can be minimized by connecting the STATCOM. The STATCOM can
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also contribute to the low voltage ride through requirement because it can operate at full
capacity even at lower voltages.

Moreover, the STATCOM can be connected to any voltage level in power system
using coupling transformer of appropriate turn ratio. The STATCOM can be easily
connected to an already installed wind turbine system which has a voltage regulation

problem.

5.2.2 Location of the STATCOM

Simulation results show that STATCOM provides effective voltage support at the
bus to which it is connected to. Hence, in this study, the STATCOM is placed at the PCC
bus because of the following two reasons:

» The location of the reactive power support should be as close as possible to the point
at which the support is needed because of the change in voltage and consequent
power loss (I°R loss) in transmission line associated with the reactive power flow.

> In the studied system, the effect of voltage change is most significant at this node.

5.2.3 STATCOM Output Power

For the balanced three-phase system, it is convenient to use the per-phase
equivalent circuit as shown in Figure 5.2 to explain how the STATCOM output reactive
power can be modulated by a VSC using the PWM technique. For simplicity, the

resistances of the coupling transformer and filtering inductor are neglected.
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Figure 5.2 Single-phase equivalent circuit of a STATCOM connected to a power system

The complex power supplied by the STATCOM to the AC power system is given

by the following equations [68]:

P, =WSMO{ (5.1)
Ml MM, o

where V_ and V, are the voltages at the PCC and STATCOM output voltage, respectively
and « is the STATCOM output voltage angle.

To simplify the analysis, let V,,|=1 p.u. giving:

S

P = [\:(isin a (5.3)

S

Q, :—Xi+[\>/(#|003a (5.4)

S S
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It is obvious from (5.3) and (5.4) that the STATCOM real power output and
reactive power output can be controlled by either its output voltage magnitude [\/l| or its

phase angle a or both. In the design of a STATCOM controller, the reactive power
output Qs is of major concern to us since the negative of Ps simply gives us the real power
that must be supplied by the AC bus to the STATCOM in order to cover the converter

loss and transformer and filter loss (if present) [68].

5.2.4 Sensitivity Analysis

To see whether the voltage magnitude [\/l| or phase angle o is more effective in

controlling the STATCOM reactive power output, let’s make a sensitivity analysis [68]:

Q_1
5M| = X. cosa (5.5)
€Q_ —ﬂsina (5.6)
oa X

S

In normal operation, ;| is close to unity and |a| is very small because

STATCOM generates only a small amount of active power to supply the losses in the

terminal impedance. From (5.3), if P, is small means « is small. So,cosa ~1, sina =0,

aQ
oMl

phase angle « in controlling the reactive power output .Thus, it is desirable to control the

and That implies that, the voltage magnitude [\/1| is more effective than the

>>

o
oa|

voltage magnitude while trying to regulate the PCC bus voltage under disturbance

conditions.
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53 STATCOM Modeling and Controller Design

STATCOM is modeled as a PWM converter comprising of IGBT with a DC-link
capacitor and a coupling transformer connected in shunt to the distribution network
through a coupling transformer as shown in Figure 5.3. The objective of the STATCOM
is to regulate the voltage magnitude swiftly at the PCC bus within a desired range by
exchanging the reactive power with the distribution system. At the same time the
converter in STATCOM should maintain constant DC-link voltage. A small filter

capacitor C_, is also connected in shunt to the same bus for mitigating harmonics.

The dynamic equations of the STATCOM converter in qd-reference frame:

Vdc

Vql = rslql + L, plql +ao,L |, +Vq2 = Mql 5 (5.7)
VC
le=rs|d1+Lsp|dl_weLs|ql+Vd2=Md17d (5.8)

where Vi, Vg, V,,, Vq, are the q and d-axis VSC output voltages and PCC bus

qz2’

voltages, respectively. 1, and 1, are the g and d-axis converter output currents,

ql
respectively. r, and L, are line resistance and inductance, respectively. My and My; are
g and d-axis modulation indexes of the converter, respectively. V,. is the DC-link voltage

and o, is the angular velocity of the synchronously rotating reference frame.

The STATCOM DC voltage dynamics in DC-link is given by:

L +Maalgy) (5.9)

3
Cdc pvdc = _Z(Mql
And the voltage magnitude (V) at the PCC is given as:

V= qu2 +VJ, (5.10)
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Differentiating (5.10) w.r.t. time,
err? = zqu pqu + 2y, PV, (5.11)

Equation (5.11) gives the square of voltage magnitude dynamics at the PCC and thus the

voltage magnitude will be: V= ‘,/v,j

DC-voltage control:
Equation (5.9) can be rewritten as:

4 .
_gcdc PV = (Mqllql +Mylg) =0y =Kge Ve = Vo) (5.12)

where k. is the Pl controller for DC-voltage control given as: k, = (kpdc + k"“j . Then
P

Equation (5.12) will be:

4 Ko ), - Ko
ngchdc:(dec—i_ IS }/dc _(kpdc—'_ ; }/dc (513)

3
——(pkpy, + k
Vdi _ 4Cdc ( Pdc Idc) (514)
Vdc p2 + p3dec + 3k|dc

4C,. 4C,

Comparing denominator of (5.14) with Butterworth second order polynomial

p? + \/Ea)Odc p+ @}y, Pl controller gains are obtained as:

dec = % \/Ea)odccdc (515)
4
kldC = gcdca)odc2 (516)

where a,,, is the bandwidth of the DC-voltage controller.

Voltage magnitude control:

From Figure 5.3, the dynamic voltage equations at the PCC can be written as:
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Cm quZ = Iql - |q2 _meevdz (517)

C. pVy,=ly—ly,-CaV (5.18)

m~“e " q2
Substituting (5.17) and (5.18) into (5.11) gives:
Cm 2 2* 2
7 PV, :qu(lql_ Iq2)+vd2(|dl_ IdZ):O-m =k, V, =Vi) (5.19)

where k= (kpm +%J is the P1 controller for voltage magnitude control. Substituting

for ky, results in (5.20) and from which the transfer function is found as shown in (5.21).

C, K.\, » K,
7pvnf=(kpm ?} [k?} (5.20)

2

= (Ko + Ky )
V2 C Pm Im
Vo __ Gy 5.21
Ve ey p B &2
C C

m m

Comparing the denominator of (5.21) with the Butterworth second order polynomial:

Ko =20, 2 (5.22)
Ky = %"‘wmz (5.23)

where @, is the bandwidth of the voltage controller.

Inner current control:

If we assume that:
r‘slql + Ls plql = Klq(l*ql - Iql) = qu (524)

Kl +Lply, = Kld(l*dl_ l41) = 0 (5.25)
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Figure 5.3 Proposed STATCOM controller

Then Equations (5.7) and (5.8) can be written as:

2

My = (03 + Ll +Veo) o (5.26)
dc
2

My, = (0 —@, Ll +Vd2)V_ (5.27)

dc
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Equations (5.27) and (5.28) give modulation indexes which are the output of the

converter. And K, and K,, are Pl current controllers for q and d-axis currents,
. K,
respectively and K, = K,y = Ky, +—=|.
p

Equation (5.24) can be re-written as:

k * k
(rs +SLS)Iq1:(kP1+%JIq1 _(kpl"'ﬁ)lql (5.28)

1

—(pk,, +k
Iq1 B Ls(p P1 Il)
15 1

at p? + pE(rs+kPl)+Lkll

S S

(5.29)

Comparing denominator of (5.29) with the Butterworth second order polynomial gives:

Key = V20, L, — T (5.30)

2
kll = Lsa)Oc

(5.31)
where @, is the bandwidth frequency of the current controller. Table 5.1 gives the PI

controllers values used for the simulation study following above procedure. The
switching frequency is taken as 1 kHz and the bandwidth of inner current controller is

taken ten times that of outer loop controller, i.e.

Table 5.1 Parameters of the STATCOM and PI controller coefficients

rs | 0250 | Ca | 60MF | k., 71 ke, | 31565
Ls | ImH | Cu | 02mF | k, | 0088 | «k_ | 0.394
k,, | 0.638 k, |394.38
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a)sw - a)inner
o, =2*1* 1, =6280 rad/s and ., = 10 @ Pover="10"
@ ey = @, =628 rad /s and @, = @,y = ®,, =62.8 rad /s

From (5.15): Kpy :%\/Ea)omcdc — 7.1 and from (5.16): k,,, = %cdc%df =3155

C
From (5.22): Ky, = 2w, 7’” =0.088 and from (5.23): k,,, = C_2rna)0m2 =0.39%4

From (5.30): kg, = \/Ea)OC L, —r, =0.638 and from (5.31): k,, = @}.L, =394.38

0oc™—s

5.4  Voltage Control Capability and Converter Rating in the DFIG

It is known fact that the DFIG wind turbine system has voltage control capability
utilizing the GSC. Unfortunately, this does not come for free. VVoltage control requires a
power electronic converter with a power rating that is higher than the rating for unity
power factor operation. In order to get better insight about this fact the steady state
analysis of the DFIG system is done where the amount of reactive power GSC supplies is
plotted against the current that has to flow through the GSC or the current rating of the
GSC required. The steady states equations of the DFIG system, presented in Chapter 4,

used in this analysis; are given below:

V=l + oLl + ol 1, (5.32)
Vi =l —a,Ll, —aL,l, (5.33)
Vy =rly, +(o, - o )L, lg + (@, - o)L 1, (5.34)
Vy, =ty — (o, -0 )Ll — (@, -0 )L 1, (5.35)
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3P
T, ZTLm[Iquds_ IdrIQS] (5.36)
3
Qs = E(Vqslds _Vdslqs) =0 (5.37)
3 3
Z(Mquqr+|\/|d,|d,)+z(|\/|qf|qf+|\/|df|df)=0 (5.38)
M \ﬁzrl +a,L 1 +V (5.39)
qf 2 fTof e —f " df as .
Vdc
M o =Tl — oLl + Vg (5.40)
3
QGSC ZE(Vqsldf _Vdsqu) (541)

In this study, it is assumed that the grid voltage (V,, V,,) and frequency (@) are

g5
equal to their nominal values. The DFIG system is operating at rated speed, producing
rated power output of 1 pu and reactive power exchange through stator side is zero.
Reactive power supplied to the grid by GSC (Qgsc) is varied from 0 pu (unity power
factor operation) to 0.5 pu. The latter corresponds to the overall power factor of DFIG
system to be approximately 0.9 which is the grid code requirement for interconnection of
DFIG to the grid. As presented above, we have ten steady state Equations (5.32)-(5.41),

and ten unknowns which are: I, 1y, 1, 1y, lges 1y My, My, M and M.

gs’? qr

Solving simultaneously in MATLAB, 1, and I are obtained for the different values of

reactive power GSC supplies. Then the magnitude of the GSC current is given as:

I [=12+12 (5.42)
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Figure 5.4 Converter phase current rating required for generating varying amount of
reactive power Qgsc in DFIG wind turbine system with two different terminal voltages

The obtained plot is shown in Figure 5.4 which shows that compared with unity
power factor operation mode, the converter current rating is higher for reactive power
generation. Full voltage control capability requires that reactive power can be both
generated and consumed. The power rating of converter has to be increased significantly
(more than 3 times according to Figure 5.4) to achieve the full voltage control capability
in the DFIG system. Hence, connecting additional dynamic reactive power compensator
at the PCC where reactive power is needed is a reasonable choice financially and
technically; especially if the DFIG wind turbine is connected to weak power grid where
turbine terminal voltage is usually under-voltage. As a result, the current rating of
converter required to achieve full voltage controllability in the DFIG increases even more

as shown in Figure 5.4.
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Figure 5.5 Schematic diagram of DFIG wind turbine connected to weak grid

55  Voltage Regulation of DFIG Wind Turbine Connected to Weak Grid

5.5.1 Test System

In this study, a simple test system is built in order to quantitatively investigate the
voltage control capability of the DFIG wind turbine system. The test system shown in
Figure 5.5 consists of a DFIG wind turbine which is connected through impedance (so as
to model like a weak grid) to a strong grid represented by a constant voltage source. A
small capacitor is connected at turbine terminal to filter the harmonics and stabilize the
wind turbine terminal voltage. The nominal power output and voltage are 1.5 MW and

690 V, respectively.

5.5.2 Steady State Analysis

The steady state equations of DFIG represented by (5.32)-(5.41) are used for this

analysis. The analysis is done for two distinct operation modes of the DFIG. During the

steady state analysis, the shunt connected capacitor C, is negelected because the

terminal voltage is constant during steady state.
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Mode I: Constant Terminal Voltage Operation:

In this operation mode, Equation (5.41) is modified to:
V[ =V +Ve (5.43)

And Using KVL from DFIG terminal bus to the grid bus:

Vos =Vag =L lgs = 1g) + @b (Iy — 1) (5.44)
Vs _Vdg = (ly —lg) — @, LL(qu - Iqs) (5.45)

We now have two more variables which are V  and V,, which can be solved using two
more steady state equations (5.44) and (5.45). V,, and V,, are grid voltages and are

known.

Figure 5.6 shows the results of the steady state analysis of the DFIG wind turbine
system. The GSC controls the terminal voltage to exactly 1 p.u. despite of the active
power output variation from 0 to 1 p.u. by supplying reactive power as shown in Figure
5.6 (a). It should be noted that in the simulation study, GSC capacity is not limited. But
the commercially available DFIG has limited power rating converter (30% of total wind
turbine MVA) so reactive power supplying capability of those wind turbine is also
limited as discussed in Chapter 4. Hence when the active power output level reaches 0.9
p.u. or above then the voltage controller (or GSC) in the DFIG cannot supply additional
reactive power as a result the wind turbine terminal voltage drops below 1 p.u. Hence,
additional reactive power source is required to be installed at the PCC to maintain the

terminal voltage to 1 p.u.
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Figure 5.6 (a) Reactive power supplied by GSC and (b) DFIG terminal voltage

Mode II: Unity Power Factor Operation

Presently, the commercially available DFIG wind turbines are often controlled to
operate in unity power factor operation mode [23]. For the steady state analysis of the
DFIG system connected to power grid, Equations (5.32)-(5.41) and (5.44)-(5.45) are
solved simultaneously in MATLAB. Figure 5.7 shows the results of the steady state
analysis of the DFIG wind turbine system operating in unity power factor operation. The
wind turbine reactive power output is set to zero despite of the active power output

variation from zero to 1 p.u. As a result, the terminal voltage decreases gradually with the
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Figure 5.7 (a) DFIG terminal voltage and (b) reactive power generation by DFIG

increase in active power output owing to the high impedance of the grid connection as
shown in Figure 5.7(a).

Hence, in both operation modes of the DFIG; additional reactive power source is
needed. In this study, STATCOM is proposed to be installed at the PCC with the unity
power factor operation mode of DFIG. In doing so, the terminal voltage can be
maintained constant at 1 p.u. by supplying additional reactive power by the STATCOM
as shown in Figure 5.8 and the DFIG can continuously generate active power only

extracting maximum wind power available.
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Figure 5.8 (a) Reactive power supplied by STATCOM and (b) DFIG terminal voltage

5.6  Disturbances Mitigation in the DFIG-based Wind Turbine System Using the
STATCOM

With the increased penetration of wind in the power grid, the grid operators are
forced to tighten their grid connection rules in order to limit the effects of wind power
parks on power network quality and stability. Important issues are the steady state active
and reactive power governing capability, continuously acting voltage control, and
disturbance tolerant system like voltage sagging and voltage swelling. This means, the
grid codes demand that wind farms stay connected to the grid and stabilize the grid

voltage in case of disturbances in the grid [69].
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5.6.1 Test System

Figure 5.9 demonstrates the single line diagram of the test system studied in this
study. A 1.5 MW DFIG wind turbine system is connected to the distribution network at
the PCC bus where a STATCOM is connected to regulate the terminal voltage. Three
different types of loads, a linear RL load, a constant load (P, Q) and a nonlinear load
(Pnon, Qnon) are also connected in shunt to the same PCC bus. The rated wind speed of 12
m/s is inputted to the turbine so as to generate rated active power output during the entire
study period. The GSC is always supplying its optimum reactive power (0.3 pu, i.e. equal
to 30% of total power rating of DFIG). The distribution network is modeled as weak
(X, /R,=5). The models of the different loads used are given as:

For the linear RL loads, voltage equation is:

Viarce = L lga + L Plyg — Jao L 1, (5.46)
where r and L_is the resistance and inductance of the RL load, respectively. Vg pcc is
the PCC voltage.

The filter capacitor current is given by:
lyow— Do = Voo = lgane = Cin PVyapee — joC, Vidree (5.47)

where C,_ is the filter capacitor, |, is the current supplied by the DFIG wind turbine

qdw
system, g4, Iy and ly4, are currents drawn by RL load, linear load and non-linear

load, respectively.
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A non-linear electrical load is a load on the electrical system that draws a non-
sinusoidal current waveform from the connected supply. Computer, fax machine, printer,
electronic lighting ballast, variable-speed drive etc. are the typical examples of non-linear
electrical loads. The non-linear loads have non-linear relationship with the voltage

magnitude and system frequency. In this study, non-linear loads are modeled as [70]:

(5.48)

where P, and Q, are base active and reactive powers of non-linear loads, respectively.
Vi, pcc @nd @ are local voltage magnitude and frequency, respectively. V, and @, are

nominal voltage magnitude and frequency of the distribution system, respectively. a and
b are load-voltage and load-frequemcy dependence factors, respectively. In this study
a=b=3 is taken.

The active and reactive powers consumed by the constane load are given as:

3
P= E (Vq_Pcc IqLL +Vd_PCC IdLL)

2 (5.49)
Q = E (Vq_PCC IdLL _Vd_PCC IqLL)

Hence, from (5.49), the constant load current equations are:
_ z PVq_PCC B de_PCC
qLL — 2 2
3V +V
q_pcc T Vd_pcc (5.49(2))

_ g PVd_PCC + QVq_PCC
3 qu_ PCC +Vd2_ PCC

dLL

Similarly, the non-linear load current equations are:
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I:)noan_PCC - Qnonvd_PCC

2 2
Vq_PCC +Vd_PCC

Pnoan_PCC + Qnonvq_PCC
2 2
Vq_PCC +Vd_PCC

gnL =

(5.50)

IdnL:

WIN WwN

Now the below section describes the control of RSC and GSC in the DFIG wind turbine.

5.6.2 Design of the RSC Controller

The RSC control scheme consists of two cascaded vector control structure with
inner current control loops which regulates independently the d-axis and g-axis rotor

currents, i.e. I, and 1., according to some synchronously rotating reference frame. The

ar »
outer control loop regulates the stator active power (or DFIG rotor speed) and reactive
power (or DFIG terminal voltage) independently. The stator voltage orientation (SVO)
control principle for a DFIG is described in [31], where the g-axis of the rotating

reference frame is aligned to the stator voltage i.e V,, =0 and V,, = V. From (3.15) and

(3.16), the stator side flux can be controlled using PI controller. In this study, the g-axis

flux is regulated to zero (4, =0) and (4, = 4,) for the de-coupled control of active and

reactive power as described below:

rS
p;tqS + )

rS Lm
/”tqs = —W,Ays + o /1qr +Vqs

S s—r

rS Lm
O s = —Ophys + 1 Agr T Ves (5.51)

Ss—r

« 1 rL,
/1dS = ;e(a/lqr +VqS - O-/Iqs]
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pﬂ‘ds + G:__S/lds = a)eﬂ‘qs + O:S_Lm ﬂ“dr +Vds

S s—r

rS Lm

O-/lds = a)ej“qs + j“dr +Vds (552)

S—r

« 1 r.L.,
ﬂ’qs = ;(O-Ads - ol L ﬂ’qr _Vqs]

e S

r, Kis | o+ I, Kis |
ol ﬂqs = (kPis + ;j(ﬂ’qs - ﬂqs) and O-Ads = plds + Iids = (kPﬂs +;j(j’ds - j’ds) are

S S

where e = Pl +

the outputs from the PI controllers as shown in Figure 5.10.

The PI parameters are determined by comparing with the Butterworth polynomial
which is described in the below section, are given as:

rS
ol (5.53)

Kpss = ‘/Ea)o -
2

Kis = @y

Now, neglecting frictional losses, rotor speed dynamics is given as:
pw, = (T, -T.) (5.54)
r ZJ m e *

where T, is the mechanical torque from the wind turbine. When the wind speed (V,,) is

Figure 5.10 Stator fluxes control using PI controllers
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less than the rated speed, then the T, is given as:

T = KopVar' (5.55(a))
R . . .
where k= > p AC, , =constant and if the wind speed (V,, ) is more than the rated

opt
speed, then the T_ is given as:

I:)rated
—rated (5.55(b))

a)rated

T =

m

where P, is rated power of the wind turbine and @,,,, is the rated speed of the wind

turbine.
Equation (5.54) can be re-written as:
2J .
? Ppw, = (Tm _Te) =Owr = kwr(a)r _a)r) (556)

where k,, is the P1 controller for rotor speed controller, given as: k,, = (km +@J
P

Then (5.54) will be:

2] K . k
—_— =| Koy, + 2 —| Kpyy +
P pa)r ( Pwr p ja)r ( Pwr p ja)r

P
o, E( kavvr + klwr)
* Pk Pk
a, 2 + Pwr Iwr
P+p 2] 2]

(5.57)

Now, comparing denominator of (5.57) with Butterworth second order polynomial

p? ++2a,,, p+ @i, Pl controller gains are obtained as:

kPwr = \/Ea)0wr Z_J
P (5.58)
2J 2
kIwr — Dowr
P
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where a,,, is the bandwidth frequency of the speed controller.
Using 4,, =0, the electromechanical torque and g-axis stator current is given by

(5.59) and (5.60) as:

3P
Te = Ezﬂdslqs (559)
Lm
l4s = _L_s I (5.60)
3P L
T, =—— A, (™)1 5.61
e 2 2 ds( LS) qr ( )
4 L
I, = T, )—— 5.62
qr (O_wr m)3p Lmﬂvds ( )
Similarly,
A L
[ =08 - 5.63
ds LS LS dr ( )
Now, the stator active power can be written as:
3 3L,
Ps :E(Vqslqs +Vds|ds):_zrvqslqr (564)
Now, the stator supplied reactive power is given as:
3 3
Qs = E(Vqslds _Vdslqs) = quslds (565)
Substituting V , in (5.65) gives:
3
Qs = E(rslqs + a)eﬂ“ds + pﬂ“qs)lds (566)

Assuming constant stator flux, neglecting the stator resistance and substituting I, from

Equation (3.10) gives:
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3 L
Qs = E O_a)Le [ﬂ’is - Tmﬂ’dsﬂ’drj (567)

r

Differentiating (5.67) w.r.t. time gives:

@, I-m
OLS :ﬂ“ds pﬂ“dr (568)

3
st - _E

From (5.68) and (3.4) gives (5.69) and solving A, in terms of I gives (5.70)

3w L,
st Z_Ei:lds(vdr _rrldr +(a)e _a)r)ﬂ’qr) (569)
AL Y Y a1, (5.70)
st __EIS: ds dr_rr dr+(we_a)r) rigr '
VpQ, = 0g, =Kqe (Q, —Q,) (5.71)

20l L . . .
where V _ 2okl and Kk, is the PI controller for stator side reactive power controller,

3w,L,,

k
given as: kg, = (kPQs +%J. So, (5.71) can be re-written as:

Ko ) - k
VpQ, =(kas +&JQS —[kas +&st (5.72)
p p
Q _ g(pk"‘“k'“) (5.73)
Q 2, pKees , Kis
p* 4+ poF 2

Similarly, comparing denominator of (5.73) with Butterworth second order polynomial

p? + 2wy, p + @, , PI controller gains are obtained as:
Kegs = V20, (5.74)

Kigs = Adg,” (5.75)

1Qs

From (5.70) and (5.71) gives:
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* 1
Idr:_
r

r

(vdr (o, — )01, —Z—Qj (5.76)
ds

It can be seen from Equations (5.64) and (5.76) that, P, and Q, are proportional
to I, and 1, respectively. The mutual coupling term (@, —,)oL, 1, in (5.76) is very

small so its effect is negligible. The rotor current can be regulated by means of rotor
voltages. The relation between rotor current and rotor voltage is obtained by substituting

values of 4, and A, from (3.7) and (3.8) in Equations (3.3) and (3.4), respectively, and

further simplification yields:

L
VQr = r-rlqr +0Lr plqr +wso(rmlds +0Lr|dr] (577)
Vy, =1y +ob, ply, — o0l 1, (5.78)
L 2

where o, =(@, —®,) and o =1

LL

S r

In the Equations (5.77) and (5.78), there is the term including 1, in the g-axis
equation and there is the term including 1 in the d-axis equation. So these two equations

are coupled and the traditional linear controllers cannot be used. However, through the
exact linearization method, these equations can be linearized by putting the terms other

than the currents control to one side.

L
rl, +ol pl, =Vqr—wso[rm/1ds+0|—r|drj (5.79)

rrldr_'_o-l—r pldr :Vdr+a)sod—r|qr (580)
Let’s assume:

Oy =N, +ol.pl,, (5.81)

qr
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o, =nl, +olply, (5.82)

The idea here is to use the linear controllers that include integrations to calculate
the derivative terms. And the nonlinear equations become linear when all the nonlinear
terms are moved to the other side of the equations. Then the g and d-axis voltages are

calculated as:

. L,
Vqr zo-qr+a)30(rﬂ’ds+o.|_rler (5.83)

S

*

Vdr =0y — a)soOLrI (584)

qr

Using the inner current control loop has a significant advantage for the protection
of the DFIG. It can naturally protect the system from over-current since current limiters
can be easily inserted in the control system shown in Figure 5.10.

Since the general PI controllers are widely used and proved to be effective, they

are also applied in the following analysis [63]. For |, current control loop from (5.79):

V,, =rl, +olpl, =1+ pol,)l, (5.85)

| i, -1, 5.86

Vor ={ Koo + 3" [l e (5.86)
Ky ), » Ky

(r.+ poL ), = kqp+? e — kw? lor (5.87)

Then the transfer functions between the reference and actual currents are changed
to the following:

1

oL (pkqp+kqi) (5 88)
2 etk )k |

p pO'L r qp O'L qi

r

I pkqp + kqi —
I ) pZO-Lr + p(rr + kqp)+ ki -
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S

Similar process can be repeated for |4, current control loop from (5.80). The PI
parameters are determined by comparing the coefficients in the denominator of (5.88)
with the Butterworth second order polynomial.

Kep = Kgp = V2001, —T, (5.89)

k, =ky = oL, @, (5.90)

qi
Here o, is the bandwidth of the current controller. The values of Kp and KI for

RSC is shown in Table 5.2. The overall vector control scheme of the RSC is shown in

Figure 5.11.
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5.6.3 Design of the GSC Controller

Figure 5.12 shows the general vector control scheme of the GSC where control of
DC-link voltage V;, and reactive power exchange between GSC and power grid is
achieved by controlling current in synchronous reference frame [54].

Now, DC voltage dynamics in DC-link is given by:

C pv,

c =

%(Mdrldr_i_lvl | )+%(Mdf|df+M ly) (5.91)

ar-qr af "qf
where C is the DC-link capacitance, M, and M are g and d-axis modulation indexes
of RSC and M and M are g and d-axis modulation indexes of GSC, respectively.

Hence, (5.91) can be re-written as (5.92) which can be solved to get 1, given by (5.93).

3 3
C dec =Z('\/Idrldr + Mquqr)—'_Z(Mdf Idf + qu qu )= Odc (592)
Equation (5.91) can be re-written as:
C pVy =0y = kdc(vd’:: —Vie) (5.93)

where k. is the PI controller for DC-voltage control given as: k,, = (kpdc + k'“} . Then
P

(5.93) will be:

k x k
C pvdc = [dec + Ir;c )\/dc - (dec + ISC )vdc (594)

1
Vv ?(kadc + I‘(Idc)
dc* — dc 595
Ve P2+ p Kpac +@ (5.93)
C:d Cdc

c
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Comparing denominator of (5.95) with Butterworth second order polynomial

P+ \/Ea)Odc p+ @y, Pl controller gains are obtained as:

dec = \/Ea)Ochdc

(5.96)
Kige = Cac®oac (5.97)

where «,,, is the bandwidth frequency of the DC-voltage controller. From (5.92):
W =%Miqf(adc—%(mdr|dr+Mquqr)j—m—::|df (5.98)

Using KVL across the RL filter gives:
Vv \Y/

Ve =Tl + L pqu+a)eLf|df+ﬁ:qu% (5.99)
Vi =T lye + L ply —aw, L 1 :Mdf\% (5.100)

Vdc
VdC* qu*
&)
(P
Ly
Qf* Ly
G0 P61 P 42

qd/abc ¢

qd/abc et D

Qs
Calculation

P

Figure 5.12 Block diagram of GSC control system
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Since the g-axis of the rotating reference frame is aligned to the stator voltage i.e

Vi =0and Vo = V. So, the GSC supplied reactive power to the grid is controlled using

d-axis current.

3
==V,
Q, N

where N is the transformer turns ratio connected between GSC and stator.

KV

S
—=plg

pr = N

Substituting (5.100) in (5.102) gives:

v 1

PQ: =—§ L

Il +a,Ll )

IpQ; =(Vy il + o L1 ) =0y

2NL,
where T =

S

IpQ; = Oy = ka (Q: -Qs)

where k is the P1 controller for reactive power supplied by GSC given as:

Ko
Kot = (kaf +— 0 j Then (5.105) will be:

k
Fpr [ por T IQf ij _( PQf +%ij
1
r
2,

(kaQf + kIQf )

Keor . Kior
_|_ -
PP+
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(5.104)
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Comparing denominator of (5.107) with Butterworth second order polynomial,

e, p°+ ﬁcoon P+ why , Pl controller gains are obtained as:

Kpor = ‘/Ea’Oer (5.108)

2

Kigr =T ooy (5.109)

where @,y is the bandwidth frequency of the reactive power controller. From (5.104):

. 1
I :r_(vdf + o, L 1 _GQf) (5.110)

f
Equations (5.99) and (5.100) give the inner current control loop for the GSC control.

Inner current control:

If we assume:
Felgr + Ly Plye = Koo (Far —14) = 0 (5.111)
Ml + Lo Plye =Kye (ar = 14) = o (5.112)

Then (5.99) and (5.100) can be written as:

Vo, 2
M = (oy + oL 1y +W)\E (5.113)

2
My = (o —@,Lilg) — (5.114)
Vdc

Equations (5.113) and (5.114) give modulation indexes which are the output of the

converter. And k, and kg are Pl current controllers for g and d-axis currents,

respectively and k, =k = (kpl + k—F')l) Then, (5.111) can be re-written as:
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1
I r(ka1+kll)
ot _ 1f - (5.115)
lar p?+ pE(rf+kPl)+rkll

f

Comparing denominator of (5.115) with the Butterworth second order polynomial gives:

Ke, =20, L, — T, (5.116)
Kiy = Ly, (5.117)

where a,, is the bandwidth frequency of the current controller.

5.6.4 Phase Locked Loop (PLL)

A PLL is designed to define the reference angle for qd transformation so that the
stator voltage can be aligned along the g-axis and is included in the overall model of the
system to make the designed system more realistic. Figure 5.13 shows the 3-phase PLL
which takes the input as the measured DFIG terminal voltage V. and transforms it to qd-
reference frame. PLL aligns the stator side voltage to g-axis by comparing d-axis load

voltage with zero reference voltage. The voltage error signal is passed through the Pl

@, &
O P
Vis=M] Tvds

Vi, —»[abc| 6,
vbs_'> to Divisi
VCS qd IVISION

Figure 5.13 Block diagram of PLL control
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controller to obtain the angular frequency of the terminal bus voltage. Hence, in the PLL

system:
V,, =-V,sin(6, —6,) = 0=-V,sin(8, - 6,) (5.118)
=6 =0, (5.119)
Now the error signal is given as: e=0-V, =V,sin(g, -6,)

If (6, —6,) is very small, then we can write: sin(@, —6,) =~ (6, - 6,)
From the block diagram shown in Figure 5.13, V, (6, —6,) s the input to the controller

and a, is the output from the controller hence:

V(6 - 0K, =, (5.120)
1
\Tpgs :(el _Qs)KpII =0y (5121)
kI pll
where, K, =Ky , +—=

6, (5.122)

1 K Ki o
\75 po, = (kP_pII + Ibp” jel _[kP_pII + Ibp

_ szskP_pu +Vskl_pll (5.123)
P™+ PV i +VK

Now comparing the denominator of (5.110) with the Butterworth second order

polynomial p®+ \/Ea)ofp” p+a; . the parameters of the controller are obtained as:

5

Ke o :% (5.124)
a)Z

Ki on = ;’/—p" (5.125)
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where @, ,, is the bandwidth frequency of the PLL controller.

Table 5.2 gives the Pl controllers values used for the simulation study following
above procedure. The switching frequency is taken as 1 kHz and the bandwidth of inner
current controller is taken ten times that of outer loop controller, i.e.

@, =2*7* f,=6280 rad/sec and @, = ‘1"OW L Oy = “’1—0

Q)

inner

=, =, =628 rad/sec and

a)OUtEI’

= Doy, = Dys = Dy = 62.8 rad/sec, a,,, =0.628 rad/sec
From (5.89): Kk, = kg, =v2@,0L, —1, =1.76 and from (5.90): k; =k = oL, @,” = 783.6

2]
From (5.57): k.. =20 %":8.26 and from (5.58): K, =2 w? —3.65

owr ? owr

From (5.96): Kpy, = \/Ea)odCCdc =5.32 and from (5.97): k,,, = ®%,C,. = 236.63

odc

From (5.116): k,, :\/EcoocLf —r, =1.77 and from (5.117): k,, =@’ L, =788.76

From (5.74): Kpo, = \/Ea)OQSA: 0.00022 and from (5.75): =K, = Aa)Qsz =0.001

Table 5.2 Parameters of the machine and PI controller coefficients
I 2.3 mQ Cac | 60 mF Koo / Kap 1.76 Ky ! Kg 783.6
It 2mQ L+ 2mH Koy 8.26 Kyr 3.65
L 2.93 mH I 2mQ Kege 5.32 Kige 236.63
L, 2.97 mH J 18.7 Kp, 1.77 K, 788.76
Lm | 2.88mH P 4 Kpgs | 0.00022 | Ko 0.001

Kpor 0.00022 Kyor 0.00093

Vs 563.38 V N 1 ke 2.10 K, ol 1244.4
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From (5.108): Kpy = \/Ea)OQfF: 0.0002 and from (5.109): Kk, = Fa)Osz =0.0093

Dsu _837.3 rad /s

In PLL controller design, the switching frequency is taken as 2 kHz and the bandwidth of

2

Do _1244.4

S

the PLL controller is taken as: a,, =2*7z* f,, =12,560 rad/s and @, =

I_pll —

From (5.124): k, _, = ‘/_\2/“’0 —2.10 and from (5.125): k

5.6.5 Stator Flux Estimation

As shown in Figure 5.11, the stator side flux should be estimated as accurately as

possible for the RSC control implementation. Therefore this section explains the stator

flux estimation using the Low Pass Filter (LPF).

The stator flux in stationary reference frame is given as:
Vaas = Tl qas + PAgqs (5.126)
(5.127)

s s
_rslqu

ﬁ“zds - .[( qds ) dt
Flux can be estimated using (5.127) but the pure integration (1/s) involves the DC

offsets and drifts [64]. To solve these problems, the pure integrator is replaced by a LPF

The estimated stator flux by the LPF can be given as:
(5.128)

Aa 1
V p+a
qds the phase lag

e

where Aq is the estimated stator flux by LPF, a = pole and V, =V, -l

and the gain of (5.128) can be given as:

164



a (5.129)

v, r "~ (5.130)
+ @,

where . is the estimated synchronous angular frequency given as [64]:

" _ (Vqs - rslqs)ﬂ’ds - (Vds - r-slds)ﬂ’qs

S

The LPF eliminates the saturation and reduces the effect of DC offsets but at the

same time it brings the magnitude and phase angle error due to the cut off frequency of
the LPF. Figure 5.14 shows the phase lag of /Als| estimated by the LPF, and the phase lag

of Aqs estimated by the pure integrator. The phase lag of Aqs is 90" and the gain

is1/|w.|. However, the phase lag of the LPF is not 90" and the gain is not 1/|w.|. Hence,

an error will be produced by this effect of the LPF. When the machine frequency is lower

than the cutoff frequency of the LPF, the error is more severe. In order to remove this

dA

’ A
i qds s

Figure 5.14 Vector diagram of the LPF and the pure integrator [64]
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error, the LPF in (5.128) should have a very low cutting frequency. However, there still

remains the drift problem due to the very large time constant of the LPF. For the exact

estimation of the stator flux, the phase lag and the gain of A in (5.128) have to be 90°

and 1/|w.|, respectively. Furthurmore, to solve the drift problem, the pole should be

located far from the origin.
Hence, the decrement in the gain of the LPF is compensated by multiplying a gain
compensator, G in (5.132) and the phase lag is compensated by multiplying a phase

compensator, P in (5.133) given as:

c;:—\/aer“)e2

- (5.132)
We
P= eXp(_J¢1) (5.133)
—tant 2T 5.134
g=tan” 27 (5134)
;\lqu _ 1 V a2 + a)ez .
Ve - p+a A EXp (_J¢l) (5135)

We

The cutoff frequency in LPF cannot be located at fixed point far from the origin. If the
pole is varied proportionally to the machine speed, the proportion of the machine
frequency to the cutoff frequency of the LPF is constant. If the proportion is large, the
estimation error will be very small. Consequently, the pole is determined to be varied
proportionally to the motor speed as (5.136). Therefore, the pole is located close to the

origin in very low speed range and far from the origin in high speed range.
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a=L| (5.136)

where K = constant. Finally, the complete equation for stator flux estimator can be

derived as:
- " 2 A2
oL V@) O o in) (5137)
Ve o pa(weK) .

N

where exp(—j¢) =cos(d) - JSin(@), cos(g) = —— and sin(g) =2/ K

(@l K)? + @} \ (aA)e/ K)* + ]

Simplifying (5.137) and separating into real and imaginary parts gives:

iqs _ 1 \ (el K)? + a)e2

. . {cos g, (v, —r1,) +sing (Vy, — 1)} (5.138)
p+(a)e/K) We
N Ae/K 2 A2 )
Ads = :,]\- V(CO A) + @, {COS¢1(VC|S_rslds)_sm¢1(vqs_rslqs)} (5139)
p+(a)e/ K) We

Figure 5.15 shows the overall block diagram of the system to estimate stator side
flux using LPF and estimated synchronous speed of the machine. Figure 5.16 depicts the
schematic diagram of the DFIG wind turbine and STATCOM control structure.
Similarly, Figure 5.17 shows the g-axis and d-axis stator flux estimated by stator flux
estimator and estimated synchronous speed of the machine. At t = 3 sec., a step change in
rotor speed from 392 rad/s to 400 rad/s is applied as a result there is some oscillation in
estimated values of flux and speed but finally it gets settled. The estimated flux is very

close to the one obtained from pure integration using K = 0.001.
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Gain V

qds qus
LPE Compensator Phase + +

- - Compensator i
d
vV + 1 >\/(we/K)Zﬂug Wl ignal

qds p+ ((;e/ K) . exp(—jd) Computation
s qus sin(¢,) | @e |

cos(@)

Figure 5.15 Overall block diagram of the stator flux estimation using LPF [64]

Figure 5.18 shows the plot of reference angle given by PLL to align the stator
voltage along the g-axis. Figure 5.19 depicts the angular synchronous frequency of the

system measured by the PLL and estimated by the stator flux estimator.
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C()* ¢ Vqtir Ve:bcr RSC Vdc GsC v * * C* V *
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Figure 5.16 Schematic diagram of the DFIG wind turbine and STATCOM control strucure

169



Iamdaqs [pu]

Estimated sync. speed [rad/s]

381
380
379
378
377
376
375
374

from pure integrator _|

from LPF

F

F

5

6

F

from pure integrator

F

Figure 5.17 Flux and synchronous speed estimation using LPF

their controls are implemented in MATLAB/Simulink software. Voltage swelling and

Now with all those above described models of the STATCOM, DFIG, loads and
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Figure 5.18 Reference angle output from PLL, 6., (top) and &, (bottom)
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Figure 5.19 The angular synchronous frequency of the DFIG system measured by PLL
and the stator flux estimator

voltage sagging study is performed to assesss the effectiveness of the implemented

control system which is described in the below.
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5.6.6 Voltage Swelling Study

Voltage swelling is the brief increases in voltage over the time range from
milliseconds to few seconds. Among the grid disturbances, the voltage swell is a critical
event that can be caused by abrupt switching off large loads or switching on capacitive
load or damaged/loose neutral connection in the power system. Here the symmetrical
voltage swelling of 22 % is created by step increase in capacitive constant load (-ve Q) at
t = 5 sec. for 1 sec. duration. All the other loads remain same. In the absence of the
STATCOM, when the capacitive load is increased instantly, the weak grid cannot
respond quickly by absorbing additional reactive power and the DFIG output power is
already regulated to its optimum value so voltage at the PCC increases as shown in
Figure 5.20 (a). With the STATCOM connected at the PCC, same voltage swelling is
created again but this time STATCOM responds quickly by absorbing additional reactive
power; as a result, the voltage at the PCC is regulated close to 1 pu with small overshoot
shown in Figure 5.20 (a) and Figure 5.20 (b). Figure 5.21 shows the modulation indexes
of the STATCOM converter, RSC and GSC. Since the DFIG is operated at rated power
with GSC supplying reactive power upto its rated capacity, the modulation index
magnitude My is close to 1. This also proves that GSC is operating at close to its

maximum capacity.
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Figure 5.20 Simulation results of the PCC voltage at the DFIG wind turbine with and
without STATCOM during 22 % symmetrical voltage swell: (a) PCC voltage magnitude,
(b) Reactive power supplied by STATCOM, GSC, and RSC
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Figure 5.21 STATCOM converter, GSC and RSC modulation indexes during
symmetrical voltage swelling by 22%

5.6.7 Voltage Sagging Study

Voltage sagging is the momentary reduction in voltage over the time range from
milliseconds to few seconds. The voltage sagging is the most common type of grid

disturbance which is caused by abrupt switching on large inductive loads like electrical
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heater, motor starting or abrupt increase in source impedance typically caused by loose
connection. In this study, the symmetrical voltage sagging of 18 % is created by step
increase in inductive constant load (+ve Q) att = 5 sec. for 1 sec. duration. All the other
loads remain constant. In the absence of the STATCOM, when the inductive load is
increased instantly, the weak grid cannot respond quickly by supplying required surplus
reactive power and the DFIG output power is already regulated to its optimum value. As

a result, the voltage at the PCC drops as shown in Figure 5.22 (a). When the STATCOM

=
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Figure 5.22 Simulation results of the PCC voltage at the DFIG wind turbine with and
without STATCOM during 18 % symmetrical voltage sag: (a) PCC voltage magnitude,
(b) Reactive power supplied by STATCOM, GSC, and RSC
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is connected at the PCC and the same voltage sagging is created; in that case, STATCOM
responds quickly by supplying additional reactive power. As a result, the voltage at the
PCC is regulated closely to 1 p.u. with small overshoot shown in Figure 5.22 (b). Figure
5.23 shows the modulation indexes of the STATCOM converter, RSC and GSC. Since
the DFIG is operated at rated power with GSC supplying reactive power upto its rated
capacity, the modulation index magnitude My is close to 1. This also proves that GSC is

operating at its maximum capacity.
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Figure 5.23 STATCOM converter, GSC, and RSC modulation indexes during
symmetrical voltage sagging by 18%
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5.7 Transfer Functions of STATCOM, RSC and GSC Controllers

In the above mentioned controller design for STATCOM, RSC and GSC, each

controllers are designed separately and finally combined together. This procedure is only

valid when the controlled variables are independent of each other i.e. they should be

mutually decoupled. To check whether they are independent of each other or not, the

transfer functions of the STATCOM, RSC and GSC are derived in this section.

In the STATCOM control, from (5.19):

O =K (an* _an) :Vq2(|;1 - |q2)+vd2(|dl - Idz)

Similarly, from (5.12):

Oges = kdcs (th:s _Vdcs) = (M qlI ql + Mdllgl)

Solving (5.140) and (5.141) gives:

1

|;1 _ qu
Lo M.,

ZM leqZ + M qlVdZ

‘ Zl\/qzl\/ldl

where 7 =

VixM
From (5.19)
Co
2
From (5.12)

_%Cdc decs = (M I

ql'qL

M leqZ + M qlVd2

pV,;: :qu(lql - |q2)+vd2(|d1 - Idz)

(5.140)
(5.141)
Voo Iy, +1 l 2
Nz ‘ (5.142)
MqlVdZ | Mql | .
d2 — q2
NqZMdl ™y,
M
(5.143)
(5.144)



Solving (5.143) and (5.144) gives:

pC,, 4pCyVey Voo |+ 1 I
2 d2 q2
s _ 2V, 3V, v s 02 T
4 _ PCMy _4pCdc MV, + MV, Ve 3 M Vo | My | (5.145)
d2 2
2TVqZMdl 3 z-quMdzl | ‘ ZVqZMdl z-lvldl !
N M
From (5.24):
(rs+ psz|ql=|<lq|m”—qu|ql (5.146)
From (5.25):
(rS"' pszldlzkldldl*_kldldl (5.147)

where () shows the measured value. Combining (5.146) and (5.147):

) ;s+ p IA_S+ Ky 0 ]
{ L@ Kk o ! ql} (5.148)
lay 0 rs+ pLs+ky o
L Kyg i

From (5.142), (5.145) and (5.148) gives:

Oum vV,
L +M=PN| '™ [+PM
Ocs Vdcs

1 Vi, Vo 1
VIV — o+ —1g
Vo2 M Ve Oun + Vg2 r _
. Mql z-lvldlqu_'_qulvdz Oycs . Mqlvdz |- Mql I
d2 2
VMg VM, VoM My, (5.149)
pC,, 4pC,Vy, Vi, 1, +£|
2 2
, 2V, 3M Vrf vy Vg, K
_ pCqu1 _4|0Cdc TMleq2+Mq1Vd2 Vies . Mqlvdz | Mql |
d2 2
22-qulvldl 3 quZMdzl ZVqZMdl TMdl !
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N AN

" ;s+ |:s+ k rs+ pLs+k
where, y =¥ PLst K _ To¥ P ool
Kig K,

q

Solving (5.149) gives:

Vn? =¢ kvmvnwz*+§(1_7)vdzld2 +§(1_7)|q2

P 1
where ¢ = "nC
Tqu{]/ 2m + kvm}
Vdcs = #th:s
o

n

where $= Kies —g pCy. 7 -
If the actual and measured parameters are same then:
Solving (5.149) gives:

Vn? =g kvmVn?* +¢ 1=y Vgl +§(1_7)|q2

1
where, ¢ = oC and
Tqu{y 2m + kvm}

y_rs+pLs+kld _rs+pLs+k1q

Ky K

19

k .
Vi = —22V
dcs 5 dcs

where & =K, —% PCy.y -

In the DFIG, from the flux control:
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(5.151)

(5.150(a))

(5.151(a))



r.L
—_ sS—m
O s = —, Ay + /1qr +VqS
Sr

G/lqs = _a)eﬂ‘ds + fs o (d-rlqr +%/q‘qs) +Vqs

s—r S

rL rL2
— s—m sS—m
O s = —, Ay + _L Iqr +—=5T ﬂ,qs +Vqs

S s I

s+ V.
3P% A, e

. 8Jw, —4PT r.L2
Kls (ﬂ‘qs _ﬂ“qs) = _a)eﬂ’ds + rs( P - 5 J + O'LZL

_ oLl BP? K Ags +3P" A5 —3PYV,)  ol’L.r,(p8Jw, —4PT,)

s 3r, L2 P2 +3P%l2L K, (3.2 P2 +3P%2L K )
Similarly,
Gids = a)eﬂ“qs + rs Lm ﬂ’dr +Vds
I Lm Lm
O jds = a)eﬂ“qs + E(Elds + I‘ro-ldr) +Vds
2

Uids = a)eﬂ“qs + r;Lernﬂ“ds + rsl_h Idr +Vds

. rL2 2r, Q,
Kls (ﬂ’ds - j’ds) = a)eﬂ’qs + ;Li ﬂ’ds - ?SE +Vds

Klsﬂ:(;s - a)eﬂ“qs + g QS _Vds
3 WAy

[ )

A4

(5.152)

(5.153)

(5.154)

(5.155)

From (5.153) and (5.155), it is clear that the relations between control variable

(Ags: 44) and reference variable (A, I;S) are non-linear. Hence, transfer function

cannot be obtained. Therefore, in the later part of the transfer function derivation, the

stator fluxes are assumed constant as a result the relationship between control variables

and reference variable is linear.

In the RSC, from (5.54):
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Owr = kwr(a): _a)r) = (Tm _Te)

Owr :Tm _'_Eg/ldsl*qr
Ls
Iqr = (0 —Tm)#
3P Lm Ay

where () shows the measured value.

GQs = st (Qs* - Qs)s = ﬂ‘ds[vdr

N AN

O =st(rr Idr+ pO'Lr Idr_

* GQ

S
Idr_ AN

pO- Lr j‘ds

From (5.158) and (5.161):

Similarly, from (5.71):

N N FASERAN
—Ir Idr+a)soGLr Iqr)

n NN N N AN
C’)soO-Lr |qr—l’r Idr+a)506|_r Iqrj

4Ls n
| — 0 o 41T,
qr* — 3P Lm ﬂ’ds wr + - N
Loy 0 1 Ogs 3P|6m s
| pAdssolLr | —

c

(5.156)

(5.157)

(5.158)

(5.159)

(5.160)

(5.161)

(5.162)

Here, the mechanical torque from the wind turbine is considered as a disturbance to the

Similarly, from (5.51):
P
=— (T -T
por =-5 (T = T)

P 3P L
= + —
Po, =+ (Mo 4L

_m)“dslqr)
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_p8) Lo, 4T,L
" 3P% LA, 3PL, A,

From (5.70):
3w, L,
PQ, = _EISrrids(\/dr —fla + o0l 'qr)
3w, L,
st - _EIrlds(rrldr + pO-LrIdr _a)sod‘rlqr - r-r Idr + a)SOOLi’Iql’)

S T

___RL
o 3a)eLmﬂ’ds

Combining (5.165) and (5.168) gives:

p8JL,

{Iqi _| 3PL A, {w} N
Idr O _ L Qs
3a)e Lmﬂ’ds

E

From (5.87):

(;r+ pc;li,jlqr =Kgrlgr —Kigrlor
From (5.88):

(;r+ péf_,jldr =Kyl —Kigi 1y

Combining (5.170) and (5.171):

re+ pO'l_r-i'kiqr 0
{Iqr*:| ) qur {
Lo 0 r+ poLe+Ky,
L kidr a

Substituting (5.162) and (5.169) in (5.172) gives:
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_ALTy
3PL, A,
0

-
D

(5.165)

(5.166)

(5.167)

(5.168)

(5.169)

(5.170)

(5.171)

(5.172)



Oyr a,
C +D=KE + KD (5.173)
O-QS Qs
4L R
" 0 . 4L T
3P L A, Kur (0 =) | |- —==on
0 1 k(@ -Q)| | 3PLn 4
A A 0
PAg O Le (5.174)
e+ po Lotk p8lL, 0 . .
Kigr 3PL, A, o] | _TrtPoblirky 4LT,
) et pol o) Kior 3PLy A
0 It politky 2L s 0
kidr 3a)el‘mﬂ‘ds
Solving (5.174) gives:
ko + Kk
o, =50 +5T, (5.175)
K1 €1
where |21 = 2P Ls Fet po.LH_kiqr + I:s Kur ) |22 = If"” Ls and 123 = frt pO-LH_kiqf L —— Ls .
Lmids kiqr Lm /’i'ds iqr Lmﬂfds Lm /lds
Similarly,
k4 *
Q=+0Q (5.176)
Ks
N k A k " o .
where Ke = — & and ke =& _Frkpobetky 2L
pAys o L pAy. o L Kiar 3, Ly Ay

If the measured parameters are assumed to be equal to the actual quantities, solving

(5.174) gives:

2plL, I, + pol, +k, . LK,
Lmﬂ“ds k Lmﬂ,ds ’

iqr

where k, =

k, ==
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(5.177)

r+pol, +kg, L L,
Ki I—mﬂ’ds Lm/i‘ds

iqr

and k, =




Similarly,

(5.178)

K K _
Qs and k5 — Qs _ o+ pGLr + kldl’ 2Ls .
pﬂ’dsOLr kidr 3a)e Lmﬂ’ds

where k, =

ds r

Here it should be noted that the inner current controller parameters are same for g and d-
axis currents, i.e. ki, =k

r

Similarly, in the GSC, from (5.93):

. 3 3

Oge = KaeWVge Vae) =3 Ml + Mdrldr)+Z(Mdf Ly + M 1) (5.179)
. 1 (4 3

qu :M_qf(g(o-dc_Z(Mquqr+Mdr|dr))_Mdf|dfj (5180)

where g(M I, +Mgly) is the dc-current supplied from RSC to the GSC and

qroqr

2V :
M, =—"and M, = NV . And we also know from (5.77) and (5.78) that-
dc dc
. . L,
Vqr :qur(lqr_ Iqr)+a)so(rﬂ‘ds+0|-rler (5181)
Vd*r = kldr(I ;r - Idr) _a)soOLr I qr (5182)

Using (5.162), (5.169), (5.181) and (5.182), the DC-link current is expressed as:

%(M Ly + My ly) =

qr'aqr
p8lL, . . AT L ) o, P8l
—— (oo -0)-—k Kk (0 —0)+=——T
3 Igr twr 3P2Lmﬁvds( rr r) 3PLmﬂ«ds Iqr Wr( r r) 3P2 (5183)
N, o 4T, 2LKgKe . 42k,
de | _ %50 + ldr™Q . (Qst _QSZ)_ 25 2Id -
3P 3polo,l A 9,7 L2 22,
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Here, A, is regulated to constant value using flux control. Hence, it is clear from

(5.183) that the DC-current flowing in ac/dc/ac converter has a non-linear relationship

between control variables like ®,, Q, and V.. So it can be concluded that decoupled

control of Q;, Q,, @, and V,. can be done if DC-link current is taken as a disturbance

for the GSC control. Now, from (5.105):

From (5.184) and

qf_M

I* 1

qf

n n n

N

I =2
df — A
pLs

(5.180):

Combining (5.184) and (5.185):

Oo = Vg =Tt Iy + e Lt 1)

N

4 3
[5 (Gdc - Z(Mquqr

4 My
qu* _ 3My pLi My | Oue
Idf 0 ],'\ O
i pLt
(0]
From (5.91):
3 3
pCVdc:Z(Mquqr+Mdrldr)+Z
4 3
qu:3M (pCVdc_Z(Mquqr

From (5.103):

qf

N

+ Mdrldr))_ Mdf

N

n

O

n

pL;¢

|

Ot =(r¢ Idf+ pL;s Idf—a)e L+ qu—rf Idf+a)e L+ qu)
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df
—

M
+Mdr|dr))_{M

qf

(Mdfldf +qu|qf)

de

(5.184)

(5.185)

(5.186)

(5.187)

(5.188)



Ve
pQ; :I(Vdf —rely + oLl )
f

Ny
PQ :I(rfldf + pLily — oL, qu —Iily + oLy qu)

Idf

f

_2Q;

3V,

qs

Substituting (5.190) into (5.188):

4

" 3Mm

3

qf

Combining (5.190) and (5.191)

From (5.111):

(pC Vdc_Z(M

quqr +Mdr|dr))_{

4 C 2M

(I‘H— pojqu =kiqf|;f —

From (5.112):

k

iqf " qf

(rf+ pojldf = kidf';f — Kigr lgs

Combining (5.193) and (5.194) gives:

re+ pLl+kg,

0

re+pls
Kigs

2M, Q.
3M,, V,,

P
T ),

as
2
s

|
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+ Kigs {

(5.189)

(5.190)

(5.191)

(5.192)

(5.193)

(5.194)

(5.195)



Substituting (3.186) and (5.192) in (5.195):

|:Gdc:| |:Vdc:|
@) +P=FQ +FR
Ot Qs

_ (Mquqr + Mdrldr)

qf

quqr

(5.196)

+ M ly) e+ pLlotk

M
I

4 My
My pLt My I:kdc(vd*c _Vdc):|+ M
0 ]/-\ ka (Qf _Qf) 0
pLs
4pC ri+ pLe+Kki, 2M o ri+pLli+kig
— 3qu kiqf 3\/\/ququ kiqf
0 re+ple+ky 2
| kidf 3Vqs
Solving (5.197) gives:
. -1
Vdc :@Vdc _%yff\—(Mquqr + Ivldrldr)
T1 71
~ o ri+ pLle+kyg " " .
where y; =—  and 71 = pCy, +K,.. Similarly,
idf
Qs = 71 Q:
Up;
~ ok n k
where 77, = —2— and 77, = 7, 2, K
pL;¢ Nos pLt

If the measured quantities are assumed to be equal to the actual quantities, solving

(5.197) gives:

v, =X

C
31

37;-1

= ﬁvdc =

7, (Mquqr
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+ Mg lg)

M

qf

0

iqf

(5.197)

(5.198)

(5.199)

(5.200)



re +sL; + Ky

where y, B — and z; = pCy; +K,..
idf

Similarly,

=hq; 5.201

Q Qs (5.201)
>

K K
where 77, =—2 and 7, = , iJrLf

sL, s PLy

Here it should be noted that the inner current controller parameters are same for g and d-

axis currents, i.e. Ky, =Ky -

Combining (5.150), (5.151), (5.175), (5.176), (5.198) and (5.199) gives:

(V2T | ku 0o 0 o0 o0 o0 |VS] i 0 1 ro
Vies O kzz O 0 0 0 | Vaes 0 0
w, _ 0] 0] Kas ,\O 0] (0] a)i 4 s T 4 0] (5202)
Q, O O O ke O 0[S 0 Q
Vac 0 0 o 0] Kss 0 Ve 0 Hssg
Qe o 0o 0 0 0 ke)QJ [ o | LO]
A
A A N k n ) A l/; n lz c A "
Where kll:é’kvm’ k22: (/j\CS 1 k33:¥1 k44:/\_41 k55:/\_dy k66:$1
o kl k5 71 n,
N n n A N A k3
Hi1 =6 L=7y)Vg, 14 +é/(1_7)|q2, Uy3 =—=and
ki
L * 4T L . 8Jw. |
A Iqr ™ wr p28J 2 (wrwr _a)rZ)_ n— k,quwr(a)r —Cl)r)-l-—a)sop 5 i
=3 il 3P Lo 3PL, A 3p
” 2Vdc ;\-1 _a)so4Tm + 2I‘Sklders (Q Q*_Qz)_ 4L§kldr
3P 3paLel, A T T 9wlR R |

Combining (5.150(a)), (5.151(a)), (5.177), (5.178), (5.200) and (5.201) gives:
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Vim | Ky 0 Y 0 0 0 Vrs*_ y2 % 0]
Vaes 0 ky O 0 0] O || Vyes o) 0
@, | (0] 0) k33 0o 0] 0] a): 4 /,133Tm N (0] (5203)
Vae 0 0 0 0 Kss 0 Vd*c 0o Klss
‘Qf— —O O 0 0 0 Keo _Q:_ | O | | 0 |
A
Kges k k K,,
where kll:é/kvm' kzzzL’ k33:—2, k44:_4, kssz—d, kee:ﬂ,
o K, ks ) n,
Ks
'uil:g(l_y)vdZIdZ+é/(1_7)|q2a /133=k—and
1
8L, . 4T L . o, p8la,
lqr fwr pz (0,0, —a)rz)— m=s qurkwr(a)r —w)+ 50 P s
3 i1 7 P LA 3PLo s 3p

Hss Ny 7, | 04T, N 2L K 5 Kqs
3P 3pool, A,

r--e—m

* N2\ _ 4'Likldr
(Qst Qs) ga)esznz(zjs

As shown in (5.202) and (5.203), the transfer function matrices A and A are both
diagonal which verifies that all the six controlled quantities are independent of each other
regardless of error in parameter estimation. That means, the controller design can be done
independent of each other and combined them together for the overall control and there
exists a non-linear relation through the DC-link voltage control which can be considered
as disturbance for the GSC control.

Hence, in this chapter, the modeling and controller design of STATCOM s
shown. The support provided by the STATCOM to regulate steady state voltage and to
improve dynamic response of the DFIG wind turbine system during disturbances in the
grid side is explained clearly with the help of simulation results. The dynamic voltage
regulation during voltage swelling and voltage sagging and its mitigation using

STATCOM is discussed and is well supported by the simulation results.
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CHAPTER 6

DFIG-BASED WIND TURBINE INTERFACED WITH SERIES
COMPENSATED LINE

6.1 Introduction

The DFIG wind turbines are installed in remote areas and offshores because of the
favorable wind available and no worries regarding noise pollution and scenery. So, those
wind turbines are connected to power grid through a long transmission line. Usually those
transmission lines are weak grids characterized by under voltage condition. As discussed
in Chapter 5, the terminal voltage of a DFIG decreases with the increase in power output
from wind turbine. The terminal voltage variation is because of the significant impedance
of the transmission line.

The central idea of series compensation (SC) is to cancel part of the reactance of
the transmission line by means of series capacitor. This increases the power transfer on
the line. Series compensation is also used to enable power to be transmitted stably over a
greater distance than is possible without compensation [46]. Moreover, series capcitor
effectively reduces line reactance as a result line absorbs less reactive power, i.e. reactive
power demand decreases. Hence, it helps in steady state voltage regulation. The most
noticeable advantage of the SC is that series capacitor reactive generation increases with
the current squared [46]. This means that a series capacitor has a self-regulating impact.
In other words, it generates reactive power when it is most needed. The response of the
SC is automatic and continuous.
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Figure 6.1 Schematic diagram of the studied DFIG-based wind turbine system connected
to power grid through series compensated line

If a capacitor is connected in series with the transmission line as shown in Figure
6.1 then the net impedance of the transmission line reduces from r + jX, to
r.+ J(X_—X.).as a result the voltage variation also decreases. This chapter discusses

the dynamic and steady state operation of a DFIG-based wind turbine interfaced with a

series compensated line as shown in Figure 6.1.

6.2  Dynamic Modeling and Controller Design of the Overall System

The voltage dynamics at the DFIG terminal bus is given as:
Cf qut +a)eCdet = qu - Iqs - Iqw (61)
C; pVy _a)ecqut =g = lgs = law (6.2)

The state space matrix of equations (6.1)-(6.2) can be given by (6.3) as:

p VQt _ 0 — @, Vqt n
Var @, 0 Vi I

lys —
Cf
g — |

Cy

qf — qw
df — dw

(6.3)

191



where V. and V,, are the q and d-axis voltages at the DFIG terminal, respectively, the
|, and I, are the g and d-axis currents supplied by GSC, respectively, the 1. and I
are the g and d-axis currents flowing to the stator side, respectively, the 1 , and 1, are
the g and d-axis currents through the transmission line, respectively, V and V,, are the

q and d-axis voltages of the grid bus, respectively, and @, is the synchronous reference

frame speed (377 rad/s).
The current flowing through the series compensated capacitor C is given as:
lyw =C PV, +0,CV, (6.4)
lyw=C PV —@,CV,, (6.5)
Using KVL from DFIG terminal bus to the grid bus:
Vg —Vyg = Ll + L Ploy + @, L Ly, + Ve (6.6)
+V,, (6.7)

Vit _Vdg =rly+ L ply,—all

L qw

The state space matrix of equations (6.4)-(6.7) can be written as follows:

0 - (()e 1 0 B O T
C
ch 1 ch 0
o 0 0 —
Vi ) C Vg Vqt _ng
D - + (6.8)
| T S T O L,
qw o qw
| I-L I-L | th _Vdg
dw 1 r dw
0 -— o -+ L]
L LL LL i

where V., and V,are the g and d-axis voltages across the capacitor, respectively. The

dynamic equations of the DFIG explained in Chapter 3 are given as:
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i rS rS Lm ]
- -, 0
o7 | ol oL,
Ags r, r.L, a5
. o, - 0
ﬂads — GLS GLS Lr /,i’ds
Aar L 0 d (0, - o, Agr
. oL, oL, p)
| Adr | rL r o«
O r—m (a)e _ a)r _ r
] oL, oL, |
= A g
GI-S O.I_S LI’
Ids = iﬂ“ds _iﬂdr
OLS OLS LI’
e =— L Ags T 1 Agr
O.I-SLI’ Gi_l’
L, 1
Idr = _OLSI—,» ﬂ’ds + O'Lr ﬂ“dr
2
where leakage coefficient o = % .

s—r

P
= (T, -T.-C,o0
pa)r 2J (Tm e f r)

6.2.1 Design of the RSC Controller

o O O -

o O~ O

o — O O

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)

The RSC control scheme consists of two cascaded vector control structure with

inner current control loops which regulates independently the d-axis and g-axis rotor

currents, i.e. I, and I,

according to some synchronously rotating reference frame. The

outer control loop regulates the stator active power (or DFIG rotor speed) and reactive

power (or DFIG terminal voltage) independently. The stator voltage orientation (SVO)

control principle for a DFIG is described in [31], where the g-axis of the rotating
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reference frame is aligned to the stator voltage i.e V,; =0 and V,, = V. From (3.15) and

(3.16), the stator side flux can be controlled using PI controller. In this study, the g-axis

flux is regulated to zero (4, =0) and (4, = 4,) for the de-coupled control of active and

reactive power as described below:

rS rS Lm
PAgs + I/lqs = -0, Ay + ) Agr T Ves

S s r

r.L
O s = —W Ay + oSL m }Lq, +Vqs

STr

« 1(rL,
/’i’ds = E(Eﬂqr +Vqs - O-ﬂ.qu

r.L

pﬂ‘ds + O_rl-__sids = a)eﬂ‘qs + E ﬂ’dr +Vds

S s r

rs I-m
O-ids = weﬂ’qs + ﬂ“dr +Vds

I’S kAs *
where O'/wS = pﬂ’qs + Ij“qs = [kpgs + ij(/iqs - ﬂ‘qs) and

Figure 6.2 Stator fluxes control using PI controllers
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k * -
O = Phys +0r|_—5/1ds :[kms +ﬁj(/1dS - 4,) are the outputs from the PI controllers as shown in
p

S

Figure 6.2.

The PI parameters are determined by comparing with the Butterworth polynomial

which is described in the below section, are given as:

;
Ke e = V200, ——=
i ool (6.17)

2
Kis =@

Now, neglecting frictional losses, rotor speed dynamics is given as:
p@, = (T, -T.) (6.18)
r 2J m e .

where T is the mechanical torque from the wind turbine. When the wind speed (V,, ) is

less than the rated speed, then the T is given as:

T, =k, V.’ (6.19)

where K, = % p AC =constant and if the wind speed (V,,) is more than the rated

opt

p_opt

speed, then the T, is given as:

P
Tm — rated (6.20)

a)rated

where P, IS rated power of the wind turbine and w,,,., is the rated speed of the wind
turbine.
Equation (6.18) can be re-written as:

%‘] po, =T, -T,) =0, =k, (& —®,) (6.21)
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where k,,, is the PI controller for rotor speed controller, given as: k,, = (km + k'W'J
P

Then (6.21) will be:

% pa)r = [kP\NI’ + klgvr ja)r* _(kP\Nr + kIFV)W ja)r (622)

F)
—(pk k
&z 2J (p Pwr+ Iwr) (623)
a)r* p2 + p PkP\Nr + I:)klwr .
2J 2J

Now, comparing denominator of (6.23) with Butterworth second order polynomial, i.e.

p? + \/Ea)(,wr P+ @?,., Pl controller gains are obtained as:

Kowr = \/Ea’wr %

6.24
2] 2 ( )

=—0,
wr owr
P

k

where a,,, is the bandwidth frequency of the speed controller.

Using A4, = 0, the electromechanical torque and g-axis stator current is given by

(6.25) as:
Te _gﬁ“dslqs
(6.25)
Lm
Iqs Z_T qr
3. L,
1; ::EE)%S(__];:)Iqr (6.26)
e = (0 ~T,) 2 (6.27)
3 Lmﬂ’ds
Similarly,
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Iy =75~ T (6.28)

The stator side active power can be written as:

3 3L
P="(VI +V.l . )J=—2""V | 6.29
S 2( ds dS) 2 L ( )

gs-"gs gs qr
S

The stator supplied reactive power is given as:

3 3
Qs = E (Vqslds _Vdslqs) = qusl ds (630)

Substituting V, in (6.30) gives:

3
Qs = E(rslqs + a)eﬂ“ds + pﬂ“qs)lds (631)
Assuming constant stator flux, neglecting the stator resistance and substituting I, from

Equation (6.11) gives:

_3 o
2oL,

Q,

r

[ﬂis - %j’dsidr] (632)

Differentiating (6.32) w.r.t. time gives:

@, I-m
GLS :ﬂ“ds pﬂ'dr (633)

3
st - _E

From (6.33) and (3.4) gives (6.34) and solving 4, in terms of I, gives (6.35)

3w, L,
st B _EIesrrids(Vdr o rrldr + (a)e - a)f)iqf) (634)
3w L,
st Z_EISE/%S(VW_I}IC" +(a)e —a)r)aLrlqr) (6.35)
VPQ, = 0, =kgs (Q ~Q,) (6.36)
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20l L . . .
where V =% and Kk, is the PI controller for stator side reactive power controller,
@,

e™—m

k
given as: Ky, = (kPQs +%}. So, (6.36) can be re-written as:

k . k
VpQ, =(ka5 +%st —(kPQS +%}QS (6.37)
1
Qs g(kaQs + les) (6 38)
Q2. . Keos  Kios '
P+ p v + v

Similarly, comparing denominator of (6.37) with Butterworth second order polynomial,

ie. p°+ \/5%5 p+ a)és , PI controller gains are obtained as:

k :x/ia) A
{ PQs 008 (6.39)

2
Kigs = A

IQs

From (6.35) and (6.36) gives:

=YV (@, —m)ot, + 2o
dr rr dr e r r'qgr ids

(6.40)

It can be seen from Equations (6.29) and (6.40) that, P, and Q, are proportional
to I, and 1, respectively. The mutual coupling term (@, —,)oL, 1, in (6.40) is very

small so its effect is negligible. The rotor current can be regulated by means of rotor
voltages. The relation between rotor current and rotor voltage is obtained by substituting

values of 4, and A4, from (3.7) and (3.8) in Equations (3.3) and (3.4), respectively, and

further simplification yields:
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qr

V, = rrlq,+aLrpIqr+a)so(%lds+aLrld,j (6.41)

S

Vdr =r Idr + GLr pldr - a)sooLr Iqr (642)
L 2
where o, =(@, —@,) and o =1 =

ST

In the Equations (6.41) and (6.42), there is the term including 1, in the g-axis
equation and there is the term including I, in the d-axis equation. So these two equations

are coupled and the traditional linear controllers cannot be used. However, through the
exact linearization method, these equations can be linearized by putting the terms other

than the currents control to one side.

I-m
rrlqr-’_o-Lr plqr :Vqr_wso(rﬂds-i_ai-rler (643)
rrldr+GLr pldr =Vdr_‘_a)soGLrIqr (644)

Lets assume:

Oy =Nl +ol.pl, (6.45)

ar

o4 =r g +olply, (6.46)
The idea behind is to use the linear controllers that include integrations to calculate the
derivative terms. And the nonlinear equations become linear when all the nonlinear terms
are moved to the other side of the equations. Then the q and d-axis voltages are

calculated as shown in Figure 6.3.

Vqr =O0gqr + wso[r/lds + O-Lrldrj

S

(6.47)
Vd*r = o-dr - a)soGLr I qr (648)
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: Rotor Side
Converter

d abcr:
| abc D

d i) o@);
encoder
dt
Q

1 -] Stator Flux
2, Estimation
Qs

Calculation

Figure 6.3 Block diagram of RSC control system: V, “™ =

= —a)SOoL,Iqr
comp Lm
and Vqr :CUSO r/lds +O-Lr|dr

S

Using the inner current control loop has a significant advantage for the protection
of the DFIG. It can naturally protect the system from over-current since current limiters

can be easily inserted in the control system shown in Figure 6.3.
Since the general PI controllers are widely used and proved to be effective, they

are also applied in the following analysis [63]. For |qr current control loop from (6.43):

Vqr = I’-rlqr +OLr plqr = (rr + pOLr)Iqr (649)

: K,; .
Vqr = (kqp +_;](Iqr - Iqr) (6.50)
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Kyi ), » Ky
(r. + poL I, :(kqp+%]|qr —[kqp+%)|qr (6.51)

Then the transfer functions between the reference and actual currents are changed
to the following:
1
I(pkqp + kqi)

X 1f 1 (6.52)
p°+ pI(rr +Kgp) +qui

r

I _ pkqp + kqi _
I - pZOLr + p(rr + kqp) + ki -

Similar process can be repeated for |, current control loop from (6.44).
The Pl parameters are determined by comparing the coefficients in the
denominator of (6.52) with the Butterworth second order polynomial.
Kep = Kgp = V2001, —T, (6.53)
Ky = kg = oL@, (6.54)
Here o, is the bandwidth of the current controller. The values of k, and k; for

RSC is shown in Table 6.1. The overall vector control scheme of the RSC is shown in

Figure 6.3.

6.2.2 Design of the DFIG Terminal Voltage Controller

Here, the GSC is implemented to control the terminal voltage magnitude of the
DFIG wind turbine. In addition to terminal voltage magnitude control, GSC also
maintains constant dc-link voltage in the ac/dc/ac converter of the DFIG by controlling
currents supplied by GSC.
Now the DC voltage dynamics in the DC-link is given by:
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3
Cdcpvdc:|0+Z(Mdf|df+qu|qf) (6.55)

where C. is the DC-link capacitance, | :%(Mder +M,,l,,) is the DC current from RSC

qr-qr

towards GSC and M, M, M, and M are g and d-axis modulation indexes of GSC,

qf

and RSC respectively. Equation (6.55) can be re-written as:

CaePVye = Te = Kae Ve —Vie) (6.56)
where k. is the P1 controller for DC-voltage control given as: k,. = (kpdc +@) . Then
S

(6.56) will be:

k « Kk
Cdc pvdc = (dec + ;:c)ic }/dc - (dec + %}/dc (657)

1
de _ “do (6.58)
2 dec kIdc
PP T
dc dc

Comparing denominator of (6.58) with Butterworth second order polynomial, i.e.

p? + \/EcoOdc p+ @y, Pl controller gains are obtained as:

Kpge = \/Ea’omcdc (6.59)

2

Kige = Cuc®pac (6.60)

where a,,. is the bandwidth frequency of the DC-voltage controller. (6.55) can be re-

arranged as:

| 4 :_M_(O'dc_lo)_il (6.61)
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From (6.61), it is clear that the DC voltage is regulated by regulating the d-axis current
supplied by the GSC.

Dynamic voltage equations of the GSC in the qd-reference frame are:

V

Vi =Tl + L ply + @, L1y +V, =M de (6.62)
\Y/

Vg =T lg + L ply —o Ll s +Vy =M % (6.63)

where v, and v, are the g and d-axis GSC output voltages and r; and L, are RL filter

resistance and inductance, respectively after GSC.
Equation (6.1) can be re-arranged as:

1
pvqt = C_(qu - Iqs - Iqw - a)eCdet) (664)
f

Equation (6.2) can be re-arranged as:

1
PV = (Idf - Ids - Idw+a)eCqut) (6.65)

_
The voltage magnitude, V, at the DFIG terminal is given as:

V¥ =Vy +Vy (6.66)
Differentiating (6.66) w.r.t. time,

PV, = 2V, PV, + Vg, PV, (6.67)

Equation (6.67) gives the square of voltage magnitude dynamics at the terminal. Then the

voltage magnitude is:

Vt_mag = ‘\/\?

. (6.68)
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Figure 6.4 Block diagram of GSC control to regulate the DFIG terminal voltage

Substituting (6.64) and (6.65) in (6.68) gives:

C .
7f th2 = B/qt(qu - Iqs - Iqw)+vdt(|df - Ids - Idw)]: kvt (\/tz _Vtz) =0y (669)

where k, = [km +%) is the PI controller for voltage magnitude control. Then, (6.69)

can be written as:

C k - k
7f th2 = (kat +%)Vt2 _(kpvt +%)Vt2 (6-70)

2
2 F(pkpw + klvt)
Vi = (6.71)
Vt2 2 ZkPVt + 2klvt

p+pCf C,

Comparing denominator of (6.71) with the Butterworth second order polynomial:
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C
Kew =24, 7* (6.72)

klvt = Ta)ovt (673)

where @, is the bandwidth frequency of the voltage controller.

From (6.69), the reference g-axis current through GSC which regulates the voltage

magnitude at the DFIG terminal is given as:

|;f - Vi[‘jvt _th(ldf — g — Idw)]+ s + T (6.74)

qt

Inner current control:

If we assume:
Felgr + L Plys =Ko (Mgt — 1) = 0y (6.75)
el +Ls Ply :kdf(l*df _Idf):o-df (6.76)

Then, (6.62) and (6.63) can be written as:

2
dc
2
My = (04 —@,L¢ 1 +th)\/_ (6.78)

dc
Equations (6.77) and (6.78) give modulation indexes which are the output of the

converter. And k, and Kk, are Pl current controllers for g and d-axis currents,

: K,y
respectively and k, =Ky =| Ky +—+ |
p

Then, (6.75) can be re-written as:
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1

r(pkpl+k|1)
L f (6.79)
qf p2+pi(r +k )+ik

LU P1 L

f f

Comparing denominator of (6.79) with the Butterworth second order polynomial gives:

Ky = \/Ea)OC Ly =1y (6.80)
Kiy = l-fa)o(:2 (6.81)

where @, is the bandwidth frequency of the current controller.

6.2.3 Phase Locked Loop (PLL)

A PLL is designed to obtain the reference angle for qd transformation so as to
align the stator voltage along the g-axis and is included in the overall model of the system
to make the design system more realistic. Figure 6.5 shows the 3-phase PLL which takes
the input as the measured DFIG terminal voltage V, and transforms it to qd-reference
frame. PLL aligns the stator side voltage to g-axis by comparing d-axis load voltage with

zero reference voltage. The voltage error signal is passed through the PI controller to

obtain the angular frequency of the load bus voltage. Hence in the PLL system:

Vg =-V,sin@ —6,) = 0=-V,sin(@, - 6,) (6.82)
6,=0,
(6.83)
Now the error signal is given as: e=0-V, =V,sin(@ —-6,)

If (6, —6,) is very small, then we can write: sin(6, —6,) = (6, - 6,)
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Vi, = abc | 6,
Vbs_> to Mod.

v qd Division

Figure 6.5 Block diagram of PLL control

From the block diagram shown in Figure 6.5, V, (€ —6,)is the input to the controller and

o, is the output from the controller hence:
Vs(9| _es)Kpll =, (684)
1
\7 pes = (el _es)Kpll =0y (685)

S

k
where, K, =k, ,, +—="
- p

K k
(kp_p” n |pr| ]@I _(kp_p" +'TP”JQS = \%505 (6.86)

A pV.ke ,, +V.K
s - P_pll 1_pll (687)
G P +PVke VK,

Now, comparing the denominator of (6.86) with the Butterworth second order

polynomial, i.e. p® +\/§a)o_p“ p +a)02_p” , the parameters of the controller are given as:
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: (6.88)

where @, , is the bandwidth frequency of the PLL controller.

Table 6.1 gives the PI controllers values used for the simulation study following
above procedure. The switching frequency is taken as 1 kHz and the bandwidth of inner

current controller is taken ten times that of outer loop controller i.e

Q. w:
oy, =2*r* 1, =6280 rad/s and @, = 16”“ P Oy = —i”(;e'
Opner = O = 0, =628 1rad /S, @y = @y = @,,, =62.8 rad /s and w,,, =0.628 rad /s

From (6.53): k,, =ky, =20, -1, =1.76 and from (6.54): k, =k, = oL,@,’ =783.6

2J
From (6.21): Ky, =20, 2?‘] =8.26 and from (6.22): k,,, = Fa)j'wr =3.65

From (6.59): Kpy. = \/Ea)ochdc =5.32 and from (6.60): k,,, = ®’,.C,. =236.63

odc

Table 6.1 Parameters of the machine and PI controller coefficients

Is 23 mQ Coc | 60MF |k /ky, | 176 | k,/k; | 783.6
It 2mQ L | 2mH Koy 8.26 K r 3.65

Ls 2.93 mH | 2mQ Kege 5.32 Kige 236.63
L, 2.97 mH J 18.7 Kpy 177 Ky, 788.76
Lm 2.88 mH P 4 Kpos | 0.00022 | Ko 0.001
o 0.669 Ci| 5mF Koy 0.22 Kt 9.85

Vs | 563.38V Ke o1 2.10 k, i | 12444
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From (6.80): ko, =~/2w,,L, —r, =1.77 and from (6.81): k,, = @’L, =788.76
From (6.38): Keq, = v2myqsA = 0.00022 and from (6.39): =k o, = A, =0.001
. Cf . Cf 2
From (6.72): Ko, =2y, —-=0.22and from (6.73): ky, =— -y, =9.85

In PLL controller design, the switching frequency is taken as 2 kHz and the

bandwidth of the PLL controller is taken as: @, =2*7z*f,,=12,560 rad/s and
@y =al)—55W =837.3 rad/s

\/E 2
@0l _ 210 and from (6.88): K o= ws/—”" =1244.4

S S

From (6.88): kp =

6.2.4 Stator Flux Estimation

As shown in Figure 6.3, the stator side flux should be estimated as accurately as
possible for the RSC control implementation. Therefore this section explains the stator
flux estimation using Low Pass Filter (LPF).

The stator flux in stationary reference frame is given as:

s _ s s
qus - r‘slqu + p/?'qu

(6.89)

Ads = f( BTl dt (6.90)
Flux can be estimated using (6.90) but the pure integration (1/p) involves the DC

offsets and drifts [64]. To solve these problems, the pure integrator is replaced by a LPF.

The estimated stator flux by the LPF can be given as:
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Figure 6.6 Vector diagram of the LPF and the pure integrator [64]

ﬂsl _ 1
V, p+a (6.91)
where A4 is the estimated stator flux by LPF, a = pole and V, =V 4 — 1 .
The phase lag and the gain of (6.91) can be given as:
_ _tant%e
¢=—tan"— (6.92)
ﬂ/sl 1
M = = -
Vv, , (6.93)
ya?+af
where w.is the estimated synchronous angular frequency given as [64]:
) (Vs_rsls)/ls_(vs_rsls)j’s
e =820 "Wzd — (6.94)

The LPF eliminates the saturation and reduces the effect of DC offsets but at the

same time it brings the magnitude and phase angle error due to the cut off frequency of

the LPF. Figure 6.6 shows the phase lag of A« estimated by the LPF, and the phase lag
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of Aqs estimated by the pure integrator. The phase lag of A4 is 90° and the gain is

n

1/|we|. However, the phase lag of the LPF is not 90" and the gain is not 1/{w.|. Hence, an

error will be produced by this effect of the LPF. When the machine frequency is lower
than the cutoff frequency of the LPF, the error is more severe. In order to remove this
error, the LPF in (6.91) should have a very low cutting frequency. However, there still

remains the drift problem due to the very large time constant of the LPF. For the exact

estimation of the stator flux, the phase lag and the gain of A4 in (6.91) have to be 90" and

n

1/|w.|, respectively. Furthurmore, to solve the drift problem, the pole should be located

far from the origin.
Hence, the decrement in the gain of the LPF is compensated by multiplying a gain
compensator, G in (6.95) and the phase lag is compensated by multiplying a phase

compensator, P in (6.96) given as:

~ (6.95)
We
P=exp(—ja) (6.96)
—tant 22 6.97
h=tant 22 (6.97
ﬁ,\/qu 1 8.2+a)92 .
= - exp(—jg) (6.98)
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The cutoff frequency in LPF cannot be located at fixed point far from the origin.
If the pole is varied proportionally to the machine speed, the proportion of the machine
frequency to the cutoff frequency of the LPF is constant. If the proportion is large, the
estimation error will be very small. Consequently, the pole is determined to be varied
proportionally to the motor speed as (6.99). Therefore, the pole is located close to the

origin in very low speed range and far from the origin in high speed range.

A

We
= 6.99
=" (6.99)
where K = constant.
The complete equation for stator flux estimator can be derived as:
At 1 (@l K) + @2 .
== - exp(—id) (6.100)

Ve pt(@elK) e

A

We

wel K

V(0o K)? + @

— and sin(¢,) =

where exp(—j¢) =cos(4) - jsin(4), cos(¢) =————

Simplifying (6.100) and separating into real and imiginary parts gives:

A Ae K 2 A2
A=t MOTE) 2 sV ) gV - )] (6100)

p+(a)e/ K) Cll\)e

A Ae/K 2 A2 )

dgm+ N(@dlK) +a lcos (Vs — 1 14) —sin g (V,, — 1. 1.)} (6.102)
P + (we/ K) e

Figure 6.7 shows the overall block diagram of the whole system to estimate stator

side flux using LPF and synchronous speed of the machine. Figure 6.8 shows the
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Figure 6.7 Overall block diagram of the stator flux estimation using LPF [64]

schematic diagram of the overall control system implemented in back to back converter

of the DFIG system including stator side flux estimator using LPF.

6.3  Dynamic Simulation Results

First of all, the PLL and the stator flux estimator performance are discussed and
the output from PLL and stator flux estimator is used for the control implementation of
the GSC and RSC in DFIG. Figure 6.9 shows the plot of reference angle given by PLL to
align the stator voltage along the g-axis. Figure 6.10 depicts the angular synchronous

frequency of the system measured by the PLL and estimated by the stator flux estimator.

The estimated stator fluxes using pure integrater as well as LPF and synchronous
angular speed of the machine is presented in Figure 6.11. At t=10 s, 15 s and 20 s, the
compensation level of the series compensated line is changed, as a result the frequency

and flux estimated by the stator flux estimator oscillates and finally settles quickly.
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Figure 6.8 Schematic diagram of the implemented control structure of the DFIG wind turbine
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Figure 6.10 The angular synchronous frequency of the DFIG system measured by PLL
and the stator flux estimator
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Figure 6.11 Estimated stator fluxes and synchronous speed of the machine

To assess the performance of the RSC and GSC controllers designed, four distinct

case studies are done.

Case I: Constant wind speed
In this case, the wind speed to the DFIG is maintained constant at 11.5 m/s and

the series compensation level is varied to analyze the effect of increasing compensation
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Figure 6.12 DFIG terminal voltage at various compensation levels

level. As shown in Figure 6.13(c), as the compensation level increases, the reactive
power consumption in the transmission line decreases. As a result, the reactive power
demand requirement to maintain constant terminal voltage reduces. The series
compensation also helps to increase the power transfer capability in the transmission line
as depicted in Figure 6.14(a). With the increase in compensation level, the voltage across
series capacitor increases (see Figure 6.14(c)) as a result more reactive power will be

supplied to the grid shown in Figure 6.14(b).

Case II: Varying wind speed with 50% compensation level
In this case, the wind speed to the DFIG is varied from 6 to 12 m/s and 50% series
compensation level is maintained to analyze the effect of varying output power from

DFIG. As shown in Figure 6.16(c), as the wind speed increases, the power output from
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Figure 6.13 (a) DC-link voltage in DFIG, (b) DFIG supplied total active power and (c)
GSC supplied reactive power at various compensation levels
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Figure 6.15 (a) RSC modulation indexes and (b) GSC modulation indexes

the DFIG increases and DFIG supplies reactive power proportional to active power
output (see Figure 6.17 (a)) to maintain constant terminal voltage at DFIG terminal bus as
portrayed in Figure 6.16(b). When the current in transmission line increases, the series
capacitor generates more reactive power because at higher current through the capacitor,
the voltage across the capacitor increases as shown in Figure 6.18(b) which shows the

self voltage regulating behaviour of the series compensation.
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Figure 6.16 (a) Wind speed, (b) DFIG terminal voltage and (c) DFIG supplied active
power during varying wind and 50% compensation level
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Figure 6.17 (a) DFIG supplied reactive power, (b) Active power supplied to grid and (c)
Reactive power absorbed from the grid during varying wind and 50% compensation level
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Figure 6.18 (a) DC-link voltage in DFIG and (b) Voltage magnitude across series
capacitor during varying wind and 50% compensation level

The GSC regulates the DC-link voltage constant for the whole operation period.
Similarly, the magnitude of modulation indexes in GSC and RSC are less than 1 as

shown in Figure 6.19 during the entire operation period of the DFIG.
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Figure 6.19 (a) RSC modulation indexes and (b) GSC modulation indexes

Case I11: Wind speed profile with 50% compensation:

In this case, the wind speed profile is shown in Figure 6.20 (a) and 50% series
compensation level is maintained to analyze the effect of wind speed fluctuation to the
overall system performance.

The GSC regulates the DC-link voltage and the DFIG terminal voltage to their
rated values eventhough the wind speed fluctuates as depicted in Figure 6.20(b) and

6.20(c) respectively. When the wind speed increases, the active power output from the
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DFIG also increases propertionally and the GSC has to supply more reactive power to

maintain the wind turbine terminal voltage constant.

DFIG terminal voltage mag.[pu] Wind speed [m/s]

DFIG dc-link voltage [pu]
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Figure 6.20 (a) Wind speed profile (b) DFIG terminal voltage and (c) DC-link voltage in

DFIG
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Figure 6.23 Voltage magnitude across series capacitor

Case IV: Wind speed profile with 25% compensation:
In this case, the wind speed profile is shown in Figure 6.24(a) and 25 % series

compensation level is maintained to analyze the effect of varying wind speed to the

overall system.

All the observations are similar to what is observed in case Ill. The only
noticeable difference being the amount of reactive power GSC has to supply to maintain
the wind turbine terminal voltage constant. From Figures 6.21(b) and 6.25(b), it can be
concluded that as the compensation level increases, the reactive power consumed by the

line reactance decreases so the GSC has to generate less reactive power to maintain

15

20
Time [s]

constant wind turbine terminal voltage.
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Figure 6.24 (a) Wind speed profile (b) DFIG terminal voltage and (c) DC-link voltage in
DFIG
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Voltage mag. across series Cap.[pu]

Figure 6.27 Voltage magnitude across series capacitor

the DFIG interfaced with series compensated line, it is observed that as the compensation
level increases, the consumption of the reactive power in the transmission line decreases
and the power carrying capability of the line increases. It is also noticed that as the
loading of the line increases, the reactive power demand in the uncompensated line
increases because the line consumes more reactive power but in case of the compensated
line, series capacitor generates more reactive power at higher loading so reactive power

demand doesnot increases significantly hence the GSC does not need to supply more
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Therefore, from the dynamic simulation study of the terminal voltage controller in

reactive power to maintain constant terminal voltage magnitude at the wind turbine.
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6.4  Series Compensated Power Grid

To study the effect of series compensation in the performance of the transmission
line with regard to voltage regulation and power transmission capability enhancement, a
test system model shown in Figure 6.28 is built. The bus-1 is generator terminal bus and
the bus-2 is grid. The grid voltage is assumed to be known. The active power (P) injected
to the system is varied at bus-1 so as to study the effect of active power loading in the
line. The reactive power (Q) supplied to the system is also varied to study the effect of
power factor variation on the voltage regulation of the bus-1. The steady state
performance of this test system is studied by varying the series compensation level of the
line for voltage regulation and power carrying capability enhancement of the line.

The steady state equations of the series compensated line are discussed here. The
active (P) and reactive (Q) power injected at bus-1 is modeled by varying the g and d-axis
current given by (6.103) and (6.104) which are derived as:

3., .-
$ = Vaalaa (6.103)

Figure 6.28 Schematic diagram of the series compensated two bus test power system
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28
lqor = 3V (6.104)
qdt

where, Vi, =V + Vg, g =14+, and S=P—jQ and I, is current generated from the
generator and V,, is the instantaneous voltages at bus-1 and S=P-jQ is the apparent

power injected at bus-1. The steady state bus-1 voltage in complex form is given as:
- ja)eCqudt = qul - qug (6105)
The steady state current flowing through the series compensated line is given as:

lygg =~ @.CV.g (6.106)

Using KVL from bus-1 to the bus-2:

V

qdt

-V,

g = Mlqag = J@ L g +Vegq (6.107)
Different power factor (pf) operation at the bus-1 is studied by relating active and
reactive power supplied by the generator at bus-1 given as:

Q= tan(cos‘l( pf ))* P (6.108)

Here, the objective is to vary the active and reactive power and study the voltage profile

at bus-1 (V). Since we have four steady state equations and four unknowns which

are: g,y logar Voo @nd Vg -

qgd?’

From (6.107) and (6.107)

Vaar = Vaag = (L = J@,L ) (= J.CV4q) +V g (6.109)
qut _qug = (Zlc - ja)eC rL)chd (6110)

where Z, = (1-,’L,C), from (6.105)

lgg = loar + 10.C Vige (6.111)

qdg
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From (6.104) and (6.111):

*

2S .
=——+ jo.C,V,
adg ~ 5 o JOL Vgt (6.112)
From (6.106) and (6.112):
2 S . .
qu*dt + Ja)ecqudt - _Ja)eCchd (6113)
V. = 2 S* _Cqudt
" 39CVy, C (6.114)
From (6.110) and (6.114):
: .2 ST CV,
qut_qug = (Zlc - ja)eC rL)(J 3a)eC Vq*dt - Cq t} (6-115)
C, . 2 S . Z,,
Vyal 1+ Z'CF_ jo,Cir [=Vig :qu*dt[rL +j a)eICJ (6.116)
C ) 2 S . Z,,
Vol 1+ zlc?f— jo,C.r, ZEW(R + ji}/th—i-qug (6.117)
qdt €

Separating (6.117) into real and imaginary parts gives:

C 2 Qz, PZ,.
1+2Z, ?f)vqt +w,C 1V, = W{Pq— w(': )vqt — (ﬁ + QrL)vdt} +V,q (6.118)
qdt
C 2 z Pz
1+ Zlc ?f}/dt — a)eCf I’,_Vqt = w{(Pﬁ_— %}/dt + ( a)eé: + QrL}/qt} +Vdg (6119)

Solving (6.118) and (6.119) simultaneously in MATLAB gives the V, and V, for

various values of P and Q. Then the terminal voltage magnitude is calculated as:

2
Vao| =Vat +Vir (6.120)

235



Case I: Unity power factor operation:

In this case, the reactive power supplied is zero as shown in Figure 6.29(a). In this
operation mode, higher compensation level gives better voltage profile through out the
variation of active power from zero to 100 % as shown in Figure 6.29(b). It is because the
higher compensated line generates more reactive power as the current flowing in the line

increases, i.e., self-regulation property of series compensated line.
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Figure 6.29 (a) Reactive power supplied at bus-1 and (b) Voltage magnitude at bus-1
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Case Il: 0.8 leading power factor operation:

In this case, the reactive power is supplied to the transmission line proportional to
the active power supplied at bus-1 as shown in Figure 6.31(a). In this operation mode,
higher compensation level gives lower voltage profile as shown in Figure 6.31(b) because
the line is over compensated, i.e. the net reactance of higher compensated line is more
capacitive whereas less compensated line has net inductive impedance as a result the

voltage difference between bus-1 and bus-2 can be high.
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Figure 6.31 (a) Reactive power supplied at bus-1 (b) Reactive power supplied to grid
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Case Il1: 0.8 lagging power factor operation:

In this case, the reactive power is absorbed from the system proportional to the
active power supplied at bus-1 as shown in Figure 6.33(a). In this operation mode, higher
compensation level gives better voltage profile as the active power flowing in the line
varies (see Figure 6.34(a)). It is because higher compensation means less net impedance

of the line so the voltage difference between bus-1 and bus-2 cannot be high.
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Figure 6.33 (a) Reactive power supplied at bus-1 and (b) Reactive power supplied to grid
(-ve means absorbed from grid)
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6.5  Steady State Analysis of the Overall System

The steady state equations of the DFIG system used in this analysis, presented in

Chapter 4, are given below:

Vo =Ll + oLl + oL,

gs e—m'dr

V=rl,—all, —aol,l

elslgs — %elmigr

Vqr = rrlqr—i_(a)e _a)r)LrnIds+(we _a)r)L I

rdr

e r)LmIqs_(a)e_a)r)Lrlqr

3P

Tm :TLm[Iquds - Idrlqs]

R
M 1 *Gear Ratio

W, = l;/W Gear Ratio

r

3
Qs :E(Vqslds _Vdslqs) =0

3

%(M I, + Mdrldr)+Z(ququ + Mdfldf)=0

ar-aqr

Vd c

I\/qu7

=T, qu +ao,L 1 +VqS

\2
M 4 7°= Melg — @l g + Vg

3
QGSC ZE(Vqsldf _Vdsqu) =0

p AV, °C

w

p
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(6.121)
(6.122)
(6.123)

(6.124)

(6.125)

(6.126)

(6.127)

(6.128)

(6.129)

(6.130)

(6.131)

(6.132)



If the GSC is supplying/absorbing reactive power, Equation (6.132) should be changed
accordingly.
The steady state equations of the series compensated line shown in Figure 6.1 are

discussed here. The steady state DFIG terminal voltages are given as:

1
Va = @,C, (qu Tl IqW) o
1
Vi = —a)ecf (Idf — g - Idw) (6.134)

The steady state current flowing through the series compensated line is given as:
lw = @.CVy (6.135)
lyw =—®,CV,, (6.136)
Using KVL from DFIG terminal bus to the grid bus:

Voo —Vog = Ml + @,L g, +Vyg (6.137)

— 'L'qw

Vit =Vag = M lgw — @ L 1 + Vg (6.138)

For studying the steady state operating characteristics of the DFIG wind turbine
interfaced with the series compensated line, the steady state equations given by (6.121)-
(6.138) are solved simultaneously in MATLAB. The wind speed is varied from cut-in
speed to rated speed to get the total output power from DFIG wind turbine close to zero
to 1 pu and the corresponding relevant quantities are plotted against varying power output
from DFIG wind turbine for different values of C (series compensation level) as shown in
Figures 6.35-6.43. The steady state voltage regulation as well as active power carrying

capability of the series compensated line is studied for three distinct operation modes of

the DFIG.
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Case I: Unity power factor operation mode:

The DFIG is not supplying any reactive power to the system. The terminal
voltages at different compensation levels is presented in Figure 6.36(a). The modulation
indexes of the GSC and RSC as well as active power flowing through the ac/dc/ac

converter is shown in Figure 6.37.

0.1¢

0.05

GSC supplied reactive power [pu]
o

0 01 02 03 04 05 06 07 08 09 1
Total DFIG active power [pu]

(@)

Reactive Power to grid [pu]

0 01 02 03 04 05 06 07 08 09 1
Total DFIG Power [pu]

(b)

Figure 6.35 (a) Reactive power supplied at bus-1 and (b) Reactive power supplied to grid
(-ve means absorbed from grid)
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Figure 6.37 (a) Active power flowing through the ac/dc/ac converter, (b) GSC
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Case Il: 0.95 leading power factor operation mode:

In this operation mode, the GSC in DFIG is supplying reactive power to the grid
proportional to the active power output from the wind turbine as shown in Figure 6.38(a).

Figure 6.39(a) shows the voltage profile of the DFIG terminal voltage while the power
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Figure 6.38 (a) Steady state GSC supplied reactive power and (b) GSC modulation
indexes
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Figure 6.39 (a) DFIG terminal voltage magnitude (b) VVoltage magnitude across the series
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Figure 6.40 (a) Active power supplied to grid and (b) Zoomed view of active power
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output from the wind turbine varies from 0 to 1 pu at various level of compensation in the
line. Figure 6.40(b) clearly shows the enhancement in power carrying capability of the

transmission line at higher series compensation level.
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Case I11: 0.95 lagging power factor operation mode:

In this operation mode, the GSC in DFIG is absorbing the reactive power from the
system which is proportional to the active power output from the wind turbine as shown

in Figure 6.41(a). Figure 6.42(a) shows the voltage profile of the DFIG terminal voltage.
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Figure 6.41 (a) Steady state GSC consumed reactive power and (b) GSC modulation
indexes
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Figure 6.42 (a) DFIG terminal voltage magnitude (b) VVoltage magnitude across the series
capacitor and (c) Reactive power supplied to grid
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Figure 6.43 Active power supplied to grid

Hence, in this chapter, the effect of series compensation in the terminal voltage
regulation of the DFIG wind turbine and the power transferring capability of the
transmission line are studied through the dynamic simulation as well as steady state
analysis. A two bus power system is used to analyze the effect of series compensation on
the steady state voltage regulation as well as power carrying capability of the
compensated line. It is clearly observed that as the compensation level increases, the
reactive power consumption in the transmission line decreases. As a result, the demand of
reactive power to maintain the constant terminal voltage at the DFIG wind turbine
decreases. That means, smaller size GSC can be used in the DFIG turbine interconnected
to power grid through the series compensated line. Series compensation gives better
steady state terminal voltage profile when the DFIG is operating in unity power factor as
well as lagging power factor mode. In case of leading power factor, the line will be
overcompensated and the terminal voltage rises. As the compensation level increases, the
amount of active power supplied to the grid through the same transmission line increases,

i.e. power transferring capability of the line gets enhanced.
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CHAPTER 7

AUTONOMOUS OPERATION OF DFIG WIND ENERGY
CONVERSION UNIT WITH INTEGRATED ENERGY STORAGE

7.1 Introduction

In many remote areas, installation of the WECS is feasible for local electricity
generation because of the availability of favorable wind condition. However, due to the
absence of electrical power network, wind energy cannot be utilized easily because of its
stochastic nature and uncontrollability. In such a case, a wind turbine has to be operated
in standalone mode. Moreover, a grid connected wind generator can be operated in
standalone mode to supply locally connected load because of problems with the grid or
connection to the grid, which may also increase the reliability of the power supply
system. Standalone operation mode of wind turbine requires more complex control
strategy development than the grid connected operation mode. In the standalone system,
variation in the connected load results in generation mismatch and leads to offer either an
over generation (situation where generated power is more than connected load) or under
generation (situation where generated power is less than connected load) situation. Over
generation results in increase of frequency and voltage; whereas under generation results
in decrease of frequency and voltage. As a result, system frequency and voltage might
fall below or above the standard limit. Hence, in this operation mode, besides supplying
demanded active and reactive powers to the connected load, the WECS should also

control the electrical frequency of the system and magnitude of the voltage supplied to
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the load. Since the wind speed fluctuates randomly, power output from wind turbine also
changes. So, to increase the reliability and the stability of the autonomously operated
wind turbine system, integration of properly sized energy storage system into the WECS
IS necessary. The energy storage system basically mitigates the power fluctuations and
consequent power quality problems [47]. Among the different energy storage
technologies available as discussed in Chapter 2, the battery storage system is the
technically and commercially developed technology. Hence, integrated battery energy
storage system is implemented in this study. And to control the voltage and frequency of
the standalone operated system, traditional reactive power versus voltage (Q-V) and real
power versus frequency (P- @) droop techniques is used.

The DFIG with energy storage system in standalone operation mode can be taken
as two sources of power. One is the DFIG with RSC and the other is storage system with
LSC. The control of the RSC allows wind turbine to capture maximum power available
in the wind. Control of RSC also enables the DFIG to control active and reactive power
in the stator side independently. On the other hand, LSC with the storage system will
regulate the system frequency and voltage magnitude. The DC-link voltage in ac/dc/ac
converter remains almost constant, but the current flows through battery vary, so the
battery can be considered as a load with a variable resistance

Hence, this chapter focuses on the modeling, control, and operation issues of
DFIG-based WECS with integrated battery energy storage system operating in
autonomous mode. Finally, the performance of proposed system is verified by dynamic
and steady state simulation results. Hereafter the overall DFIG wind turbine system with

integrated energy storage is called as ‘DFIG Wind Energy Conversion Unit (WECU)’.
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7.2 Studied System

Figure 7.1 shows the single line diagram of the studied system. The overall
system consists of: 1) DFIG-based WECS whose main components are a wind turbine, a
gear box, a DFIG, a back-to-back ac-dc-ac converter consisting of the RSC and the LSC,
a battery bank connected in parallel with the dc-link capacitor of power converter and an
RL filter connected after LSC. The DFIG-based WECS is connected to the load through
load bus. 2) A three phase capacitor Cn, connected at load bus primarily to mitigate
switching voltage harmonics and voltage fluctuation in the load bus. And 3) Loads: three
types of loads are connected to the system to make system more realistic which are: a
linear RL load, a constant load and a nonlinear load which is related to voltage magnitude
and frequency. The connected load is always assumed to be less than the sum of power
generated by DFIG and battery energy storage system. The whole system is working

autonomously.

7.3  Dynamic Model of the System Components

7.3.1 Wind Turbine Model

The turbine is the prime mover of the WECS that enables the conversion of

kinetic energy of wind E, into mechanical power P, and eventually into electricity [62].

P="wC ==pAV,°C (7.1)
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Figure 7.1 Schematic diagram of the studied system
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where v, is the wind speed at the center of the rotor (m/sec), #is the air density
(kg/m®), Ais the frontal area of the wind turbine (m?); R being the rotor radius.C, is the

performance coefficient which in turn depends upon turbine characteristics (blade pitch
angle, B and tip speed ratio, A ) that is responsible for the losses in the energy conversion

process. The numerical approximation of C_ used in this study is [62]:

C,(1.B) = 0.5176(%—6—0.4ﬂ—5Je21”* +0.00684 (7.2)

where the TSR 4 and A4, = f (4, f) are given by [62]:

A= “\’/t R (7.3)

w

1 _ 1 0035 (7.4)
A A+0.083 p°+1

where w, is the turbine speed and R is the blade radius of the wind turbine.

7.3.2 DFIG Model

The dynamics of DF'IG is represented by a fourth-order state space model using

the synchronously rotating reference frame (gd-frame), described in Chapter 3, are as

follows:
_ I - o, rsLm 0
o1 | oL oL.L,
/}qs o B I, 0 rsLm ﬂqs 1 000 Vqs
ﬂ:ds _ Le ol oL L, Ags N 0 1 0 0}V, (7.5)
ﬂfqr r.r m 0 r.r (a)e_a)r) /lqr 0 010 Vqr
S oL, o oL, do| 10 0 0 1]V,
- - 0 r—m (we_a)r) __r
L O‘Ler r
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los = oL, Fas oLSmL, & (7.6)
lo: = o|1_ A oII:mL Fan (7.7)
= At (78)
lar = ‘GLL:L A *i%f (7.9)
where leakage coefficient o = % .
0o, :%(Tm T.-C,0,) (7.10)
T, =§[/1qs|ds — Aol ] (7.11)

7.3.3 Battery Model

The storage system plays a major role for controlling frequency and voltage in the
standalone operation mode. The storage system is composed of a set of batteries
connected in parallel and series connection. The equivalent circuit of the battery is shown
in Figure 7.1, where Vy, is the battery terminal voltage, Ry is the equivalent resistance of
series/parallel connected batteries and its value depends upon the connection conditions
and amount of batteries. The parallel circuit of Ryp; and Cy; is used to describe the energy
and voltage during charging or discharging. Ry is connected in parallel with Cy, to
simulate the self-discharging of a battery. Since the self-discharging current of a battery

is small, the resistance of Ry, is large. As the battery is an energy storage unit, its energy
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Table 7.1 Battery Parameters [71]:

Parameter Value Parameter Value
Ch1 1F Cop 52600 F
Rp1 0.001 Q Rop 10 kQ
Rps 0.013 Q Rt 0.0167 Q

is represented in KWh. When the capacitor is used to model the battery unit, the
capacitance can be determined from the following relationship [71]:

kWh x 7200 x 10°
Cop = (\/2 V2 ) F (7.12)

boc_ max

where Vi . and Vi, i, are the maximum and minimum voltage across battery

capacitance, respectively.

The dynamic model of the battery based on its structure in Figure 7.1 is represented as:

V oc
Cbp PVioe = Iy _Rb_

bp (7.13)
V
CoPVy =1, -2
b1t Vo1 = T R,
— Vo =Vor =Vioe (7_14)

Iy
Ryt + Res

7.3.4 Load Model

For the linear RL loads, voltage equation is:

qut = r-qudL + quLpIL - ja)eLLquL (715)

where r_and L_is the resistance and inductance of the RL load, respectively.
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The filter capacitor current is given by:
C:m qudt - ja)eCqudt = quw_ quL_ quLL_ IqdnL (716)
where C,_ is the filter capacitor, |, is the current supplied by the DFIG wind turbine

systemand |4, I 4 and |, are current drawn by RL load, linear load and non-linear

load, respectively.

A non-linear electrical load is a load on the electrical system that draws a non-
sinusoidal current waveform from the connected supply. Computer, fax machine, printer,
electronic lighting ballast, variable-speed drive etc. are the typical examples of non-linear
electrical loads. The non-linear loads have non-linear relationship with the voltage

magnitude and system frequency. In this study, non-linear loads are modeled as [70]:

P..= p{MJTEJb
Vo )lo (7.17)
a b
_ Vm_PCC %
Qnon_Qo( Vo J (“’J

where P, and Q, are base active and reactive powers of non-linear loads, respectively.
V. rcc @nd @ are local voltage magnitude and frequency, respectively. V, and @, are
nominal voltage magnitude and frequency of the distribution system, respectively. a and
b are load-voltage and load-frequemcy dependence factors, respectively. In this study
a=b=3 is taken.

The active and reactive powers drawn by the constant load are given as:

3
P= E (VthqLL +th|dLL)
(7.18)

3
Q = E(\/thdLL _thlqu_)
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Hence, the current drawn by the constant load can be expressed using (7.18) as:

2PV, +QV,

| =
gLL 2 2
3 Vg +Vg

(7.18(a))
_ z Pth B qut
dLL —
3 Vg+Va
Similarly, the non-linear load current equations are:
| _ E I:)nonvqt + Qnonvdt
qnL 2 2
3 Vi + Vi (7.19)
Id _ E I:)nonvdt - Qnonvqt
nL
3 Vg+Vg

7.4  Controller Design

7.4.1 Rotor Side Converter (RSC) Controller

The RSC control scheme consists of two cascaded vector control structure with
inner current control loops which regulates independently the d-axis and g-axis rotor

currents, i.e. I, and I, according to some synchronously rotating reference frame. The

qr’
outer control loop regulates the stator active power (or DFIG rotor speed) and reactive
power independently. The stator voltage orientation (SVO) control principle for a DFIG

is described in [31], where the g-axis of the rotating reference frame is aligned to the

stator voltage, i.e V,, =0and V,, = V,. From (3.15) and (3.16), the stator side flux can

be controlled using PI controller. In this study, the g-axis flux is regulated to zero

(A =0) and (44 =4,) for the de-coupled control of active and reactive power as

described below:
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r.L

r
p/lqs + —GIS_ ﬂqs =—w, Ay + m /1q, +Vqs
S STr

(L (7.20)

Cags = -, Ay + /1qr +Vqs

S r

x 1( rlL,
ﬂ’ds = E(E/’;’qr +VQS - O-MSJ

p//i'ds + Lﬂ“ds = a)eﬂ’qs + rs L[ ﬂ’dr +Vds

rL (7.21)

— s—m
O 45 = a)eﬂ’qs + ﬂ’dr +Vds

o | r Kiss |, 1+
Where O-Aqs = p/ﬁtqs +OII‘_7S;qu = [kPAS +k;$j(/1qs - ﬂ/qs) and O s = plds +0L75/1ds = [kPAS +Ip;§](ids _lds) are

S

the outputs from the PI controllers as shown in Figure 7.2.

The PI parameters determined by comparing with the Butterworth polynomial, are

given as:

Kess = \/Ea)o - O:s_

(7.22)

S

2
Kiss =@

Figure 7.2 Stator fluxes control using PI controllers
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Now, neglecting frictional losses, rotor speed dynamics is given from (7.10) as:
p@, = (T, -T,) (7.23)
r 2\] m e

where T, is the mechanical torque from the wind turbine. When the wind speed (V,,) is
less than the rated speed, then the T, is given as:

T =k V.2 (7.24)
R
where K, = 2—p AC, ,, =constant and if the wind speed (V,, ) is more than the rated

speed, then the T, is given as:

P
T — rated (7 . 25)

m
a)rated

where P, Is rated power of the wind turbine and w,,,, is the rated speed of the wind

turbine. Equation (7.23) can be re-written as:

% Ppo, = (Tm _Te) =0y = kwr(a): _a)r) (726)

where k,, is the PI controller for rotor speed controller, given as: k,, = (kmr + k'WrJ
p

Then (7.26) will be:

2J Kk « Kk
—pw =k, +—2 |l —| Ky, +—2 | 7.27
P p r ( Pwr p j r [ Pwr p j r ( )
P
, _ ﬁ(ka\Nr + kIwr) (728)
a)r* p2 +p PkPwr + I:)klwr
2] 2]
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Now, comparing denominator of (7.28) with the Butterworth second order polynomial,

i.e. p?+~/2w,, p+ai,, Pl controller gains are obtained as:

Kowr = \/Ea)0wr %

7.29
2] 2 ( )

=—0,
wr owr
P

k

where a,,, is the bandwidth frequency of the speed controller.
Using A4, = 0, the electromechanical torque and g-axis stator current is given by

(7.30) and (7.31) as:

3

R=§%&s (7.30)

|m:—%fu, (7.31)

nzg%g—fmm (7.32)

I“:%G”':%)EL;%S (7.33)
Similarly,

|“=%$—%§Ur (7.34)

The stator side active power can be written as:

P:%Wl V.1,

s gs'gs

):—§%§WJW (7.35)

The stator supplied reactive power is given as:

3 3
Qs = E (Vqslds _Vdslqs) = qusl ds (736)
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Substituting V,, in (7.36) gives:

Q, =g(rslqs + o, Ay + p)tqs) l 4 (7.37)

Assuming constant stator flux, neglecting the stator resistance and substituting I,, from

Equation (7.7) gives:

3 o, L,
Qs = E GLS (ﬂ’(zis - Trﬂ'dsﬂ‘er (738)

Differentiating (7.38) w.r.t. time gives:

3w, L
_EO'Le rm dspﬂ’dr (7'39)

pQ, =

From (7.5) and (3.4) gives (7.40) and solving A, in terms of I, gives (7.41)

3w, L,
st = _EIsrrﬁ«ds(\/dr =TI |dr + (a)e — a)r)ﬂqr) (7-40)
3w, L,
st :_EISrrﬂds(Vdr_rrldr +(a)e _a)r)d‘flqr) (741)
VpQ, =0 =Ko, (Q, —Q,) (7.42)
20l L . . .
where V =3—i_' and Kk, is the PI controller for stator side reactive power controller,
a)e m

given as: k,, = (kPQS + ios j So, (7.42) can be re-written as:
P

kIQs * kIQs
vas = kPQs +T Qs - kPQs +T Qs (743)
e
— pk s + k s)
((g?s* _ v e (7.44)
s 2 _PQs |, TIQs.
p-+p = + v
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Similarly, comparing denominator of (7.44) with Butterworth second order polynomial,

ie. p°+ \/5%5 p+ a)és , Pl controller gains are obtained as:

Kogs = \/Ea)oosA (7.45)
Kigs = Aa)Qsz
From (7.41) and (7.42) gives:
* O
I zl(vdr (@, — )0k 1, - Qsj (7.46)
rr ﬂ“ds

It can be seen from Equations (7.33) and (7.45) that, P, and Q, are proportional
to I, and I, respectively. The mutual coupling term (@, —,)oL, 1, in (7.45) is very
small so its effect is negligible. The rotor current can be regulated by means of rotor

voltages. The relation between rotor current and rotor voltage is obtained by substituting

values of 4, and A, from (3.7) and (3.8) in Equations (3.3) and (3.4), respectively, and

further simplification yields:

qr

VA rrlqr+o|_rplqr+wso[%lds+al_rldr] (7.47)

V, =1y + 0L, ply, — a0l 1, (7.48)

2
where o,=(w, —@,) and ¢ =1

S r

In the Equations (7.47) and (7.48), there is the term including 1, in the g-axis
equation and there is the term including I, in the d-axis equation. So these two equations

are coupled and the traditional linear controllers cannot be used. However, through the
exact linearization method, these equations can be linearized by putting the terms other

than the currents control to one side.
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Lm
relg +ob ply, :Vqr—wso(Lﬂds+oLrld,J (7.49)

S

rl, +oL,pl, =V, +o.0LI|

ar
Let’s assume:
oy =1, +ol.pl, (7.50)
oy =nly +ol ply, (7.51)
The idea behind is to use the linear controllers that include integrations to calculate the
derivative terms. And the nonlinear equations become linear when all the nonlinear terms

are moved to the other side of the equations. Then the q and d-axis voltages are

calculated as shown in Figure 7.3.

* *

1 .| Rotor Side
C()r Converter
* Eqn.
QL) PI Py
7y T
Ads
Q,
/e Stator Flux [ A
J Estimation |«g qy ‘VC
Qs abc< abcs|
Calculation [« Ve
Figure 7.3 Block diagram of RSC control system: V,“™ = -@, 0L |,

com I—m
and V,, = a)so(rlds +o|_rldrj

S
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. L,
Vqr =0y + w“’[f Ags + oLrIer (7.52)

S

Vo =0y — g0l |, (7.53)

Using the inner current control loop has a significant advantage for the protection
of the DFIG. It can naturally protect the system from over-current since current limiters
can be easily inserted in the control system shown in Figure 7.3.

Since the general PI controllers are widely used and proved to be effective, they

are also applied in the following analysis [63]. For |, current control loop from (7.48):

Vqr' = I’-rlqr +OLr plqr = (rr + pd-r)lqr (754)
. Ky ) -
v, :[kqp +—|;j(|qr “1,) (7.55)
A Ky
(rr + poLr)Iqr = kqp +? Iqr - kqp +? Iqr (7.56)

Then the transfer functions between the reference and actual currents are changed
to the following:

1

I(pkqp + kqi)
= - (7.57)

p2 + pI(rr + kqp) + qui

T

I _ pkqp + kqi _
I, PPoL, +p(r, +k,) +k

Similar process can be repeated for |, current control loop from (7.49).

The Pl parameters are determined by comparing the coefficients in the

denominator of (7.57) with the Butterworth second order polynomial.

Kep = Ky = V20001, —T, (7.58)

268



Ky =Ky = oL@, (7.59)
Here w, is the bandwidth of the current controller. The values of k, and k; for

RSC is shown in Table 7.1. The overall vector control scheme of the RSC is shown in

Figure 7.3.

7.4.2 Load Side Converter (LSC) Controller

In the DFIG system shown in Figure 7.1, the real power P, and reactive power Q.
are controlled by the LSC. In this autonomous operation mode, the real power control is
used to regulate the network frequency and the reactive power control is employed to
regulate the load bus voltage magnitude V. The integrated battery energy storage
system provides the system stability by adjusting frequency and voltage close to their
nominal value when frequency and voltage deviates because of load demand and wind
speed variation. In over generation situation, the controller will sink extra energy into the
storage system up to the maximum charging limit. In an under generation situation, when
load demand is higher than production, the storage system provides the additional energy.

Figure 7.4 shows the general vector control scheme of the LSC where control of
dc-link voltage as well as system frequency and load bus voltage magnitude are achieved
by controlling current in synchronous reference frame.

Applying KVVL from LSC to the load bus -

VqL =T, qu + L, pqu +ao,L 1 +Vqt (7.60)

Ve =Felgs + L Plys —a Ll +Vy, (7.61)
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<

Vo = MqL% (7.62)
V
V, = MdL% (7.63)

where V. and V,, are the qd-voltages at load bus, respectively, V

o and V, are the

output voltages of LSC given by (7.62) and (7.63) and 1 ,and I, are the gd-currents
supplied by LSC to the load bus, respectively. M, and M are modulation indexes of

LSC and V,, is the DC-link voltage of the DFIG system. Substuting Equation (7.60) in

(7.62) and (7.61) in (7.63) gives:

V
Felge +Leply = MqL%—a)eLf lar —Vyt (7.64)

Vdc
elge + L Ply = MdL7_a)eLf Iy —Va (7.65)
I qu + Lf pqu = KqL(I*qf - qu) = O-q|_ (766)
el + Ly plye = KdL(I*df —ly) =0y (7.67)

Now DC-link voltage dynamics is given by:
3

c:dcpvdc=|,+Z(MdL|df+|\/|qL|qf)—|b=adc (7.68)

where Cqc is the dc-link capacitance, 1, :%(Mdrldr + Mquqr) is the dc current from RSC

towards LSC and 1, is the battery supplied current.

As shown in Figure 7.1, the battery storage system is connected in parallel with
the DC-link. The battery charges and discharges according to the wind speed and

connected load variation. When the battery charging/discharging happens, the DC-link
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voltage tries to fluctuate. Since DC-link voltage is connected to back-to-back power
converter of the DFIG system, it should be maintained constant within a narrow range of
the maximum permissible dc-voltage (Vgc-max) and the minimum permissible dc-voltage

(V4e-min)- Hence for the DC voltage control, the reference voltage (Vyc-rer) Can be given as:

Vdc—min ’ If Vdc SVdc—min
Vdc—ref = - (769)
Vdcfmax ’ If Vdc Z\/dc—max
Equation (7.68) can be re-written as:
3 «
Cdc dec = Ir +Z(MdL|df + MqLqu )_ Ib =0y = kdc(vdc _Vdc) (7.70)
and Equation (7.70) can be re-written as:
1 (4
Idf:MdL(g(o-dc—erb)—Mququ (7.71)
The voltage magnitude (V,,,) at load bus is given as:
Vi =V + Vg (7.72)
Differentiating (7.72) with respect to time,
thri = 2Vqt qut + zvdt det (7.73)

Equation (7.74) gives the square of voltage magnitude dynamics at the load bus. Thus the

voltage magnitude is: V,,, = ‘,/Vt; :

Now applying KCL at the load bus,

Iqw - IqLL - anL - IqL = Cm qut + Cma)evdt (774)
1
qut = C_{Iqw - IqLL - anL - IqL - a)evdt} (775)
Similarly,
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low = lare = lan = 1oL = C PV — CraV, (7.76)

m“eV¥qt

1
PV, :C_{Idw_ P P IdL+a)qut} (7.77)

m

where C,is the filter capacitor, I, =1

aw=lg —lgs and 1y, =1, —1l,are the g and d axis

currents supplied by DFIG wind turbine system and 1, I, , T, Toos los lgn@re

and d axis currents drawn by RL load, linear load and non-linear load, respectively.
Inner current control loop:

From Equation.(7.66):

ko ). -
OqL :[kpqL +_SL](|qf - qu) (7.78)
ko) - K,
(r; + pL )1y =(kpqL+—qL]|qf —(kpqL+—qLJ|qf (7.79)
p p
L
Pk T K; )
los PKpa + KiL Lo (7.80)

I T szf + p(rf +kpqL)+kiqL -

qf

1 1
p2 + p?(rf + kpqL) +rkiqL
f

f

Comparing denominator of (7.80) with the Butterworth second order polynomial:
p? + 2w, p + @, , gives:
Koo = Ko = V2p,L =1, (7.81)
Kigw =K. = Ly @y, (7.82)
where @, is the bandwidth of the current controller.

DC-voltage control loop:

From Equation (7.70):

CicPVye =04 = kdc(vd’:: Vi) (7.83)
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Cdc dec Z(kpdc—i_ki_scjvdc* _(kpdc—i_ki_scjvdc (784)

1
~ pk c+ki c
Vie - PRpgetKige Cdc( et ) (7.85)
Vdc pZCdc + pkpdc+ kidc p2 + p@_'_@
Cdc Cdc

Comparing denominator of (7.85) with Butterworth second order polynomial gives:

kpdc = \/Ea)odccdc (786)

2
Kige = CacWac

(7.87)
where @, is the bandwidth frequency of the DC-voltage controller.

Voltage magnitude control loop:

Substituting Equations (7.85) and (7.87) into (7.73) and further simplification yields:

o .
7 thrf] :Vqt(qu - Iqs - quL - anL - qu)+th(|df - Ids - IdLL - IdnL - IdL): On= km(vrr? _Vtri)
(7.88)
1
qu :\/_{Gm _th(ldf - Ids - IdLL_ IdnL_ IdL)}+ Iqs + IqLL+ |an+ IqL (7-89)
qt
From Equation (7.79):
C, 2 2% 2
7 thm =O0Om = km (\/m _Vtm) (790)

R O o (M .51

i(pkpm + kim)

Vo __ Cn (7.92)
an* pZ +p 2kpm + 2kim
Cm Cm
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Figure 7.4 Block diagram of LSC controller

Comparing denominator of (7.92) with the Butterworth second order polynomial gives:

Ko, =2 C_Zm%m (7.93)
i = (7.99)

where @, is the bandwidth frequency of the voltage controller.

7.4.3 Phase Locked Loop (PLL) Design

A PLL is designed to define the reference frequency for qd transformation and
included in the overall model of the system to make the design system more realistic.
Figure 7.5 shows the 3-phase PLL which takes the input as the measured load bus voltage

V, and transforms it to qd-reference frame. PLL aligns the load voltage to g-axis by
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Figure 7.5 Block diagram of PLL control

comparing d-axis load voltage with zero reference voltage. The voltage error signal is
passed through the PI controller to obtain the angular frequency of the load bus voltage.

Hence in the PLL system:

V, =-V,sin(6, - 6) = 0=-V,sin(6, - 6,) (7.95)
6 =6 (7.96)
Now the error signal is given as: e=0-V, =V,sin(6 -6)

If (6, —6,) is very small, then we can write: sin(6, —6,) = (6, - 6,)
From the block diagram shown in Figure 7.5, V, (6, — 6,) is the input to the controller and

@, 1s the output from the controller hence:

Vt (gl _HI)KpII =@, (797)
1
:>\7 po, :(0i_9|)Kp|| =0y (7.98)
t
kI 1
where, K, =ky , +—="

275



(kp [ +Mja _(kp " +MJ9| = i po = ﬂ - thkP_pll +Vtkl_pll
_p p -P p \ 6 PP+ pVike oy +Vik o

(7.99)

Now comparing the denominator of (7.99) with the Butterworth second order

polynomial, i.e. p*+ x/Ea)o p+ a)02 we can obtain the parameters of the controller as:

J2
o g =" (7.100)
t
a)2
Ki_on = 70 (7.101)
t

where @, is the bandwidth frequency of the PLL controller. Table 7.2 gives the PI

controllers values used for the simulation study following above procedure. The
switching frequency is taken as 1 kHz and the bandwidth of inner current controller is

taken ten times that of outer loop controller i.e

0, =2%7* £, =6280 rad/s and @, =2 ; @, = 2o
sSwW SW inner 10 outer 10
Oprer = Wy = 0, =628 1ad/s; o, = 0,4 =a,, =628 rad/s and w,, =0.628 rad/s

From (7.58): k,, =k,, = \/Ea)ooLr —r, =1.76 and from (7.59): k, =k, = ol w, =783.6

From (7.26): ke, =+/2a, 2J _8.26 and from (7.27): Kir =2?Ja)2

wr owr
P

=3.65
From (7.43): Keo, =v2@y0,A and from (7.44): ko, = Awy,”

odc

From (7.86): K,q. = v2@,4.Cy. = 0.53 and from (7.87): ki, = @2, Cy. = 23.66

Cf 2 Cf
From (7.93): kp, =20, —- =022 and from (7.94): k, = ], —-=3.94
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Table 7.2 PI controller parameters and machine parameters

rr | 23ma | Cg 6 mF Kyp/Kep | 176 | kylky | 783.6
It 2mQ L¢ 2 mH Koy 8.26 Kur 3.65
Ls | 293mH It 2mQ Koac 0.53 Kige 23.66
L | 297mH | J | 187kgm* | &k, | 0.088 Kim 3.94
Lm | 288mH | P 4 Key 1.77 K, 788.76
o 0.669 Cs 2 mF

Vi | 563.38V ke on | 2.10 K, o | 12444

From (7.81): Ke,, =v2aw,,L, —r; =1.77 and from (7.82): k, =a’L, =788.76
The switching frequency is taken as 2 kHz and the bandwidth of the PLL controller is

a)SW

taken as: @,, =2*7* f,, =12,560 rad/s and @, = 1 =837.3 rad/s

2
b ol = % =2.10 and from (7.101): k, ,, = D _ 12444
_ Y . v

t t

From (7.100): k

7.4.4 Stator Flux Estimation

As shown in Figure 7.3, the stator side flux should be estimated as accurately as
possible for the RSC control implementation. Therefore this section explains the stator
flux estimation using Low Pass Filter (LPF).

The stator flux in stationary reference frame is given as:

s _ s s
qus - rslqu+ pﬂ’qu

(7.102)

Aads = _[( aos — 5| ;d5> dt (7.103)
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Figure 7.6 Vector diagram of the LPF and the pure integrator [64]

Flux can be estimated using (7.103) but the pure integration (1/p) involves the

DC offsets and drifts [64]. To solve these problems, the pure integrator is replaced by a

LPF. The estimated stator flux by the LPF can be given as:

lsl 1

V, - p+a

where A4 is the estimated stator flux by LPF, a = pole and V, =V 4 — Il 4.

The phase lag and the gain of (7.104) can be given as:

N

4 @
¢=—tan"—=
a

_lsl _ 1

M

V N
¢ a’+w’

where w.is the estimated synchronous angular frequency given as [64]:

" _ (Vqs - rslqs)/ids - (Vds - rslds)/iqs
We = 2
4]
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The LPF eliminates the saturation and reduces the effect of DC offsets but at the

same time it brings the magnitude and phase angle error due to the cut off frequency of
the LPF. Figure 7.6 shows the phase lag of /A‘tsl estimated by the LPF, and the phase lag

of Aqs estimated by the pure integrator. The phase lag of A4 is 90" and the gain is

N

1/|we|. However, the phase lag of the LPF is not 90° and the gain is not 1/|w.|. Hence, an

error will be produced by this effect of the LPF. When the machine frequency is lower
than the cutoff frequency of the LPF, the error is more severe. In order to remove this
error, the LPF in (7.104) should have a very low cutting frequency. However, there still

remains the drift problem due to the very large time constant of the LPF. For the exact

estimation of the stator flux, the phase lag and the gain of Aqin (7.104) have to be 90°

N

and 1/|w.|, respectively. Furthurmore, to solve the drift problem, the pole should be

located far from the origin.
Hence, the decrement in the gain of the LPF is compensated by multiplying a gain
compensator, G in (7.108) and the phase lag is compensated by multiplying a phase

compensator, P in (7.109) given as:

aZ 2
G-V T% (7.108)

N

We
P=ep(-id) (7.109)
4 = tan’l% —% (7.110)
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N

iqu 1 a2 + (l)ez .
= exp(— 7.111
V. pia Xp(—Jd) ( )

e

N

We

The cutoff frequency in LPF cannot be located at fixed point far from the origin. If the
pole is varied proportionally to the machine speed, the proportion of the machine
frequency to the cutoff frequency of the LPF is constant. If the proportion is large, the
estimation error will be very small. Consequently, the pole is determined to be varied
proportionally to the motor speed as (7.112). Therefore, the pole is located close to the

origin in very low speed range and far from the origin in high speed range.

(7.112)

where K = constant.
The complete equation for stator flux estimator can be derived as:
2 s 1 V CI;)e/ K 2 +6062 .

Ve pa(wedlK) .

We

(e

where exp(—]j@) =cos(¢4) — jsin(4,), cos(¢y) =—— _ and sin(¢,) = wel K

\ (a)e/ K)2 +C()e2 V (a)e/ K)2 +C()92

Simplifying (7.113) and separating into real and imiginary parts gives:

n ’ " 2 A2
lqs = ! (COE/ K) * a)e {COS¢1(Vqs - rslqs) +Sin¢1(vds - rslds)} (7114)

p+ (@ K) o

A ’ " e/ K 2 A2 ]

Ads = :/l\- (a) ~ ) T {COS ¢1(Vds - rslds) —sin ¢1(Vqs — I Iqs)} (7115)
p+ (a)e/ K) We
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Figure 7.7 Overall block diagram of the stator flux estimation using LPF [64]

Figure 7.7 shows the overall block diagram of the whole system to estimate stator

side flux using LPF and synchronous speed of the machine.

7.4.5 Droop Control

The droop control method is used to regulate the load frequency and voltage
magnitude in the autonomous operation mode of DFIG wind turbine system with

integrated energy storage. Droop control is given by [72]:

*

w, =w,—K, P (7.116)
Vo, =V, — Ky oQ (7.117)

where @, and V, are the nominal frequency and voltage of the system, respectively.

K

w—P?

K, o, P and Q are active power droop coefficient, reactive power droop

coefficient, output active power and output reactive power of LSC, respectively. The
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active power droop coefficient depends on maximum change of tolerable frequency

(taken 1% in this study) with maximum change in active power from LSC given as:

Ao
Fo-p AP

max

(7.118)

Similarly, reactive power droop coefficient depends on maximum change of
tolerable voltage (taken 2% in this study) with maximum change in reactive power from
LSC given as:

__AvV (7.119)

K\
V-Q AQmax
As shown in Figure 7.8, the instantaneous output active and reactive power from

LSC are calculated using measured DFIG system supplied current (1 _,.) and the load bus

qdw

voltage (V) in qd reference frame as follows:

A 3
PL= _(Vqthw +th|dw)
2 (7.120)

A 3
QL :E(Vqthw _thldw)
To obtain average value and remove fluctuations in output active and reactive

powers, both instantaneous powers are passed through a low pass filter with a cut out

frequency of @, which is taken to be 10% of the nominal frequency [72].

P o |R 1= *
?M_»we =0, K, P>
Q12 * 2 Vi
S a0}

Figure 7.8 Block diagram showing droop control
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P = P
+
P+ (7.121)
C!)c A
Q=% 0

The outputs from the droop control are voltage magnitude and angular frequency

which defines the reference for LSC.

7.4.6 Pitch Angle Control Scheme

The wind turbine blade pitch angle is controlled to regulate the output power from
the wind turbine to match the load power demand and the power required to charge the
embedded battery storage system. If the wind speed is high while the network load is
small, pitch angle control is applied to reduce the output power from the DFIG so as to

prevent the battery from being over-charged.

7.5  Battery Storage System and Converter Sizing

In case of the conventional DFIG, the RSC and LSC has to handle only fraction (25 -
30%) of total wind turbine power to control the whole generator. In autonomously
operated DFIG wind turbine unit also, RSC is subjected to handle the rotor supplied
power only like in conventional DFI. Hence the same size of RSC is needed. However, in
this operation mode, the LSC requires larger rating to handle the sum of battery storage

power and rotor supplied power.
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Figure 7.9 Schematic diagram of the autonomously operated DFIG wind turbine control structure

284

*



Moreover, the battery energy storage system must be sized properly to satisfy the
technical requirements at the same time justifying the financial investment. Hence, the
main factors to be considered in proper sizing include maximum and minimum load

demand, wind speed profile on the plant site, and the economic analysis.

7.6 Frequency to the ac/dc/ac controllers in the DFIG

The droop control gives the reference frequency for the frequency control of
DFIG wind turbine unit and the PLL measures the load bus frequency. Frequency control
scheme shown in Figure 7.4 ensures that the PLL frequency tracks the reference
frequency obtained from the droop control as shown in Figure 7.10. In this study, the
frequency given by the droop controller (red thick line in Figure 7.10) is provided to the

converters in the DFIG.

0.996
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>

=

> 0.992

[&]

c

S 099 M%
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L 0.988 | f LR (Rl H

©

L

g 0.986

w 0.984 Reference Freq from Droop COntrol |

Actual Freq measured by PLL
0.982 - - : : : : :
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Time [s]

Figure 7.10 Waveforms of PLL and droop control output frequencies
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7.7 Dynamic Simulation Results

To assess the effectiveness of the proposed control strategy, simulation studies are
performed on a model of the system shown in Figure 7.1 in MATLAB/Simulink software
environment. In this study, to show the charging and discharging of the battery storage
system, the input wind speed of the DFIG system is varied in such a way that at minimum
wind speed, the DFIG cannot supply enough power to the connected load. Hence, the
battery storage system will supply the deficient power (discharging of battery) and at
maximum wind speed, the DFIG will produce more than demanded power so the extra
power will be stored to battery storage system (charging of the battery).

Case I: Low to medium wind speed operation

In this study, it is assumed that the storage system has enough capacity to store
extra energy and to supply deficient energy as the wind speed varies. It is also assumed
that the battery is assumed to be fully charged initially. The wind speed is varied as
shown in Figure 7.11(a) and a step increase in load by 0.1 MW is introduced at t = 3 s,
but the wind speed being the same (9.5 m/s). As a result, the frequency drops slightly (see
Figure 7.14 (c)) according to droop control scheme and battery storage supplies the added
0.1 MW as shown in Figure 7.12 (b). At t = 4 s, when the wind speed suddenly drops
from 9.5 m/s to 8.5 m/s, the DFIG wind turbine power output decreases so does the rotor
speed but the connected load is same. In that case also the battery storage supplies the
deficient active power as a result the frequency of the system remains constant with small
transient oscillation. After t = 8 s, the wind speed starts increasing continuously so the

battery supplied power decreases continuously till t = 10 s. At t = 11 s, active load
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decreases by 0.1 MW hence the frequency of the system increases slightly. But the wind
speed remains constant at 11 m/s. So after t = 9 s. (approximately), the amount of power
generated by the DFIG wind turbine becomes more than the connected load. Hence,
battery storage starts to store the extra power available. During the entire operation
period, the load bus voltage magnitude is maintained constant with small oscillations

during those disturbances in the system as shown in Figure 7.14(b). During charging and

[EY
N

=
=

©

Wind Speed [m/s]
|_\
o

(o]

1.6

1.4

1.2

0.6

Stator side supplied power [MW]

1.1

DFIG rotor speed [pu]
|_\

2 4 6 8 10 12 14
Time[s]

Figure 7.11 Waveforms of (a) wind speed, (b) stator supplied power and (c) Rotor speed
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Figure 7.12 Waveforms of (a) LSC power (b) Battery supplied power and (c) Reactive
power supplied by GSC and stator side

discharging of the battery, the DC-link voltage changes slightly but is regulated within
1% of the rated DC voltage. The stator side supplied reactive power is regulated to 0.08
Mvar, which is equal to the connected load. The GSC maintains the constant load voltage
by suppluing (if positive) or absorbing (if negative) the reactive power from the system as

shown in Figure 7.12(c).
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RSC Modulation Indexes

GSC Modulation Indexes

Figure 7.13 RSC and GSC modulation indexes

Case Il: High wind speed operation:

When the wind speed is high, the size of storage device required will be also high.
Since the storage system is expensive technology, its size will be limited. Limited size of
storage device will have limited charging and discharging rates i.e limited current rating
of the battery. As explained above, the pitch control mechanism is use to protect the
battery system from getting overcharge. Here the wind speed is varied from 8 m/s to 15
m/s, and the rate of storing of energy (battery power) in the battery storage system is

limited to 0.5 MW. When the wind speed is high, the amount of additional power to be
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Figure 7.14 Waveforms of the (a) DC-link voltage, (b) load bus voltage magnitude and
(c) angular synchronous frequency of the system

stored in the battery increases because of increase in mechanical input power to the DFIG
wind turbine, the connected load being same throughout the study period. When the
power to the battery reached the limiting value, the pitch control system in DFIG will be
activated to reduce the amount of mechanical power extracted from wind turbine as

shown in Figure 7.15.
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Figure 7.15 Waveforms of (a) wind speed (b) pitch angle and (c) battery power

7.8  Steady State Analysis

The steady state operating points of the DFIG Wind Turbine Unit can be obtained

by making all the time derivatives equal to zero in the dynamic equations. The steady
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state equations of the DFIG system used in this analysis, presented in Chapter 4, are

given below:
Vqs:rslqs+a)eLs|ds+a)eLmldr (7121)
Vds = r.slds_a)el-slqs_a)el-mlqr (7122)

V, =1l +(o, - o )Ll + (@, - o )L 1, (7.123)

Vy, =t 1y — (@, -, )Ll — (@, — o, )L 1, (7.124)
From the droop control settings:

W, = Wy =K, pPoaq (7.125)

Vin =Vo =& oQicad (7.126)

Here, the overall system is isolated. Unlike the DFIG connected to grid system,

the voltage at the stator (V,,, V) as well as the overall system’s frequency are unknown.

gs?
The droop control is implemented to regulate the stator voltage (same as the load bus

voltage) magnitude V, and system frequency ,. As shown in above six equations, for
given rotor speed (@,) or wind speed (V,,), nominal frequency (@, ), nominal voltage
magnitude (V,) and instantaneously measured active and reactive loads (Piad, Qioad),

(7.121) - (7.126) is a system of six equations and ten unknowns (V,, V4, @,, Vy,, Vq,,

as’

Virs Lo lgso 1g.and 1 ). As a result, four constraints have to be specified so that an

gs’
operating point can be determined. Since the overall system is isolated, the stator voltage
here is aligned along the g-axis so that:

V., =V (7.127)

V,, =0 (7.128)
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In the wind energy conversion applications, it is reasonable to impose a constraint
on the electrical torque (or rotor speed) for maximum power captured.
Mechanical Torque = Electro-magnetic Torque

T ZELm[I e — Ly loe (7.129)

m qr " ds dr'gs
4

In the DFIG, the rotor side is connected to the load bus through back-to-back
power converters and the battery storage system is connected in parallel with the DC-link
of converter whose steady state equations are given by:

DC-link capacitor does not exchange any DC-current during steady state, i.e.:

§(|v| | +Mdrldr)+%(M L+ My Iy )-1, =0 (7.130)

4 qr-qr qL " qf

and 1|, are current flowing into

where M, and M, are RSC modulation indexes, I,

RSC, where M, and M, are LSC modulation indexes, I, and I are currents flowing

out from LSC to load bus and Iy is the battery supplied current. Here, it should be noted

A%
that during steady state, DC-link voltage Vqc is constant so M, = —2L and M, = Dy :

dc dc

Using Kirchhoff’s voltage law (KVL) from LSC to load bus as shown in Figure 7.1,

Vv

I\/qu% = rf qu + a)eLf Idf +Vqs (7131)
Vdc

M, > =T ly — bl +Vy (7.132)

Now the constant load drawn current is given by (7.18) as:

_ 2PV, +QV,

aL =3 Ve (7.133)
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_ E Pvds B qus

=gy (7.134)
Similarly, the non-linear load drawn current is given by (7.19) as:
2 I:)nonvqs + Qnonvds
anL =§ Vn? (7135)
2P . Vi—Q..V,
I - = non S non- gs 7136
dnL 3 Vn? ( )
Non-linear load representation using (7.17) is given as:
3 3
b _p [V_j (2) (7.137)
non [0} VO C()O
V 3 3
Qron = Qs (—mj (ﬁj (7.138)
Vo 2
In the linear RL loads, from (7.15),
V=l +oL 1y (7.139)
Vs =hlg —a L 1y (7.140)
Now, using KCL during steady state at the load bus:
lyr = lgs = Tqu = Do — 1L + GV (7.141)
Idf = Ids - IdLL - IdnL_ IdL _Cma)evqs (7142)

In DFIG wind turbine unit, during steady state the power output from the DFIG
wind turbine as well as battery supplied current are assumed constant, i.e. @, T, and I,
are known. Then the DFIG wind turbine unit has 22 steady state Equations (7.121)-

(7.142) and 22 unknowns which are: Vo, Vi, @, Vi, Ligr Taos Toes Tas Toes Loy My,

gs !
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My Mys My T Tans Toan Tanes o Tas Poon @nd Q.. Hence unique solution of

the DFIG wind turbine unit can be obtained.

7.8.1 Steady State Characteristics

Figure 7.16 to Figure 7.19 shows the steady-state characteristics obtained by
solving Equations (7.121)-(7.142) under the assumptions that the power output from the
DFIG wind turbine as well as battery supplied current are constant and the active constant
load as well as reactive constant load are varied then the system electrical frequency as
well as the load bus voltage magnitude changes as shown in Figure 7.16 and 7.17. Figure
7.18 and 7.19 show the changes in active and reactive non-linear loads with variation in
system voltage magnitude and frequency. Hence, whenever there is an increase in load,
the frequency and voltage decreases according to droop control Equations (7.118-7.119)

as a result nonlinear load decreases and vice-versa.
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Figure 7.16 Variation of system angular frequency with change in active load
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Hence, in this chapter, the autonomous operation mode of the DFIG is presented.
The modeling of different components and controller design is shown. The effectiveness
of the proposed control system is evaluated for under and over generation conditions with
the connected load consisting of RL, linear, and non-linear loads. Excellent performance
of the overall system is verified by analyzing the operation during both transient and
steady state conditions. Chapter 8 presents the summary of the work done in this thesis
and discusses the contributions made as well as possible extensions that can be done

based on the results obtained in this work.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

8.1  Summary

A detailed simulation model of a DFIG-based wind turbine system with variable-
speed variable-pitch control scheme is developed for the 1.5 MW wind turbine connected
to the power grid. All of the primary components are modeled including the aerodynamic
system of wind turbine, DFIG, rotor mechanical system, the overall control system, and
the power grid. The stator side flux estimator is designed using LPF and a PLL system is
embeded with the DFIG model which gives the reference angle to align the stator side
voltage along the g-axis. The dynamic performance of the developed model is then
assessed using the variable wind speed inputted into the model. This study provides a
complete explanation of the overall DFIG-based wind turbine system dynamics,
particularly in regards to the performance of the control system for the optimum wind
power extraction and output power regulation operation.

The steady state model of the DFIG-based wind turbine system with variable-
speed variable-pitch control scheme is presented and is used to analyze its aerodynamic,
mechanical, and electrical operating characteristics. The active power flow direction in
the stator and rotor sides of the machine during various rotor speeds is explained
thoroughly based on the steady state power flow curves obtained. It is observed from the
steady state power curve that a smaller power rated DFIG can be coupled with higher

power rated wind turbine without overloading the DFIG. In the DFIG, it is seen that the
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rotor voltage magnitude increases when the slip of the machine (both negative and
positive) increases and is mimimum when machine runs at synchronous speed. So, rotor
voltage rating limits the speed range of the DFIG. From the converter rating viewpoint,
higher rated rotor speed of the machine is better as the current through converter is lower
in the rated regime because the electromagnetic torque that machine has to develop at
higher speed is lower for the same (rated) power output. On the other hand, higher rated

rotor speed requires higher gear ratio, i.e. bigger size gearbox should be used. Hence, a

suitable compromise must be reached between the gearbox size and the sizing of the

power converters to minimize the cost of overall wind turbine system.
The steady state reactive power capability of the DFIG wind turbine is studied by
plotting the PQ diagram and the following observations have been made:

» The reactive power capability of the machine is limited by rotor current rating, rotor
voltage rating, and stator current rating.

> At low rotor speed, the rotor voltage limits the reactive power generation capability
whereas at higher rotor speed, the rotor current limits the reactive power generating
capability and the stator current limits the reactive power absorption capability.

» When the machine operates at higher power (more than 82 % of rated power), the
reactive power that the DFIG can supply is not enough to meet the required power
factor demanded by the grid code.

» The reactive power capability of the DFIG gets improved when the turbine operates in
pitch control mode.

Hence, the deficiency in reactive power supplied by the DFIG compared to what

is needed to meet the grid code requirements is fulfilled by installing the STATCOM at
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the PCC. The maximum rating of the STATCOM needed to achieve the steady state
reactive power requirement can be calculated from the PQ diagram of the overall DFIG
and STATCOM system.

A simulation model of the STATCOM is developed to study its dynamic
characteristics. The developed STATCOM is connected at the PCC of the DFIG wind
turbine system connected to the weak distribution grid for steady state and dynamic
voltage regulation purpose. Simulation results have shown that STATCOM helps to keep
the steady state terminal voltage of the DFIG system to its rated voltage during the entire
operation region of the DFIG. STATCOM maintains the fast voltage regulation (or
voltage restoration) at the PCC during step change in reactive load causing voltage
swelling or sagging. STATCOM does this by dynamically exchanging the reactive power
with the power grid.

In series compensated transmission line, series capacitor effectively redues the net
line reactance. So, such line absorbs less reactive power which helps to regulate the
steady state voltage at the DFIG terminal and enhances the power carrying capability of
the transmission line. Moreover, a GSC in the DFIG connected to power grid through
series compensated line has to supply less amount of reactive power to maintain constant
terminal voltage.

Finally, in this thesis, the capability of autonomous operation of a DFIG-based
wind turbine system with battery energy storage system connected in parallel with the
DC-link capacitor of ac/dc/ac converter has been investigated. The control system for this
proposed arrangement of the DFIG is able to regulate the standalone system’s frequency

and voltage magnitude within the specified limits. Implemented control system also
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shows the ability to operate standalone system in under as well as over-generated
condition. In an over generation situation, extra power will be stored in the battery
whereas in an under generation situation, battery will supply the deficient power. The
modeled wind turbine extracts maximum power from the wind and pitch control is
implemented to protect the battery from getting overcharged. The system has been tested
for low as well as high wind speed inputs and results obtained demonstrate the excellent

dynamic and steady state performance.

8.2 Contributions

The main contributions of this thesis are explained below:

» Simulation model of a DFIG-based wind turbine system with variable-speed variable-
pitch control scheme for wind turbine control and generator control to decouple active
and reactive power output is systematically developed for grid connected as well as
standalone operation mode. Detailed models of all components of the DFIG-based
WECS have been derived and their operation is explained clearly. In the standalone
operation, the performance of the proposed control system is assessed for the
connected load consisting of RL, linear and non-linear loads.

» The steady state analysis of the overall DFIG wind turbine system connected to grid is
done after explaining clearly the steady state equations used. The steady state
operation modes of the DFIG wind turbine sytem based on the rotor speed are
explained clearly. It is shown that, DFIG can generate more than 100 % of power

output in super-synchronous operation region if higher size wind turbine is used.
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» The steady state reactive power capability of the DFIG is derived in the form of P-Q
diagram without making any assumptions to simplify the calculation. The P-Q
diagram of DFIG is obtained for both MPPT and pitch control operation modes. It is
observed that the reactive power capability gets improved in the pitch control
operation mode. The PQ diagram of the overall DFIG with STATCOM connected at
the PCC is derived from which maximum size of STATCOM needed to satisfy steady
state reactive power requirement can be calculated.

» The power rating of the GSC in the DFIG required for supplying reactive power to
fulfill the grid code requirement is found out to be more than three times the GSC
required to operate in unity power factor operation mode. The GSC size required is
even more if the grid is operating in under-voltage condition. So, installation of the
STATCOM having excellent dynamic reactive power capability at the PCC, where
reactive power is needed, is proposed to secure stable operation of the overall wind
turbine and power grid hence fulfilling the grid code requirement. The support
provided by the STATCOM connected at the PCC of the DFIG wind turbine during
disturbances in the grid side is studied and found that the STATCOM helps to improve
dynamic performance of the DFIG-based wind turbine system significantly.

> Effectiveness of series compensated line for better steady state voltage regulation and
enhancing the power carrying capability of the line is demonstrated through the

dynamic and steady state simulation results.
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8.3 Future Work

This thesis has unlocked many gates for the future researchers to work further on
the variable-speed variable-pitch DFIG-based wind turbine system and its voltage
regulation. The following points are identified as potential future work based on the
results of the present thesis:

» Analysis of the dynamic behavior of a wind farm consisting of multi-DFIG wind
turbines. The interest would be to study the overall dynamics of the wind farm at the
PCC, the effect of unequal wind speed distribution on the mechanical and electrical
power variation within the wind farm.

> Interaction of the DFIG wind turbine system with more realistic power grid models,
where other type of generators like synchronous generators are also present. Similar
study can be done in those power grids to evaluate the support provided by the use of a
STATCOM.

» The steady state characteristics of the DFIG wind turbine system shows the better
performance of the system at higher rated rotor speed. For example machine needs to
develop less electromagnetic torque at higher rotor speed operating at rated power as a
result the stator as well as rotor side current decreases which results in smaller current
rating required for ac/dc/ac converter and improved efficiency of the WECS. Reactive
power capability of the DFIG also gets better at higher rotor speed generating rated
active power. At the same time, higher rotor speed requires higher gear ratio and the
higher voltage magnitude is developed at the rotor side. Considering these facts,

furthur study can be done for the higher speed operation of the DFIG wind turbine.
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» Three phase symmetrical voltage swelling and sagging have been studied in this thesis
that can be extended to observe the response of the system to other types of grid side
disturbances.

> In this thesis, simulation results show that the dynamic performance of the DFIG-
based wind turbine is improved with the use of a STATCOM. Future work can be
done to analyze the harmonics in the system due to the introduction of STATCOM and
evaluate techniques to mitigate the system harmonics.

> In the autonomous operation of the DFIG Wind Energy Conversion Unit, simulation
study is done for the balanced three phase loads. Future work can be done to study the
performance of the proposed control system in case of 1) unbalanced three phase
loads, 2) disturbances in the load side like faults, abrupt voltage change and explore

the ways to stabilize the overall system during those situations.
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Test System Data

Wind Turbine STATCOM
Blade radius 30.66 m dc-link voltage 1600 V
Number of blades 3 dc-link capacitor 60 mF
Cut-in/cut-out wind speed 4/25 m/s Link resistance r, 0.03 0
Gear ratio 71.28 Link inductance |, 1 mH
Generator and Grid Switching frequency t_, 1 kHz
Network
Rated capacity 1.5 MW Electric Load
Optimal rotor speed 2158 rpm Load resistance r, 0.78 O
Stator resistance 2.3 mao Load inductance | 2 mH
Rotor referred resistance 2meo Capacitor c_ 0.5 mF
Stator inductance 2.93mH P/Ppon 0.5/0.5
MW
Rotor referred inductance 2.97 mH Q/Qron 0.2/0.2
Mvar
Mutual inductance 2.88 mH Wind Field
Shaft inertia 18.7 kg.m* Rated wind speed 12 m/s
No of poles 4 Air density 1.225
kg/m?
Base Frequency 60 Hz Distribution Grid
Rated Voltage ( lineto line) 690 V Voltage 690 V
dc-link Voltage 1400 V Line resistance r, 020
dc-link capacitor 60 mF Line inductance L, 10 mH
Pitch Controller
Max/min pitch angle g~ 30/0 deg Max/min pitch rate 10/-10
: deg/s

ﬁmay/m'm
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