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ABSTRACT

Human efforts of harnessing wind energy had started in ancient times, when they
used to sail ships and boats. Wind has gained popularity mainly in recent years, as it is

renewable, eco-friendly, non-polluting and non-depleting source of energy.

Wind parks are planned to be placed into sea far away from the mainland. The
wind speed does not remain constant and thus require a generation which can extract
maximum power from the wind. Doubly fed Induction Generator (DFIG) is a solution for
such large wind turbines connected with offshore wind farms. The stator of the generator
is directly connected to the grid while the rotor is connected through back-to back

converter. With this the maximum power from the DFIG can be harnessed.

The modeling and dynamic performance of the wind driven DFIG system is
studied for two cases: DFIG Connected with AC system and DFIG connected with HVDC
system. The system model is realized in simulink environment. The performance of
system is investigated for the change in wind speed, change in grid voltage, change in load

and change in length of the transmission line for AC and HVDC systems.
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NOMENCLATURE

p is the derivative symbol

Vs , Vs are the three-Phase supply voltages in d-q reference frame, respectively
Igs ,1gs are the three-Phase stator currents in d-q reference frame, respectively
Pgs ,Pds are the three-Phase stator flux linkages in d-q reference frame, respectively
Vqr ,Var are the three-Phase rotor voltages in d-q reference frame, respectively
iqr , 1gr are the three-Phase rotor voltages in d-q reference frame, respectively
®gr ,Pgr are the three-Phase rotor voltages in d-q reference frame, respectively
rs Iy are the stator and rotor resistances of machine per phase, respectively

Lis, Lir are the leakage inductances of stator and rotor windings, respectively
we ,o are the supply and rotor angular frequency (electrical speed), respectively
0s ,0r are the stator and rotor flux angle, respectively

Te , Tm are the electromagnetic and mechanical torques, respectively

Ps ,Qs are the stator-side active and reactive powers, respectively

Pr,Qr are the rotor-side active and reactive powers, respectively

D, J are the moment of inertia and damping coefficient, respectively

P is the Number of poles

Mi,M; is the stator and rotor modulation depths, respectively

Vi is the triangular Voltage Signal

R,L are the resistance and inductance of input filter, respectively

V1, |1 are the input filter line voltage and current, respectively

E is the DC-link voltage

C is the DC-Link capacitance

Ppc is the DC-link active power

o is the leakage factor

k , ki are the proportional and integral gain, respectively

a is the bandwidth of the closed-loop system

ags IS the Bandwidth of supply-side current controller

a g is the bandwidth of DC-link voltage controller

ocr 1S the bandwidth of rotor-side current controller

a,, is the bandwidth of speed controller

comp stands for compensation term

e identifies synchronously rotating reference frame
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CHAPTER 1
INTRODUCTION

1.1 OVERVIEW

Wind energy has gained popularity in recent years all over the world, mainly
because wind energy is renewable and eco-friendly. There are, however, many challenges
associated with harnessing this type of energy for grid application mostly due to its

intermittent nature.

Wind is a result of the sun shining unevenly on the earth. The corresponding daily
and seasonal changes in temperature consistently generate wind, producing a fuel source
that can never be depleted. Wind turbines convert the kinetic energy in the wind into
mechanical power. This mechanical power can be used for specific tasks (such as grinding
grain or pumping water) or a generator can convert this mechanical power into electricity

to power homes.

Human efforts to utilize wind for energy have started in ancient times, when they
used to sail the ships and boats. Later wind energy served the mankind by providing the
energy for grinding mills and water pumps. During its transformation from these crude
and heavy devices to today’s efficient and sophisticated machines, the technology went
through various phases of development. In Holland, several decisive improvements were
made on wind mills in the 16th century, leading to new types of mill, so called Dutch wind
mill. The era of wind electric generators began close to 1900’s. The first modern wind
turbine, specifically designed for electricity generation was constructed in Denmark in
1890. The wind electric generators became commercially available in American market by
1925. However at that time the electricity generated from wind was costing 8-10 times
more than that from fossil fuels. But oil crisis in 1970’s forced the world to think about
wind power generation and to work for cost efficient measures. Wind power, which has
been proved as a potential source for generation of electricity with minimal environmental
impact, is the fastest growing source for electric power generation and it is expected to
remain so in future. Countries like Germany, United States of America, China and India

have taken a lead in harnessing this nonpolluting and replenishable source of energy.



Harnessing wind energy for electric power generation is an area of research
interest and at present, the emphasis is given to the cost effective utilization of energy
resource for quality and reliable power supply. Among various techniques, the use of the
doubly fed induction generator appeared to be a good solution for such applications. The
induction generated is favored for wind power plants because of its simplicity, robustness

and small size per generated kW, lower maintenance and ease of control.

For, wind generation either fixed speed or variable speed turbines can be used.
These turbines are classified into four major types by the Western Electricity Coordinating

Council (WECC) to develop standard wind turbine models. These types are:-

Type |  Pitch regulated squirrel cage induction generator directly coupled to the
grid.

Type Il Variable slip squirrel cage induction generator directly coupled to the grid.

Type Il Wound rotor induction generator with an AC/DC/AC power converter

connected between the rotor terminals and grid and is pitch regulated.

Type IV Synchronous or asynchronous machine connected to the grid using full
rated AC/DC/AC power converter and is pitch regulated.

The Type | and Type Il use the simplest topology where the turbine is directly
connected to the grid. Machine needs a switch to prevent motoring operation during low
wind speeds and also suffers a major drawback of reactive power burden on the grids as
there is no reactive power control. Type Il uses an electronically modulated rotor

resistance to effect dynamic changes in the machine torque speed characteristics.

The Type 111 is the most common for high power grid applications. This topology
allows the complete control of reactive power using rotor and grid side converters. The
converters used for this topology need to be rated at only 25% to 30% of overall machine
rating as they are used on the rotor side to supply the slip power which is not exceeding to

25% to 30% of the overall machine power.

The Type 1V topology uses a full rated converter with either a synchronous or an
asynchronous machine. This topology has full control of the reactive power and speed.

The major advantages associated with Type 11l wind turbines are that it has four quadrant



active and reactive power flow capabilities. With constant frequency power output and
low power converter ratings, it the most widely used topology. Hence this dissertation
focuses attention on the integration of Doubly Fed Induction Generator (DFIG) — Type Il
based wind turbines to the power grid.

Wind parks of thousands of MW are planned to be placed into sea far away from
the mainland. Appropriate transmission systems should be designed to handle such
significant amount of power, which is resulting high efficiency while is economically

competitive.

The use of classical HVDC converter based on thyristor valves, although resulting
into low losses, is not the best solution when it comes to offshore wind farms because it
requires large converter station for both, the onshore and the offshore side. The HVYDC
converter are further not suited for offshore application because it needs an auxiliary
service at the offshore converter station for the operation of the line-commutated
converters during power failures; it is essential to have an AC voltage source for
commutation and to facilitate the power transfer between two AC networks; offshore grid
needs power before the start of wind farms, no independent control of the active and
reactive power. The voltage source converter (VSC) based HVDC system uses high
switching frequency transistors like IGBTs. The IGBTSs are having self-commutated turn-
on and turn-off capability and therefore, allowing the generation of reactive power to
supply the wind turbines. Further, this configuration voltage and power control. The
voltage and reactive power control are vital for stability of the system. Therefore, VSC-

HVDC can be suited for connecting a large offshore Wind Farm to the shore point.

For such applications, the HVDC transmission is suited instead of AC transmission
because of low losses for long distances, lower cost for cables above certain distances,
ability to connect asynchronous AC networks, ability to operate at variable speeds,

decoupling of the connected AC networks etc.

1.2 LITERATURE REVIEW

Doubly fed induction generators (DFIGs) are an economic variable-speed solution
for large wind turbines whereas HVDC transmission is being considered for the grid

connection of some offshore wind farms. The need for coordination control of the DFIG



and the HVDC link, based on conventional thyristor has been analyzed [1-3]. It has been
emphasized that the individual generator should be controlled for power tracking in a way

similar their control during direct connection to an ac grid.

High voltage DC transmission using voltage source converters facilitate variable
frequency operation in the wind farm grid. Variable frequency operation reduces the
machine slip. Thus, a lower rated converter is sufficient for the same speed range. The
variable frequency operation of doubly-fed induction generators have been presented in
[4-6] in which the performance has been evaluated under MATLAB/Simulink

environment.

The turbine modeling has been used to extract maximum possible mechanical
power from the wind according to the wind velocity and tip-speed ratio. The DFIG model
based on the vectorized dynamic approach has been presented in [7-10]. The presented
model can be applicable for all types of induction generator configurations for steady state

and transient analysis.

Voltage control for large quantities of wind turbines suddenly drawn out of the
grid, power factor control, with the wind turbine of low voltage crossing, branch short
circuit fault is taken into full consideration in all these cases. It has been suggested in
papers [11-13] that the transient stability of DFIG connected to power system is better
than that of synchronous generation units.

A dynamic model with reduced-order double cage representation for the DFIG and
its associated control and protection circuits are taken into consideration [14]. It has been
demonstrated that by properly selecting the proportional gain of the speed and power

factor controller, it is possible to enhance significantly the stability of the DFIG.

The grid-connected wind driven doubly fed induction has been studied [15]. The
modeling of the machine for various operating conditions below and above synchronous
speed is achieved by means of double sided PWM converter joining the machine rotor to
the grid. Stator-flux-oriented vector control approach is applied. Switch by switch
representation of PWM converters with a carrier based SPWM modulation for both
converters have been proposed [16]. Provides independent control of active and reactive

power for both converters and DC link voltage is constant.



The development and performance comparison of a conventional PI controller and
a pitch angle controller based on pole-placement theory for DFIG-based Wind Energy
Conversion Systems are verified [17]. D-Q reference based mathematical modeling of the
DFIG and the controllers have been presented. The Pitch angle controller is however
more efficient when wind speed suddenly changes and is more robust under parameters
variations of the DFIG.

A DFIG model is compatible with transient analysis which has independent control
of torque and reactive power for wind turbines [18]. Wind turbine has been simulated by
incorporating aerodynamics and pitch control by assuming that the frequency converter is

ideal.

The control dynamics of a DFIG based variable speed wind turbine operating in
two modes operation and during transition period are investigated [19]. Mathematical
analysis and corresponding modeling results has been presented which show that the
power flow in the rotor circuit under different modes can be controlled by changing
current and voltage phase sequence through the rotor side converter and line side

converter.

The connection of an offshore wind farm depends primarily on its installed power
capacity and on distance to the connection point of the system. The advantages of using a
HVDC solution are more significant for high power and longer distance [20-21]. An
equivalent d-q averaged model is developed for an HVDC-VSC System [22]. The HVDC
technology has been proposed as one of the most promising FACTS in future power
systems, suitable for transient stability analysis and control design. The performance of
controller shows better results than PI controllers, having better stability margin and

shorter time response.
1.3 OBJECTIVE OF WORK

The present work has been carried out with the objective to study dynamic
performance of wind driven grid connected doubly fed induction generator by formulating
appropriate mathematical models. Further, the aim is to study and simulate a long distance
HVDC system to transmit the energy generated from wind source for load/grid located at

far distant locations.



1.4 ORGANIZATION OF THESIS WORK

The work carried out in this thesis has been summarized in five chapters. The
Chapter 1 summarizes the overview of thesis, brief literature review, objectives of work
and organization of the thesis. The Chapter 2 describes the power from the wind,
modeling and control of wind turbine. The Chapter 3 summarizes the operating principle
and modeling of doubly fed induction generator. The Chapter 4 summarizes the basics of
HVDC system along with its modeling. The Chapter 5 presents the simulation and results

obtained from developed simulink models.



CHAPTER 2
WIND: A SOURCE OF ELECTRIC POWER

2.1 INTRODUCTION

Wind energy conversion systems can be classified based on turbines that depend
on aerodynamic drag and turbines that depend on aerodynamic lift. Wind power has been
used for centuries for different purposes such as: pumping water, propelling boats or
grinding corn. The early Persian vertical axis wind turbine utilized the drag principal. The
history of wind power shows a general evolution from use of simple light devices driven
by aerodynamic drag forces, to heavy, material-intensive drag devices and finally to the
use of light material, and efficient aerodynamic lift devices in the modern era. The earliest
known use of wind power, such as sail boat form ancient Persia used this technology. The
typical drag device based on Persian design is shown in Fig. 2.1. It had a significant

impact on the pursuing wind power development.
i
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Fig.2.1 Drag device based on Persian design, used in the sail boat

Modern wind turbines are predominately based on aerodynamic lift. Lift devices
use blades that interact with incoming wind. The force resulting from the blade (airfoil)
interaction with the air flow consists of the drag force component in the direction of the
flow and a force component that is perpendicular to the drag, namely the lift. Magnitude of

the lift force could be several times larger than drag force depending on the design of the



airfoil blade, which provides the driving force for the rotor. Wind turbine based on
aerodynamic lift can be further classified according to the orientation of spin axis, as
vertical axis turbine and horizontal axis turbine. The vertical and horizontal axis turbines
are shown in Fig. 2.2(a) and Fig. 2.2(b) respectively. In the vertical axis wind turbine, the
main rotor shaft is set vertically. The advantages of this arrangement are that generators
and gearboxes can be placed close to the ground and these devices do not need to be

pointed into the wind direction.
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Fig 2.2(a) Vertical Axis wind turbine
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Fig.2.2(b) Horizontal Axis wind turbine

Horizontal axis type of turbine consists of a tower, a nacelle that is mounted on the
top of the tower and contains a generator, gearbox and the rotor. Wind turbines extract the

energy from the wind by transferring the thrusting force of the air passing through the



turbine rotor into the rotor blades. There are two primary physical principles by which
energy can be extracted from the wind; these are through the creation of either drag or lift
force (or through a combination of the two). The cross section of rotor wing as shown in
Fig 2.3 will help understanding these principles. The wind passes over both surfaces of the
airfoil shaped blade. As wind passes more rapidly over the upper side of the airfoil,
creating a lower- pressure area above the airfoil. The pressure differential between top and

bottom surfaces creates a thrust force, called aerodynamic lift.

In addition to lift force, a drag force perpendicular to the lift force impedes rotor
rotation. A prime objective in wind turbine design is for the blade to have a relatively high
lift-to-drag ratio. This ratio can be varied along the length of the blade to optimize the
turbine’s energy output at various wind speeds. In an aircraft wing, this force causes the
airfoil to rise, lifting the aircraft off the ground. Since the blades of a wind turbine are
constrained to move in a plane with the hub as its center, the lift force causes rotation
about the hub. As a result, the lifting force is converted into a mechanical torque and this
torque makes the shaft, as part of the turbine rotor, turn. The power in the shaft is used to

produce electricity by coupling it with generator.

wind speed resulting wind speed

rotational
rotor direction

e -

rotational speed of the rotor
ﬁ wind direction

Fig.2.3 Cross section of a rotor wing
The basic features that characterize lift and drag are:
e Drag is in the direction of airflow.
e Liftis perpendicular to the direction of airflow
e Generation of lift always causes a certain amount of drag to be developed

e With a good aerofoil, the lift produced can be thirty times greater than the drag. Lift

devices are generally more efficient than drag devices



2.2 POWER FROM WIND

A simplified block diagram of the wind turbine components is presented in
Fig. 2.4. As shown in the scheme, the elements of wind turbine are the wind model, the
aerodynamic model, the mechanical model, the generator model, the rectifier and the pitch
control block model. The input of the system is the wind and the output is the electrical
power. The wind model provides a realistic characteristic of the wind which is modeled
based on an average wind speed profile. The wind is applied to the rotor blades. The
aerodynamic model computes the rotor torque which is the input for the mechanical model
that makes the conversion of the mechanical torque of rotor into a torque proper for the
high speed shaft.

F

raf

- Pitch
Controller [*
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- — —,
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Fig.2.4 Wind Turbine Model

The generator can be a Doubly fed Induction Generator. This performs the
conversion of the mechanical power outputted by the mechanical model (Pm) into the
electrical power, followed by the transformation from an AC to DC transmission system

made by the rectifier.

The aim of the pitch controller is to ensure that the wind turbine, depending on the
available wind is producing the desired power. Based on the measured power of the
system and the reference value for power, the pitch control has to adjust the angle of the
blades in order to maintain a constant reference power when higher winds are applied to
the wind turbine. The power reference can be set to be the rated power of the wind turbine
but depending on the demands of electricity. The grid operator can change this reference

in order to maintain the stability of the grid.
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2.3 MODELING OF WIND TURBINE

From a physical point of view, the static characteristics of a wind turbine rotor can
be described by the relationships between the total power in the wind and the mechanical
power of the wind turbine. These relationships are readily described starting with the
incoming wind in the rotor swept area. It can be shown that the kinetic energy of a
cylinder of air of radius R travelling at wind speed Ving COrresponds to a total wind power

Pwing Within the rotor swept area of the wind turbine. The Pyi,q can be expressed as,

P

wind

=0.5p,, 7RV}

WING *** s s st emmeeneenneeeeeaaeeeeteoneeaseoaneaesoonaoasssssnsaascnnnaasscanens

Where, pair is the air density (1.225 kg/m®), R is the rotor radius and Ving is the wind
speed.

It is not possible to extract all the kinetic energy from the wind since this would
mean that the air would stand still directly behind the wind turbine. This would not allow
the air to flow away from the wind turbine, and clearly this cannot represent a physical
steady-state condition. The wind speed is only reduced by the wind turbine, which thus
extracts a fraction of the power in the wind. This fraction is expressed as the power
efficiency coefficient, Cp, of the wind turbine. Therefore the mechanical power output of

the wind turbine Pnech considering the definition of Cp can be stated as given by

P = G P et et (2.2)

Therefore, eg. 2.1 can be written as,

Poech = 0.5Cpp{,iir7rR2\/3

N IR R R R

It can be shown that the theoretical static upper limit of Cp is approximately 0.59.
This suggests that 59% of the maximum Kkinetic energy can be extracted from the wind.
This is known as Betz limit. A modern three bladed wind turbine has an optimal Cp value

in the range of 0.52-0.55 when measured at the hub of the turbine.

From a physical point of view the power, Pnyech that is extracted from the wind will
depend on rotational speed, wind speed and blade angle, . Therefore, Pmecn and Cp are

functions of these parameters.

11



Pt = F (@ Vi s /B) e veee et e, (2.4)

The forces of the wind on a blade section and thereby the possible energy
extraction will depend on the angle of incidence ¢ between the plane of the moving rotor
blades and the relative wind speed V. as seen from the moving blades. Simple
geometrical considerations are shown in Fig. 2.5. The wind turbulence created by the
blade tips has been ignored and the angle of incidence ¢ is determined by the incoming
wind speed Vying and the speed of the blade. The blade tip is moving at speed Ving, €qual
to (owrb*R). The highest values of Cp are typically obtained for values in the range 8 to 9
(i.e. when the tip of the blade moves 8 to 9 times faster than the incoming wind). This
means that the angle between the relative air speed from the blade tip and the rotor plane is

rather a sharp angle.

Fig.2.5 Hllustration of forces around the moving blade

Where, Vi, = tip speed; wwn = turbine rotational speed; R = rotor radius; Vi =
relative wind speed; Vwing = wind speed; a = angle of attack; ¢ = angle of incidence

between the plane of the rotor and Vg; p= blade angle.

On modern wind turbines, it is possible to adjust the pitch angle B of the entire
blade through a servo mechanism. If the blade is turned, the angle of attack a between the
blade and the relative wind Vg will be changed accordingly. Again, it is clear from a
physical perspective that the forces of the relative wind on the blade, and thereby the
energy extraction, will depend on the angle of attack a between the moving rotor blades
and the relative wind speed V. as seen from the moving blades. Hence Cp can be

expressed as a function of A and f:

Cy = T ) oo (2.5)

12



24 PITCHAND STALL CONTROL OF WIND TURBINE

An effective control system should be designed to control the output power of
wind turbine to maximize their output. In case of stronger winds it becomes necessary to
waste part of the excess energy of the wind in order to avoid damaging the wind turbine.
The wind turbines are designed to yield maximum output at wind speeds of 12-15 metres
per second because the probability of this speed of wind is very high. It is not economical
to design turbines that maximize their output at stronger winds because such strong winds

are rare. Two types of controls are used. These controls are —
e Pitch control
e Stall control

The propellers pitch needs to be controlled whenever, the average of wind speed
changes over a propeller. Commercial wind turbines are designed to produce optimum
power with 11 m/s of wind speed. However, the wind speed always fluctuates up and
down around this optimum. To generate the optimum power, the turbine blades have to
adjust accordingly. This adjustment comes from turning the blades around their
longitudinal axis (to pitch). When the wind speed decreases, the blade pitch is adjusted
such that it exposes more surface area to the wind. Conversely, when wind speed picks up,
the blade pitch is adjusted such that it exposes less surface area to the wind. If a blade is
not designed for stall, increased wind speeds will force the rotor to turn faster without a
pitch control mechanism. The pitch mechanism allows the wind to flow around the blade
as smoothly as possible. To do this, air particles cannot hit the blade head on, rather they
must flow almost tangent to the blade just as in an airplane’s wing operating in the air.

The Stall control of wind turbine works by increasing the angle at which the
relative wind strikes the blades (angle of attack), and it reduces the induced drag (drag
associated with lift). Stalling increases automatically when the winds speed up. The rotor
blade has been aerodynamically designed to ensure that the moment wind speed becomes
too high. Stalling creates turbulence on the side of the rotor blade not facing the wind.
This stall prevents the lifting force of the rotor blade from acting on the rotor. A rotor
blade for a stall controlled wind turbine is twisted slightly along its longitudinal axis. This
is partly done in order to ensure that the rotor blade stalls gradually rather than abruptly
when the wind speed reaches its critical value. The basic advantage of stall control is that

one avoids moving parts in the rotor itself, and a complex control system.
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2.5 DRIVERS FOR WIND ENERGY

The growth of the market for wind energy is being driven by a number of factors,
including the wider context of energy supply and demand, the rising profile of
environmental issues, especially climate change, and the impressive improvements in the
technology itself. These factors have combined in many regions of the world to encourage

political support for the industry’s development. These factors are-

e  Global demand for energy is increasing at a breathtaking pace, which will require
significant investment in new power generation capacity and grid infrastructure.
Just as energy demand continues to soar, supplies of fossil fuels are dwindling and
prices are at their most volatile. Wind energy, however, is a massive indigenous
power source which is available virtually everywhere in the world. There are no
fuel costs, no geo-political risk and no supply dependence on imported fuels from
politically unstable regions. Every KWh generated by wind power has the potential
to displace fossil fuel imports, improving both security of supply and the national
balance of payments.

e  Wind energy makes sound economic sense, in contrast to other generation sources,
the price for the fuel needed over the total lifetime of a wind turbine is well known,
it is zero. This takes away a substantial part of the investor’s risk. At many sites,
wind power is already competitive with new-built conventional technologies and in
some cases much cheaper. When taking into account the price of carbon, wind
power is even more attractive. Job creation and regional economic development
are also key factors in economic considerations around wind power. The wind
power industry is revitalizing regional economies, providing quality jobs and
expanding tax bases in rural regions struggling to keep their economies moving
ahead in the face of the global flight to the cities. This is resulting into regional

economic development as experienced in Tamil Nadu and Gujarat.

o Wind power is a clean, emissions-free power generation technology. Wind energy
is the only power generation technology that can deliver the deep cuts in CO;
emissions. The world needs to combat the worst effects of climate change; it also
provides numerous other environmental benefits. It has a positive effect on air

pollution as wind energy does not produce any toxic waste. In addition, wind
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energy uses virtually no water, which, in an increasingly water stressed world, is a
major environmental consideration. The wind energy not only reduces the emission

of green house gases it also has a positive effect on the quality of air we breathe.

e  Wind energy does not deplete natural resources. Unlike fossil fuels that have a
finite supply, wind is renewed every day as the earth heats and cools that makes it
very attractive. Approximately one pound of coal is saved by every kilowatt-hour

generated by wind.
2.6 DIFFICULTIES WITH WIND POWER

Despite of many benefits of wind power, there are some difficulties also in

converting the wind energy into electric power these include-
e Variability of wind power
e Grid Connection

Wind power is often described as an “intermittent” energy source, and therefore
unreliable. In fact, at power system level, wind energy does not start and stop at irregular
intervals, so the term “intermittent” is misleading. The output of aggregated wind capacity
is variable, just as the power system itself is inherently variable. Since wind power
production is dependent on the wind, the output of a turbine and wind farm varies over
time, under the influence of meteorological fluctuations. These variations occur on all time
scales: by seconds, minutes, hours, days, months, seasons and years. Understanding and
predicting these variations is essential for successfully integrating wind power into the
power system and to use it most efficiently. The power systems are influenced by a large
number of planned and unplanned factors, but they have been designed to cope effectively

with these variations through their configuration, control systems and interconnection.

Technical requirements within grid codes vary from system to system, but the
typical requirements for generators normally concern tolerance, control of active and
reactive power, protective devices and power quality. Specific requirements for wind
power generation are changing as penetration increases and as wind power is assuming
more and more power plant capabilities, i.e. assuming active control and delivering grid

support services. In response to increasing demands from the network operators, for
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example to stay connected to the system during a fault event, the most recent wind turbine
designs have been substantially improved. The majority of MW-size turbines being
installed today are capable of meeting the most severe grid code requirements, with
advanced features including fault-ride-through capability. This enables them to assist in
keeping the power system stable when disruptions occur. Modern wind farms are moving

towards becoming wind energy power plants that can be actively controlled.
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CHAPTER 3
DOUBLY FED INDUCTION GENERATOR

3.1 INTRODUCTION

With increased penetration of wind power into electrical grids, DFIG wind turbines
are largely deployed due to their variable speed feature and hence influencing system
dynamics. This has created an interest in developing suitable models for DFIG to be
integrated into power system studies. As, grid codes are being revised to ensure that wind
turbines would contribute to the control of voltage and frequency and also to stay

connected to the host network following a disturbance.

In response to the new grid code requirements, the 3rd order model can be
achieved by neglecting the rate of change of stator flux linkage, given rotor voltage as
control parameter. Additionally, in order to model back-to back PWM converters, it is
assumed that the converters are ideal and the DC-link voltage between the converters is
constant. Consequently, depending on the converter control, a controllable voltage
(current) source can be implemented to represent the operation of the rotor-side of the
converter in the model. However, in reality DC-link voltage does not keep constant but

starts increasing during fault condition.

A switch-by-switch representation of the back-to-back PWM converters with their
associated modulators for both rotor- and stator-side Converters has been discussed.
Hysteresis control has been deployed. However, hysteresis controller has two main
disadvantages: firstly, the switching frequency does not remain constant but varies along
the AC current waveform and secondly due to the roughness and randomness of the
operation, protection of the converter is difficult. The latter will be of more significance
when assessing performance of the system under fault condition. In order to resolve the
identified problems, a switch-by-switch model of voltage-fed, current controlled PWM
converters, triangular carrier-based Sinusoidal PWM (SPWM) is applied to maintain the
switching frequency constant. In order to achieve constant switching frequency,
calculation of the required rotor voltage that must be supplied to the generator is adopted.

Synchronous PI controller has been adopted in order to control current-regulated induction
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machine. Power quality is actually an important aspect in integrating wind power plants to
grids. This is even more relevant since grids are now dealing with a continuous increase of
non-linear loads such as switching power supplies and large AC drives directly connected
to the network

Internal Model Control which is actually based on the concept of synchronous Pl
controllers. This method determines control parameters of the rotor-side converter of a
DFIG, assuming ideal operation of back-to-back PWM converter. The approach may not
be accurate enough due to the neglect of leakage factor. The same approach has been used
by, while acknowledging leakage factor of induction machine, with DFIG controlled from
the rotor-side. The same approach has been used, where dynamics of the PWM converters
is taken into account along with the control of the DFIG from both stator- and rotor-side

converters.

Wind turbines use a doubly-fed induction generator (DFIG) consisting of a wound
rotor induction generator and an AC/DC/AC 1GBT-based PWM converter. The stator
winding is connected directly to the 50 Hz grid while the rotor is fed at variable frequency
through the AC/DC/AC converter as shown in Fig. 3.1. The DFIG technology allows
extracting maximum energy from the wind for low wind speeds by optimizing the turbine
speed, while minimizing mechanical stresses on the turbine during gusts of wind. The
optimum turbine speed producing maximum mechanical energy for a given wind speed is
proportional to the wind speed. Another advantage of the DFIG technology is the ability

for power electronic converters to generate or absorb reactive power.

TURBINE
= AC/DC/AC CONVERTER -
Cgrid
— AC Crotor De 9 {
I
— ROTOR T
DRIVE
? TRAIN : * Vr * Vgc
WIND
| STATOR CONTROL
| INDUCTION I
GENERATOR |

PITCH ANGLE I
THREE PHASE
GRID

Fig 3.1 Basic Diagram of Doubly fed Induction Generator with converters
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Where V; is the rotor voltage and Vg is grid side voltage. The AC/DC/AC
converter is basically a PWM converter which uses sinusoidal PWM technique to reduce
the harmonics present in the wind turbine driven DFIG system. Here Ciq IS rotor side
converter and Cg;ig is grid side converter. To control the speed of wind turbine gear boxes

or electronic control can be used.
3.2 OPERATING PRINCIPLE OF DFIG

The stator is directly connected to the AC mains, while the wound rotor is fed from
the power converter via slip rings to allow DFIG to operate at a variety of speeds in
response to changing wind speed. Fig. 3.2 shows the power flow diagram for DFIG.
Indeed, the basic concept is to interpose a frequency converter between the variable
frequency induction generator and fixed frequency grid. The DC capacitor linking stator-
side and rotor-side converters allows the storage of power from induction generator for
further generation. To achieve full control of grid current, the DC-link voltage must be
boosted to a level higher than the amplitude of grid line-to-line voltage.

Qs 1 1Ps
Tm ()} I

~ - J Ac Crotor bC Cgridj{
%%E (ROTéR @}

T

- Tem \co Pr Pgc
Pm [ ] — —
Qr Qgc
STATOR

THREE PHASE
GRID

Fig. 3.2 Power flow diagram of DFIG

The slip power can flow in both directions, i.e. to the rotor from the supply and
from supply to the rotor and hence the speed of the machine can be controlled from either
rotor- or stator-side converter in both super and sub-synchronous speed ranges. As a result,

the machine can be controlled as a generator or a motor in both super and sub-synchronous
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operating modes realizing four operating modes. Below the synchronous speed in the
motoring mode and above the synchronous speed in the generating mode, rotor-side
converter operates as a rectifier and stator-side converter as an inverter, where slip power
is returned to the stator. Below the synchronous speed in the generating mode and above
the synchronous speed in the motoring mode, rotor-side converter operates as an inverter
and stator side converter as a rectifier, where slip power is supplied to the rotor. At the
synchronous speed, slip power is taken from supply to excite the rotor windings and in this

case machine behaves as a synchronous machine.

The mechanical power and the stator electric power output are computed as follows:

P = T D, e (3.1)
P T, e e (3.2)
For a loss less generator the mechanical equation is:

d
J Ji ST T (3.3)
In steady-state at fixed speed for a loss less generator
T = T e e (3.4)
P = P A P e (3.5)
And it follows that:
P =P =P =T 0 —T, 0, ==SP, (3.6)
Where, S = (wsw;wr) , s defined as the slip of the generator

r

Generally the absolute value of slip is much lower than one and, consequently, Pr
is only a fraction of Ps. Since Tm is positive for power generation and since ®s Is positive

and constant for a constant frequency grid voltage, the sign of Pr is a function of the slip

sign. Pr is positive for negative slip (speed greater than synchronous speed) and it is
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negative for positive slip (speed lower than synchronous speed). For super-synchronous
speed operation, Pr is transmitted to DC bus capacitor and tends to raise the DC voltage.
For sub-synchronous speed operation, Pr is taken out of DC bus capacitor and tends to
decrease the DC voltage. Cgrid is used to generate or absorb the power Pgc in order to
keep the DC voltage constant. In steady-state for a lossless AC/DC/AC converter Pgc is
equal to Pr and the speed of the wind turbine is determined by the power Pr absorbed or
generated by Crotor. The phase-sequence of the AC voltage generated by Crotor is
positive for sub-synchronous speed and negative for super-synchronous speed. The
frequency of this voltage is equal to the product of the grid frequency and the absolute
value of the slip. Crotor and Cgrid have the capability for generating or absorbing reactive

power and could be used to control the reactive power or the voltage at the grid terminals.

3.3 DYNAMIC MODEL OF INDUCTION MACHINE

The Asynchronous Machine block operates in either generator or motor mode. The
mode of operation is dictated by the sign of the mechanical torque:

e When Tm is positive, the machine acts as a motor.
e When Tm is negative, the machine acts as a generator.

The electrical part of the machine is represented by a fourth-order state-space
model and the mechanical part by a second-order system. All electrical variables and
parameters are referred to the stator. This is indicated by the prime signs in the machine
equations given below. All stator and rotor quantities are in the arbitrary two-axis

reference frame (dq frame) as shown in Fig. 3.3(a) and Fig. 3.3(b).

Rs oQ ds Lls LIr (0-0)o R
: O W—
e A
Vgs lgs Iqr
Lm Var
Fig.3.3(a)
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Rs O gs Lis

LlIr

(0—o)o

Rr

Fig.3.3 (b)

Equivalent Representation of d-q model of induction machine

To obtain the dynamic model, stator and rotor voltage equations, power and torque

equations, stator and rotor flux linkage equations are needed. These equations are

summarized as -

Stator Voltage Equations

Vs = Flgs &+ P@us + O Ppyq oo, (3.7)

Vis =g F PPy =@ ..o (3.8)

Rotor Voltage Equations

Vi =6+ POy + (@ =@ )Py e (3.9)

Vi =g POy = (@ =@, )P oo

Power Equations

3., . .

PS = E(VdSIdS +VqSIqS) ............................................................................... (3-11)
3., . .

QS = E qSIqS _VdSIdS) .............................................................................. (3-12)

Torque Equation

T, =1.5P(Pugles = Paslas) v vvmmmmmnemiei e
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do, _ k(i} T o T — @, oo (3.13b)
dt  \2H

Stator Flux Equations

P = (L + L igg Loy oo vveves ettt (3.14)
Dgs = (L Ly i+ Loy e veeeeeeeeeseeees oot (3.15)

Rotor Flux Equations

Do = (L L iy Ll oo (3.17)

3.4 MODEL OF PWM CONVERTER AND CONTROL SCHEME

Mathematical modeling of converter system is realized by using various types of
models, which can be broadly divided into two groups: mathematical functional models
and Mathematical physical models (either equation-oriented or graphic-oriented, where
graphic-oriented approach is actually based on the same differential equations). Functional
model describes the relationship between the input and output signal of the system in form
of mathematical function(s) and hence constituting elements of the system are not

modeled separately.
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Fig.3.4 Back-to-back PWM converter structure
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Physical model constitutes elements of the system separately and also considers
interrelationship among different elements within the system, where type and structure of
the model is normally dictated by the particular requirements of the analysis, e.g. steady-
state, fault studies, etc. Graphic-oriented switch-by-switch representation of the back-to-
back PWM converters with their modulators for both rotor-side and stator-side converters,

are represented in Fig. 3.5 as a resistive switch.

A voltage-source, current controlled PWM converter is used. The main task of the
control in the Current Controlled PWM converter is to force the current to follow their
reference signals. By comparing desired and actual values of the phase currents, the
Current Controlled generates the switching states for converter which decreases the
current errors. There are various ways to obtain the switching signals for the inverter
switches in order to control the inverter output current. The simplest is hysteresis control,
where the actual current is compared to the desired current in each phase leg of the
converter output. Sinusoidal Pulse Width Modulation (SPWM) method is adopted, which
is based on a triangular carrier signal. By comparison of the common carrier signal with
three reference sinusoidal signals the switching instants of the IGBTs are obtained. In
order to maintain the switching frequency within the switch-mode converter constant, it is
a best to calculate the required rotor voltages that the converter must supply to the
machine, making the rotor currents equal to their reference values. The control of

generator and converter can be explained as following-
3.41 ROTOR-SIDE CONTROL

Aligning the d-axis of reference frame to be along the stator flux linkage (stator

flux oriented control) will result in:

And hence from Eq. (3.14):

= Lm e
Is :_—I r ------------------------------------------------------------------------------- -1
d L. +L, ° (3.19)

Substituting for iy, into Eq. (3.13) will result in:
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For ¢g to remain unchanged at zero, pp,, must be zero. Substituting for pe, using
equation (3.7) and (3.8) will result in Vi = r.ig, . Neglecting stator resistance will lead to

V= 0. Substituting forV; = 0, egs. (3.11) and (3.12) will be simplified as follows:

P = VgD o (3.21)
e 3 eze
Q! = Vg ) o (3.22)

Therefore, the above equations show that active and reactive powers of the stator

can be controlled independently.
3.4.2 DECOUPLING CONTROL SCHEME

Using stator flux oriented approach with current controlled PWM inverter requires
decoupling scheme. In fact, the system is coupled because the inductance matrix is not
diagonal. It means that any changes on voltage component in d or g axes results in changes
in both current components. In order to combat this problem, equations will be re-

developed in order to compensate for these cross coupling between d and g axes.

Leakage factor of the induction machine can be defined as:

L2
=1- o e, 3.23
¢ (Lls + Lm)(LIr + Lm) ( )

Substituting for ij, from Eq. (3.15) into Eq. (3.17) for A; and from Eg. (3.19) into

Eq.(3.16)
e e I-m e
¢dr = G(L” + Lm)ldr +L—¢ds .............................................................. (324)
Is m
P = O (L L e oo (3.25)
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Substituting above equations into Eq. (3.9) and (3.10) for V; and V;

Ve =V,° FV g omp + 5 (3.26)
Vy :Vq're FV g omp + e (3.27)
Where,

Vo = is 0 (L, 4 L ) Pl oo (3.28)
L e (T (3.29)

e Lm e M

Vdr,comp = |_|S+—|_m Plg — (a)e -o,)o(L, + Lm)lqr ............................................ (3.30)
Var comp = (@ —cor)#gojs + (0, —,)o (L, +L,)ig e (3.31)

L|s+Lm

Adding these compensating terms to the corresponding uncompensated voltage
terms makes it possible to achieve decoupled performance of the stator flux-oriented

control of the rotor-side converter.
3.4.3 STATOR-SIDE CONTROL

The main objective of stator-side converter is to maintain the DC-link voltage
constant regardless of the magnitude and direction of the slip power. A current-regulated
PWM scheme is used, where q and d axes currents are used to regulate DC-link voltage
and reactive power, respectively. Based on Fig.3.2 and taking into account the inductance
and resistance of the input filter, voltage equations across the inductor can be written as

follows:

Vas ias ias Val

Vis | = R g [+ LR oe [F [ Vor |eeeeeeeiie e (3.32)
VCS iCS iCS VCl

Applying phase and rotation transformations to the above equation results in:
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Vg = Rig +Lpig —o,Lig +Vy oo (3.33)

VE = RIE + LPI&, — @, LIS VS oot (3.34)

Therefore, reference values for front-end converter can be written as:

VI = RIE LIS +(@,L08) oo (3.35)
Vo = =R = Lpic, + (@, L5 =Vig) v (3.36)

Where, the term in bracket represents the decoupling terms. Neglecting harmonics, the

capacitor leakages and losses in the inductor resistance and converter itself.

By = Vbl vt (337)

2 = 2'\\/'/15 E e, (3.38)
3 e

ls = m Mllqs .............................................................................. (3.39)

CPE =y — Iy oo, (3.40)

Assuming rotor-side converter DC-link current as disturbance and combining egs. (3.39)
and (3.40)

3.5 CONTROLLER DESIGN
The controller design is explained through following steps-
3.5.1 BASICS OF INTERNAL MODEL CONTROLLER

The idea behind IMC is to augment the error between system, G(S), and the model
of the system, G(s), by a transfer function C(S). For a first-order system the controller is

an ordinary PI controller which can be represented as follows:
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F(s) =k, +% = %é‘l(s) ............................................................. (3.42)

Where, G(s)is the transfer function of the system.

3.5.2 SUPPLY-SIDE CONVERTER

In simplified design the small time constants such as power converter dead time,
feedback filter and digital signal processing delay are neglected. Thus, only the dynamics
of supply-side filter is taken into account. Fig.3.5 shows the current-control loop of stator-
side converter. Based on egs.(3.35) and (3.36) and considering compensation terms as

disturbance, the plant for the current control loop is given by:

SRS O 1 N 01
RL9C() (R+ Ls)igs (5) Rl i :
Is(ref) " PI | convERTER PLANT ls
Fig.3.5 Current-control loop of stator-side converter
Given converter model as:
M. E
e T o e, (3.44)
2\/tri
And substituting for Eq. (3.40)
o L
k, = [ (3.45)
o . R
K = o 3.46
I kCS ( )
+ E
E(ref) PI -~ DC LINK - PLANT -
CONTROLLER L CONSTANT - -

Fig.3.6 DC-link voltage-control loop
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Based on fig.3.6 and given DC-Link transfer characteristics from Eq. (3.40) and

plant transfer function as:

E= f G ettt e 3.47
a2 (347
G(s) = — (3.48)
Dg 7T :
And substituting for Eq.(3.41) leads to
A (3.49)
P 3M,

There will be a remaining error when the induction machine is loaded and active power
flows between DC-link and the machine. The remaining error can be eliminated by adding
an integrator to the DC-link voltage controller. The following is often adopted for the

selection of the controller integration time:

10

T = o (3.50)
aE

WhErE, T, == e e (3.51)

3.5.3 ROTOR-SIDE CONVERTER

As mentioned previously, in order to keep the switching frequency constant, it is
necessary to calculate the required rotor voltages. The iqr and idr errors are processed by
the PI controller to give VVgr and Vdr, respectively. Using Eq. (3.28) and (3.29), the plant
can be represented by transfer functions below:

1 e

. v
ige (S) rso(L T L) () e, (3.52)

1 ‘e
r +so(L, +L,) *

ig () = (S) oo, (3.53)
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Therefore, the transfer function of the Plant is given by:

A 1
G(s) = O L L e (3.54)

Incorporating dynamics of PWM converter makes the block diagram as shown in Fig.3.7.

Where converter can be represented as:

Ir
Ir(ref) PI PLANT
CONTROLLER | CONVERTER i >

Fig.3.7 Designing current-control loop for constant switching frequency

M. E
kcr = # ............................................................................. (3.55)

tri
This will determine control parameters as follows:

B oo, +L,)

Assuming single-mass representation of the mechanical drive train and using Fig.3.8, plant

transfer function for speed controller is given by:

. ) CONTIE:DLLER > PLANT “’:
Fig.3.8 Speed control loop of DFIG
G(s) = —1 (3.58)
GG D T
a,JP
Koo = R P TSRS (3.59)
K = 0 D (3.60)
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CHAPTER 4
HVDC TRANSMISSION SYSTEM

4.1 INTRODUCTION

The industrial growth of nation requires increased consumption of energy,
particularly electrical energy. This has led to the increase in the generation and
transmission facilities to meet the energy demands. In modern countries, till early
seventies, the demand doubles after ten years. In developing countries demand doubles in

every seven years which requires considerable investment in power sector.

Remote generation and system interconnection lead to search for efficient power
transmission at increasing power levels. The increase in voltage levels is not always
feasible. The problems with long distance AC transmission had led to development of the
High Voltage Direct Current (HVDC) Transmission. However, as generation and
utilization of power remain at alternating current, HVDC transmission requires conversion
at two ends from AC to DC at sending end and DC to AC at receiving end. The HVDC
technology still undergoing many changes due to continuing innovation directed at
improving reliability and reducing costs of converter stations. The HVDC systems are
quiet reliable as converter control allows flexibility in system operation, full realization of
the potential benefits. HVDC transmission requires detailed study during the planning and
design stage. This necessitates proper modeling and analysis of HVDC systems. The
successful use of thyristors for power control in industrial devices encouraged its adoption
in HVDC converters by development of high power semiconductor devices.

The HVDC technology is a high power electronics technology used in electric
power systems. It is an efficient and flexible method to transmit large amounts of electric
power over long distances by overhead transmission lines or underground/submarine
cables. It can also be used to interconnect asynchronous power systems. Nowadays, the
HVDC is being widely used all around the world. Until recently HVDC based on
thyristors, which is called traditional HVDC, has been used for conversion from AC to DC
and vice versa. Recently a new type of HVDC has become available. It makes use of the
more advanced semiconductor technology instead of thyristors for power conversion

between AC and DC. The semiconductors used are insulated gate bipolar transistors
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(IGBTSs), and the converters are voltage source converters (VSCs) which operate with high

switching frequencies (1-2 kHz) utilizing pulse width modulation (PWM).

Owning to IGBT valves, VSC-HVDC systems allows independent and total
control of active and reactive power at each end of the line and power transmission can be
controlled with high flexibility. VSC-HVDC can address not only conventional network
issues such as bulk power transmission, asynchronous network interconnections, back—to—
back AC system linking and voltage/stability support, but also niche markets such as the

integration of large scale renewable energy sources with the grid.
4.2 PRINCIPLE OPERATION OF HVDC TRANSMISSION SYSTEM

A high-voltage, direct current (HVDC) electric power transmission system uses
direct current for the bulk transmission of electrical power, in contrast with the more
common alternating current systems. For long-distance distribution, HVDC systems are
less expensive and suffer lower electrical losses. Also to provide an asynchronous link
between two ac systems, it is necessary to have a dc system in place. The dc system
basically has two converter stations one at each end, connected by dc transmission line as
shown in Fig. 4.1. The generated ac power is fed to the dc transmission line through

converter station that that comprises transformers and thyristor valves.

Recifier  Inverer
()@ E e RO
I L

Pl

F 1 F
I ¢|PLL B|P‘LL ¢ I

Fig 4.1 HVDC Transmission System Model
The dc output voltage magnitude is controlled by varying the firing angle of

thyristor valves in the converter. In rectifier the firing angle is between 0° to 90° while in

inverter is in between 90° to 180°.
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43 CONFIGURATIONS OF HVDC SYSTEMS

HVDC converter bridges together with lines or cables can be arranged in a number

of Configurations. These configurations are-

. Monopole System
. Bipolar System
. Homopolar System

In a common configuration, called monopole as shown in Fig. 4.2., one of the
terminals of the rectifier is connected to earth ground. The other terminal, at a potential
high above, or below, ground, is connected to a transmission line. The earthed terminal
may or may not be connected to the corresponding connection at the inverting station by
means of a second conductor. If no metallic conductor is installed, current flows in the
earth between the earth electrodes at the two stations. Therefore it is a type of single wire
earth return. Since one terminal of the converters is connected to earth, the return
conductor need not be insulated for the full transmission voltage which makes it less
costly than the high-voltage conductor. Use of a metallic return conductor is decided based
on economic, technical and environmental factors. Modern monopolar systems for pure
overhead lines carry typically 1,500 MW. If underground or underwater cables are used

the typical value is 600 MW.

AC SYSTEM AC SYSTEM

-CD—# * D]

Fig.4.2 Monopolar System

Bipolar transmission as shown in Fig. 4.3 consist a pair of conductors is used, each
at a high potential with respect to ground, in opposite polarity. Since these conductors
must be insulated for the full voltage, transmission line cost is higher than a monopole

with a return conductor. Under normal load, negligible earth-current flows, as in the case
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of monopolar transmission with a metallic earth-return. This reduces earth return loss and
environmental effects. When a fault develops in a line, with earth return electrodes
installed at each end of the line, approximately half the rated power can continue to flow
using the earth as a return path, operating in monopolar mode. A bipolar system may also
be installed with a metallic earth return conductor. Bipolar systems may carry as much as
3,200 MW at voltages of +/-600 kV.

AC AC
system system

QD% QD
a1 # D

Fig.4.3 Bipolar System

Homopolar link has two or more conductors having same polarity (usually
negative), and always operates with ground return. The homopolar link is shown in fig
4.4.The main advantage of homopolar link is that a negative polarity causes less radio

interference due to corona.

AC AC
system system
O F | ]
4| | Metallic return |17
—C0O > £—C0O—

Fig.4.4 Homopolar System
44 MAIN COMPONENTS OF HVDC SYSTEM

In an HVDC system, AC is converted in DC by means of a combination of
converter transformers and converter valves. The rectifier and inverter normally control

the DC current flowing in the circuit and do this by adjusting its output DC voltage to give

34



a current flow. The main components for the HVDC system are shown in Fig. 4.5. The

components are-

e Converters

Transformers

DC capacitors

e Cables
o Filters

Q P Q

4+—>» 4+—>» +—p
Converter DC
Transformer T } T Ph o
AC ‘{ capacitor { ase reactor AC
system ymebemy = i o= |__‘( Q ) system
1 AC | } AC i
{Filter} T y Flter |

I" DC cable ‘|: -

Fig.4.5 Main Components of HVDC System

Conversion from AC to DC (Rectifier Station) and conversion from DC to AC
(Inverter Station) is performed by converters, and consists of valve groups and
transformers with tap changers. A point-to-point transmission requires two converters. The
role of converter and inverter stations can be reversed (resulting in power reversals) by
suitable converter control. Converter unit usually consists of three phase Converter Bridge
arranged in 6 pulse or 12 pulse. The converter fed from converter transformer connected in
star/star or delta/star arrangement. Converter valves firing signals are generated in the
converter control at the ground potential and are transmitted to each thyristor. The light
signal received at the thyristor level is converted into electrical signal using gate drive
amplifier with pulse transformers. The converter valves are protected using damper circuit
and protective firing. Converter transformer can have different configurations (i) three
phase two winding (ii)single phase, three winding. The converter side is connected in star
or in delta connection. On the AC side, the transformer winding is connected in star
connection with point grounded. The transformers are designed to withstand harmonic DC

voltage stresses and increased eddy current losses due to harmonic currents.

Normally, the converters are connected to the AC system via transformers. The
most important function of the transformers is to transform the voltage of the AC system
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to a level suitable for the converter. For six-pulse converter, a conventional 3-phase or
three single phase transformers is used. Converter transformers are specially designed
power transformers differing in many respects from the usual power transformer. The
valve side transformer windings are designed to withstand alternating voltage stress and
direct voltage stress from Valve Bridge. The current flowing through the windings consists
of high harmonic contents. Thus the losses due to eddy current are high. The noise due to
magnatostriction is higher and may require specially designed tank. Converter

transformers serve several functions.

e \oltage transformation between the AC supply and the HVDC system.

e Supply of AC voltages in two separate circuits with a relative phase shift of
30electrical degrees for reduction of low order harmonics, especially the 5th and 7"

harmonics.

e Act as a galvanic barrier between the AC and DC systems to prevent the DC potential to

enter the AC system.

¢ Reactive impedance in the AC supply to reduce short circuit currents and to control the

rate of rise of valve current.

DC capacitors are placed on the DC side and the main goal is to provide a low
inductive path for the turned-off current and an energy buffer to control the power flow. If
disturbances happen in the AC system the result will be variations in the DC voltage. The
aim of there capacitors is to limit these variations. The proper sizing of these capacitors is
essential in an HVDC system. Because of the switching frequency of the PWM converter,
the current flowing to the DC side contains harmonics which will result in a ripple on the
DC side voltage. The magnitude of ripples depends on the size of the DC capacitor and on

the switching frequency.

Using DC cables for connecting the offshore wind farms to different systems
offers several advantages such as better transmission efficiency for long distances and
high powers, no magnetic losses, less weight then AC cables. The used cables have
polymeric insulating material which provides them strength and flexibility, reasons that
makes then suitable for severe installation conditions like submarine. The total capacitance
of the DC link model is characterized by the converters and the cable DC bus capacitance.

For modeling the DC cables, a i—model is used.
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The currents and the voltages at the inverter and rectifier are not sinusoidal due to
the commutation valve switching process. These non-sinusoidal current and voltage
waveforms consist of the fundamental frequency AC component plus higher-order
harmonics. Connecting a voltage source converter to the transmission system the voltage
must be sinusoidal and this is accomplished by using reactors and AC filters. Voltage
source converters based on PWM is controlling the ratio between the fundamental voltage
frequency on the DC and AC side. One advantage of using voltage source converters is
that no reactive power compensation is needed, therefore the number of filters will be

reduced and the current harmonics on the AC side are related only to the PWM frequency.
4.5 MODELING OF HVDC SYSTEMS

The modeling of the HVDC components is realized in the dgq synchronous
reference frame since the control will be implemented in the same reference frame. Fig.4.6
shows a schematic representation of the HYDC VSC link that is going to be modeled. It
consists of two three-phase sources, left and right side of the figure, which represent the
equivalent electrical systems that are connected by the DC link. The DC Link is composed
of two VSC converters connected by a DC cable. It is important to notice the inductances
between the three-phase sources and the converters. These inductances are fundamental in
order to allow active and reactive powers at both sides of the DC link to be controlled. The
resistances that are in series with these inductances represent the power losses in the
converters. Then the resistance and inductance in the DC cable represent its resistance and

self inductance, respectively.

lal 114 i ¥ R » 2a() a2 sl
i Visa(t - Via(t) i

ol 1bft DC — b2 «
VLsh(Y) + Viib ([) |dC].2(t) \2sh(t)

Ic1
ot I1c(t) - Vdel  Vde2 I -
@ | YYY -> V1ic(t)

AC

Fig.4.6 Voltage Source Converter based High Voltage Direct Current
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Applying voltage Kirchhoff law to the left AC side yields:

Vlsa Ila d ila Vlia 0
Vi, |- R iy [— L m L [ = Viip [ =] 0] oo (4.1)
Vlsc ilc ilc Vlic 0
2 .
Vi, =V, 3 sin(ot+6,)
Vig =Vl\/§sin(a)t +0, - ZTH)
v, ZVl\E sin(a)t+01+2?n) ..................................................................... 4.2)
Vy, = kM, sin(ot + 6, +6,)
vy, = kM v, sin(ot + 6, + 6, —Z?H)
V. = kM, sin(ot +6, + o, + Z?H) ............................................................. 4.3)

The resistance and inductance matrices are defined as R, =diag(r,,r,,r,) and
L, =diag(l_;,1,,.1,) respectively. The equations corresponding to the right-hand side

device are obtained by just exchanging the subscript "1" by "2". Then the equations can be

written in a compact form as follows:

=abc
v R | d(';t U 0o (4.4)
abc =abc d I; b abc
Voo —R,i; —sz—v2i =0 (4.5)

The following Park transformation:

cos(wt)  cos(wt— 2?1‘[) cos(wt + Z?H)
= _2 —sin(wt) —sin(a)t—z—n) —sin(a)t+2—H) ............................................ (4.6)
3 3 3
1 1 1
2 2 2 |

38



and its inverse P~%, can be applied in abc coordinates, X**, to transform the system

into the synchronous rotating reference frame D -Q, whose coordinates are x = x%®. Then

the relation between the two coordinate systems is x™ = Px® and x*° = P *x. Applying

this to (4.4) and (4.5) a D -Q model is obtained as follows:

1
Pilvls - R1P71i1 - L1 M

_ _1: d(P™i,)
P™v,, —R,P, - L, ——2~
2s 2 2 L2 dt

Multiplying by P:

1
d(P |1)_Vli _
dt

Vis — R1i1 - L1

d(P,)

Va

S

Where, the dqO currents for both devices are defined as follows:

I1d I2d
Iy = [ i | By = [ g oo
IlO I20

On the other hand, the voltages in dg0 reference frame are:

vl\/g sin(6,)

Vlsd 2
abc
Vi, =PV =V |= —vl\/g COS(B)) [-vnvvmeneniiiee e

VlsO 0

Viig kM,v,, sin(é, + &)
abc
v = Pvli = Vaig

Vli 0 0
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vl\/gsin(ez)

V25d
Voo = PV3 = vy =] Y, J% COS(B,) [ +vvvnmneeeeeeeei e, (4.14)
Vaso 0

Vyig kM,V,., sin(8, + o,)
=PV = |V, (=] KMV, COS(E, +3,) [ e (4.15)
V2i0 O

2iq

Considering that the resistances and reactances are the same in each phase they can be

written as ry = ry = ry = rg and 1; = Iy = Iy = Iy, and similarly for the right-hand side

device. Then, denoting L;=I;1 and R;=r4l, with I the identity matrix, yields:

ae-i)_ d| ], |

dt tdt|
0

LP

And, same for the other end converter.

Applying voltage Kirchhoff law to the DC-Link:

Vis = Ryigs =Ly Stz (v 0 (4.17)
dv
Gl gy =0 (4.18)

The dynamic model for the DC system is obtained as follows:

. dv,, .
iger —C, #— etz = 0 ettt

The coupling between the AC and DC sides can be based in the power conservation
principle. For the left AC side, the power at IGBT's AC terminals is:

R (1 LSOO USSP (4.20)
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T R PP

It is supposed that the losses in the converters are represented by the resistances r; and ry,
included in the circuit but not in the converters. Then, the converters are considered

lossless, which means that the powers on the AC sides equal the power in the DC sides.

D = Py e e e e e e e, (4.22)

In the dqO reference frame equation (4.20) can be written as:

pf.z‘é = Vﬁbc (ilabc )T = Pliac = (Pilvli )(Pilil)T

3 _ [ PPN (4.23)
= E[Vlid by + Vliq Ilq + 2Vli0|10]
and for the right AC side:
p;t;cc :Vgibc (igbc)T = Paiac = (Pilvzi)(Piliz)T
.................................................... (4.24)

3 . ) )
= E[Vzidlzd +V2iq|2q +2V2i0|20]
Then the currents ig; and ige2 can be written as a function of the AC side variables as
follows:
B <\ +Vijq ilq]

1 =
7 T
2Vdcl

i _ 3[VZd Ild + VZiq Ilq]
dcz T s e e e e e s e s s s e s s e s e e st ssessse s st s s e e e e et s s e eeeeessss et
2Vdc2

As the system is considered balanced, i = 0 and iy =0.

Equations (4.25) and (4.26) can be substituted in (4.18) and (4.19), respectively. Then the
whole model of the AC-DC system is composed by the equations (4.9), (4.10), (4.17),
(4.18) and (4.19). This can be written in the state-space standard form:

X o K U)o (4.27)
X=[ig Bq Vag darz dog dag dag] «oeereeemiee e (4.28)
U=[8, M, S8 My o (4.29)
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CHAPTER 5
SIMULATION AND RESULTS

5.1 SYSTEM MODEL

The doubly fed induction generator based wind turbine is connected to the grid
located 30 km as shown in Fig.5.1. The grid is further connected with 5SMVA HVDC
model through a step-up transformer stepping the voltage from 400V to 1600V. The
converter operating as rectifier converts ac to dc voltage. The obtained dc output is
connected to 200 km long transmission line to converter operating as inverter to yield ac.
The Fig.5.1 shows the controls for both the rectifier and inverter converters. HYDC model
represents the asynchronous link between the two converter stations. The filters are used
to remove the ripples present in the ac voltage. Using a step down transformer (1000V to

500V) the voltage is observed at consumer end.

5.2 DFIG TURBINE MODEL

Wind turbines driven doubly-fed induction generator (DFIG) consist of a wound
rotor induction generator and an AC/DC/AC 1GBT-based PWM converter. The stator
winding is connected directly to the 60 Hz grid while the rotor is fed at variable frequency
through the AC/DC/AC converter as shown in Fig.5.2. This arrangement of DFIG control
allows extracting maximum energy from the wind for low wind speeds by optimizing the
turbine speed, while minimizing mechanical stresses on the turbine during gusts of wind.
The optimum turbine speed producing maximum mechanical energy for a given wind
speed is proportional to the wind speed as discussed in detail in Chapter 3. The system is
modelled in SIMULINK and sub-blocks are discussed. They are-

e Induction Generator Model
e Converter and Pitch Control Model
e Wind turbine Model

5.2.1 INDUCTION GENERATOR MODEL

The electrical part of the machine is represented by a fourth-order state-space

model and the mechanical part by a second-order system. The electrical variables and
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parameters are referred to the stator. All stator and rotor quantities are in the arbitrary d-q

axis reference frame (dq frame).

The electrical model suggests that the stator and rotor fluxes are obtained using the
numerical integration from Eq. (3.14)-(3.17). However, the stator and rotor currents are
obtained using the computed fluxes and the inductance parameters. Further, the above
model is a d-q variable model and therefore the outcome will be d-q axes fluxes and
currents. For the clarity, the dq variables are to be converted back into the phase variables.
For computing the fluxes the stator and rotor voltages, which are the input, are to be
represented into the dq variables. Therefore, the implementation is carried out using the

following steps:

Step 1 The Vds, Vgs, Vdr, Vgr are obtained from the phase variapes Vabe and V'ape
through the following sub-steps:

e The sine and cosine values for ©, or and 3 are calculated where,
wr is angular speed of rotor
O is rotor angle
And, B =0O-0Or

e The stator & rotor voltages (V°ae , V'anc) are transformed into dq axes to form

Vdgs and Vdqr using Park transformation to form equation no (3.7) to (3.10)

Step 2 The mutual fluxes for rotor and stator side can be calculated as shown in Fig.5.3.

-
<

o

S

qin  phimq_sat

in phimd_sat

p ‘O@

phicyr phicr

o>

phigs phids

phimiy phimd

Saturation

Fig.5.3 Mutual Flux Linkage of Asynchronous Machine

Por P
o = (LI_q +L|—qj Ly ettt (5.1a)
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Fig.5.4 Subsystem of Mutual flux linkage (Saturation)

The mutual flux for the saturation that describes the magnetic saturation can be

calculated from the Fig. 5.4 as the following:

La

Poa_sat = Pa_in —[(poly func)gomq_in} Lq ................................................... (5.2a)
Lad

Prd_sat = Pra_in —| (POl fUNC)gp ¢, [ (5.2b)

Step 3 The currents for stator and rotor side Idgs & ldqgr are calculated as the following:

The current and flux equations for the rotor side of induction generator are

modeled from Fig.5.5 as:

e = K = D e (5.3a)
Iir =K g = Drg e (5.3b)
Por =K Vg =0y (@ =@, )iy oo (5.4a)
Por =K Vo =0 (@ =@ )iy oo (5.4b)

Where ¢, ,and ¢, are obtained in Eq no. (5.2a) and (5.2b)
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Fig.5.5 Model of Rotor side of Induction Generator

The current and flux equations for the stator side of induction generator as

shown in Fig.5.6 are modelled as:

e =K s = g e (5.5a)
s = K s = g e, (5.5b)
Pos =K Vg =@ =g oo (5.6a)
Pos =K Vg =00 —lgg i (5.6b)
D = F D e (5.7)
Iy = I i e (5.8)

h—

—-:B iqs,ids
' et -k

id
- o= phigs,phids

phis.is

Fig.5.6. Model of Stator side of Induction Generator
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Step 4: The rotor and stator side currents are transformed into phase currents.
Step 5: Torque is calculated as shown in above equation (3.13) from the Fig. 5.8.

Step 6: From the mechanical model of the induction generator equation (3.13b) is

obtained.

Fig.5.7. Mechanical Model of Induction Generator

Following equations are implemented to simulate the mechanical model as shown

in Fig.5.7.
46, _ k(iJ T =T =@, e (5.92)
dt 2H
1
o, = (—J T =T =, o (5.9b)
2H

The complete simulink model of Induction Generator constitutes to as shown

below in Fig.5.8.
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Fig.5.8 Model of Induction Generator
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5.2.2 CONVERTER AND PITCH CONTROL MODEL

The control sub-system shown in Fig.5.2 is represented in expanded form in

Fig.5.9. It consists of: filter block, control block for grid side controller and rotor side

controller and PWM generator for both the IGBT converters.

P
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labc_grid_cony
vdc e
o
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Fig.5.9 Subsystem of control system

The “filter’ block in Fig.5.9 represents the Discrete Second order filters are used to

reduce or enhance certain aspects of the signal, having cut off frequency of 1000Hz and

damping factor of 0.707. The Model of Control System can be studied under four sub-

models as shown in Fig.5.10. These sub-models are-

Pitch angle control

Discrete Phase Locked Loop
Grid Side Converter control

Rotor Side Converter Control
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Fig.5.10 Subsystem of control block

A Discrete phase-locked loop is a control system that tries to generate an output
signal whose phase is related to the phase of the input "reference” signal. This circuit
compares the phase of the input signal with the phase of the signal derived from its output
oscillator and adjusts the frequency of its oscillator to keep the phases matched. Phase
locked loop system is used to synchronize on a set of variable frequency, three phase

sinusoidal signals. This ‘Discrete 3-phase PLL’ has three inputs and two output signals

defined as-

Input: Three phase voltage signals [Va, Vb, Vc]

Output 1: Measured frequency [Hz] = 22
T

Output 2: Phase varying ct from 0 to 2pi.
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Fig.5.11 Grid side converter control system

The grid side converter control is shown in Fig.5.11. It is used to regulate the
voltage of the DC bus capacitor. In addition, this model allows generation or absorption of

reactive power. The operation is explained as the following:
¢ Transforming the voltages and currents Vabcs and labcs into dq reference frame.

e An outer regulation loop consists of a DC voltage regulator. It computes the output
reference current Id_ref between the nominal DC voltage and DC voltage, for the
current regulator (Id_ref = current in phase with grid voltage which controls active

power flow).

e An inner current regulation loop consisting of a current regulator. The current
regulator controls the magnitude and phase of the voltage generated by converter
control grid from the Id_ref produced by the DC voltage regulator and specified
Idg_ref reference. The current regulator is assisted by feed forward terms which
predict the Control grid output voltage. The magnitude of the reference grid
converter current is given by:

2
- Iq_ref

Igc_ref = Idz_ref
The maximum value of this current is limited to a value defined by the converter
maximum power at nominal voltage. The stator voltage obtained is delayed by one step
and provided to PWM generator. The PWM generated pulses control the stator side

converter.
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Fig.5.12 Rotor side converter control system

The voltage or the reactive power at grid terminals is controlled by the reactive

flowing in the rotor converter. Rotor-Side Converter Control System is shown in

Fig.5.12. It consists of-

Transforming the currents of stator, rotor and grid converter into dq reference

frame such as Idq_r, Idg_s and Idq_gc.

The actual electrical output power, measured at the grid terminals of the wind
turbine, is added to the total power losses (mechanical and electrical) and is
compared with the reference power. A Proportional-Integral (PI) regulator is used
to reduce the power error to zero. Using the torque regulator the Idr_ref is

calculated.

The output of reactive regulator ‘Q Regulator’ is the reference rotor current Iqr_ref

that must be injected in the rotor converter.

The actual Igr component of positive-sequence current is compared to Iqgr_ref and
the error is reduced to zero by a current regulator (PI). The output of this current
controller is the voltage Var generated by rotor converter. The current regulator is

assisted by feed forward terms which predict \Vqr.

Voltage at the rotor converter VVdqr is transformed into abc reference frame.

The rotor voltage obtained is delayed by one step and provided to PWM generator. The

PWM generated pulses controls the rotor side converter.
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Fig.5.13 Pitch angle controller
Pitch_angle = co,— Speed_D
The value of Speed_D is 1.21pu.
Wind turbine is designed to produce optimum power with 11 m/s of wind speed.
However, the wind speed always fluctuates up and down around this optimum. To

generate the optimum power, pitch needs to be controlled.

The PWM Generator block generates pulses for carrier-based pulse width
modulation (PWM) converter using two-level topology. The block can be used to fire the
forced-commutated devices IGBTs. The pulses are generated by comparing a triangular
carrier waveform to a reference modulating signal. The modulating signals can be
generated by the PWM generator itself, or they can be a vector of external signals
connected at the input of the block. The amplitude (modulation), phase, and frequency of
the reference signals are set to control the output voltage (on the AC terminals) of the

bridge connected to the PWM Generator block.
5.2.3 WIND TURBINE MODEL

The wind turbine model is based on the steady-state power characteristics of the
turbine as shown in Fig.5.14. The stiffness of the drive train is infinite and the friction
factor and the inertia of the turbine must be combined with those of the generator coupled
to the turbine. The output power of the turbine is given by the following equation.

P

mech

3
=0.5C, p,, 7RY,

N IR R R R R

lambda

op
beta

Afep_nom

cp(lamb da,beta)

x
A o P>
|ﬂ-| Tm (pu}
=on

Fig.5.14 Modeling of Wind turbine
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Fig.5.15 Cp calculation

The rotations or speed of wind turbine is controlled by pitch control during the
varying wind. The pitch control thus extracts a fraction of the power in the wind. This
fraction is expressed as the power efficiency coefficient, Cp, of the wind turbine as shown

in figure 5.15. The Cp can be expressed as a function of A and p:

5.3 HVDCSYSTEM MODEL

The output generation power from wind turbine is connected to HVDC System.
Using the rectifier the AC voltage is converted into DC voltage. The filtered DC voltage is
applied to an IGBT inverter generating 50 Hz. The IGBT inverter uses Pulse Width
Modulation. The load voltage is regulated at 1 pu (1000V rms) by a PI voltage regulator
using abc to dq and dq to abc transformations. The first output of the voltage regulator is a
vector containing the three modulating signals used by the PMW Generator to generate the
6 IGBT pulses. The second output returns the modulation index. Using LC filters the

voltage is observed at the consumer end. The HVDC System is shown in Fig.5.1
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Fig.5.16 Subsystem of Rectifier control

54



A pulse generator synchronized on the source voltages provides the trigger pulses
for the six thyristors. The converter output current is controlled by a PI current regulator
built with Simulink blocks as shown in Fig.5.16. A step signal is applied to the reference

input to test the dynamic response of the current regulator.

voltage Regulator

- Fulses Lref “abo i Wabc (pu)
out1

In1 %ref (pu)
Discrete 1

Pyl Generator Vd_ref {pu)

modulation index

Fig.5.17 Simulated PWM Discrete Pulse Generation for Inverter

The rectified dc is then made to pass through a DC link. From, the DC link, the dc
voltage is transmitted via a long distance HVDC line. At the inverter station, the
transmitted dc voltage is inverted to get the ac voltage. The inverter uses PWM
modulation to get the sinusoidal waveform. The control system of inverter is shown in
Fig.5.17.

The ac voltage obtained from inverter is then filtered by a system of filters
comprising of inductors and capacitors. A filter system is shown in Fig.5.18. The filtered

output is available at consumer end.
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Fig.5.18 Filter System.

55



5.4 RESULTS AND DISCUSSIONS

The development of dynamic models of various components has been discussed in
Chapter 3 and 4. The system model developed in SIMULINK environment is shown in
Fig. 5.1. The model equations are solved by trapezoidal rule. The performance of the wind

turbine driven DFIG system has been carried out through the following two case studies.
Case | : The performance of DFIG with HVDC system.
Case Il : The performance of DFIG without HVDC system.

The data of various simulated models are given in Appendix. The turbine power
characteristics are shown in Fig. 5.19. As shown in Fig. 5.19, different curves, which are
obtained for different base speeds, represent the variation between turbine output power
for turbine speed. It is observed that the mechanical power output increases with the
increase in wind speed non-linearly upto a speed after which it starts reducing. The
optimum turbine speed producing maximum mechanical energy for a given wind speed is
proportional to the wind speed. For the base speed of 11m/sec, the maximum mechanical

output power is observed 0.75pu at 1.2. pu turbine speed.

Turbine Power Characteristics (Fitch angle beta = 0 deg)

12F s

0.8 tax. power at base wind speed (11 m/s) and héta-= 0 deg 7

0.6 b
0.4 .

0.2 1

2 pu

Turhine output power (pu of nominal mechanical power)

02k 1 ] 1 1 1 1
a 0.2 0.4 0.6 0.5 1 1.2 1.4

Turbine speed (pu of nominal generator speed)

Fig.5.19 Represents Turbine Power Characteristics
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541 PERFORMANCE OF DFIG WITH HVDC SYSTEM

The 9-MW wind farm comprises of six 1.5-MW wind turbines connected in
parallel to a 25kV AC bus through a transmission line (30 km long) as shown in Fig.5.1.
The doubly-fed induction generator (DFIG) consists of a wound rotor induction generator
and an AC/DC/AC IGBT-based PWM converter. Each of the 3-phase induction generator
is rated with line to line voltage of 575V, frequency 60Hz. The equivalent generation has
nominal base as 10MVA, having inertia constant of 5.04 seconds and friction factor
0.01pu. The stator winding is connected directly to the 60 Hz grid while the rotor is fed at
variable frequency through the AC/DC/AC converter. The DFIG technology allows
extracting maximum energy from the wind for low wind speeds by regulating the turbine
speed, while minimizing mechanical stresses on the turbine during gusts of wind. The
output of generation available with wind farm DFIG is supplied to other loads connected
through 5SMVA HVDC transmission system consisting of (200km long) DC line.

For the simulation run the base wind speed is taken as 11m/s, the active power, the
reactive power required by the DFIG, speed of wind turbine, voltage and current at 25 kV
bus B25 is shown in Fig.5.20

win)

1 | | | | | | |
Vabe_B28 [pu)

labe_B25 )

Fig.5.20 Wind Farm connected with HVDC System
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The active power generated by the doubly fed induction generator increases
momentarily to 7MW and afterwards decreases to steady state value of 5SMW. This active
power corresponds to the maximum mechanical turbine output for 11m/s base wind speed

minus electrical and mechanical losses in the generator.

There is an excessive demand of reactive power momentarily to 9Mvar which
reduces to 1Mvar after 0.35 seconds. The reactive power is managed by the filters and AC
source. During this the dc link capacitor voltage is maintained constant by the converter.
The turbine speed is maintained slightly higher than 1.1pu but lowers to 1.2pu. Because of

it the extracted power is less than 0.75pu, the maximum extractable power.

The Grid voltage observed at the AC bus B25 is 1 pu in time period of 360ms. The
current at the grid has a value of 0.5pu at AC bus B25. This value is attained after initial

transients of decreasing magnitude.

The output of generated power from wind turbine is connected with SMVA HVDC
transmission system. For the simulation run, the rectified DC voltage, PWM inverter
voltage, single phase and three phase voltages at the consumer end are shown in Fig. 5.21,
Fig.5.22, Fig.5.23, and Fig.5.24 respectively.

The rectified DC voltage first increases to 1250V instantly and than achieve a
steady state value of 800V. The DC line is characterized by the parameters such as length
of 200km, capacitance of 0.004uF, inductance of 0.2uH and resistance of 0.015 ohms. The

voltage is converted to AC using a PWM IGBT converter.

The LC filter is used for reducing the ripple content or the harmonics present in
sinusoidal voltage, having inductance of 2mH and capacitance giving reactive power of
3kvar. The filtered voltage is stepped down by transformer to 600/400V. The single phase
waveform shows constant value of 390 Volts throughout after the period of 0.05 seconds.

The 3 phase AC voltage waveform at the consumer end shows the same nature as
the inverted waveform. The waveform is sinusoidal nature as expected of. It shows steady

value of 230 volts.
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Fig.5.23 (a), (b) Single Phase AC Voltage Waveform
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Fig.5.24 (a),(b) Three Phase AC Voltage Waveform

EFFECT OF CHANGE IN DC LINE LENGTH

61

The effect of change in DC line parameters is shown in Fig.5.25. As the parameters
are expressed in per unit length, the length of the line is changed. The Fig.5.25 represents
the single phase consumer end voltage for three line lengths which are 200km, 350km and

500km. DC line of length 200km long shows voltage of 390V as represented by waveform



1. For 350km line, voltage decreases to 360V as shown by waveform 2. For 500km line

length, the voltage of 320V is resulted. The voltage drop results into lower voltage at

consumer end. This also results into higher losses.
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Fig.5.25 Effect Of Change in Dc Line Length

(i) EFFECT OF CHANGE IN CONSUMER LOAD

This effect is shown in Fig.5.26.At no loading at the consumer end, as shown

in waveform 1, the single phase voltage of 390V is resulted. On increasing the load to

50kW, keeping the other parameter constant, the voltage decreases to 350V as shown

in waveform 2. Further, increase may result in further decrease in consumer voltage.

voltage(V)

BOO

400

200 f

-200

-400

-600
a

| -

'
y ]

1 1 1 1 1 1 1 1 1
002 004 0.0s 003 0.1 012 014 016 018 0=
time

Fig.5.26 Effect Of Change In Consumer Load
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(iif) EFFECT OF CHANGE IN GRID VOLTAGE

On changing the grid voltage to + 10%, the single phase voltage and three phase
voltage waveforms observed at consumer end are shown in Fig.27(a),(b) and Fig.28(a),(b).
On decreasing the grid voltage to 108kV the voltage at consumer end decreases to 360V
and on increasing the grid voltage to 132kV the voltage observed is 420V. Therefore,

consumer voltage is directly related to AC bus voltage.
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Fig.27(a),(b) Waveform observed at Grid Voltage of 108kV
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5.4.2 PERFORMANCE OF DFIG TURBINE WITHOUT CONNECTING HVDC
SYSTEM

DFIG driven wind farm produces 5 MW when not connected with HVDC System.
This active power corresponds to the maximum mechanical turbine output for a 11m/s
wind speed minus electrical and mechanical losses in the generator. The corresponding
turbine speed is 1.1 pu. The control system uses a torque controller in order to maintain
the speed at 1.1 pu. The grid voltage of 1 pu and current of 0.5pu is observed as shown in
Fig.29. For this the characteristics are similar to as shown in Fig.5.20, except the variation
in turbine speed. In this turbine speed remains largely constant to 1.1 pu, whereas with

HVDC, it increases and lies between 1.1pu and 1.2pu

P MW
" [‘l

s \ | \ \ \
0 [Myvar)

Fig.5.29 Wind Farm not connected with HVDC System

Q) EFFECT OF CHANGE IN BASE WIND SPEED

The mechanical output power of turbine changes with the change in base wind
speed. The performance is observed at wind speed 8m/s and 12m/s as shown in Fig. 30(a),
(b) respectively. It is observed at 8m/s the active power reduces to 4MW, which is less as
compared to nominal power observed in Fig. 5.29. Similarly, at 12m/s the active power

increases to SMW.
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(i) EFFECT OF CHANGE IN AC PARAMETER

The change in transmission line parameter is studied by changing the transmission

line length. The performance is studied for 10km and 80km line length and results are
shown in Fig.5.31(a),(b).A transient in AC busB25 current for the distance of 10km

(3.5pu) is higher as compared with the distance of 80 km (1.5pu), as the settling time is

greater. The momentarily demand of reactive power is high for short length line as

compared to long length line. These values are 15 pu and 5 pu as shown in Fig.5.31

(@),(b). The short line is characterized by small inductance and thus also results into high

amplitude transients in current.

=
&
T 171

Wabe_B25 (pu)

H k& 0 o & = oo

|

Vabe_BZ5 (pu]

labe_B25 [pu)

N S

a1 0z 03 04 fime 05 0§ o7

Fig.5.31 (b) Effect of 80km Line
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(i) EFFECT OF CHANGE IN GRID VOLTAGE

On changing the grid voltage to + 10%, the waveforms observed are as shown in
Fig. 32 (a), (b). Thus, the change in reactive power and current is experienced, while real

power remains largely unchanged. For higher voltage, reactive demand is slightly more.
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6.1

CHAPTER 6
CONCLUSIONS AND FUTURE SCOPE

CONCLUSIONS

The dynamic performance of wind driven doubly fed induction generator (DFIG)

has been studied for two cases: DFIG connected with HVYDC transmission system, and

DFIG connected without HVDC system. The dynamic models of these systems have been

derived in synchronous reference frame and performance has been simulated using
MATALB/SIMULINK. The performance has been studied for change in various

parameters. The following conclusions are drawn from the study —

6.2

The mechanical output power of the turbine changes with the change in base wind
speed.

With increase in the length of DC transmission line, the voltage drop results into

lower voltage at the consumer end resulting into higher losses.
With the increase in the consumer load, the consumer end voltage decreases.

The change at consumer end voltage is directly related to change in grid voltage.
At higher voltage, reactive power consumed by DFIG is slightly more.

For lower length of AC transmission line, high amplitude transients in current are

resulted.
SCOPE OF FUTURE WORK
The scope of future work has been identified as-

Realization of control scheme and tuning of parameters to provide constant voltage

during the change of load, line parameters also.
Investigate the performance with various non-linear loads also.
Implementation of whole system with bipolar HVDC system instead of monopolar

system.
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APPENDIX

Parameters Values

Number Of Units of 1.5MW Wind Farm 6
ASYNCHRONOUS MACHINE DATA

Nominal power (VA), Pnom 1.5e6/0.9*%6
Line-Line voltage (Vrms), Vnom 575
Nominal Frequency, Fnom 60 Hz
Stator Resistance, Rs 0.00706 pu
Stator Inductance, Lls 0.171 pu
Rotor Resistance, Rr 0.005 pu
Rotor Inductance, LIr 0.156 pu
Mutual Inductance, Lm 2.9 pu
Inertia constant ,H 5.04
Friction factor (pu), F 0.01
Number of pairs of poles, p 3

CONTROL SYSTEM OF BOTH SIDE CONVERTERS

PWM Frequency 27*Fnom
Nominal DC Voltage 1200 Volts
Capacitance of DC link 10000e-6*6 F
R_RL 0.30/100 pu
L RL 0.30 pu
Nominal power (W), Pmec 1.5e6*6
Power_C 0.73 pu
Speed_A 0.7 pu
Speed B 0.71pu
Speed_C 1.21pu
Speed_D 1.21pu
Converter Maximum Power 0.5pu
Pitch angle controller gain 500
Maximum pitch angle 457
Reactive power regulator gains Kp, Ki 0.05,5
DC bus regulator gains Kp, Ki 0.002,0.05
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Grid side converter current regulator gains Kp,Ki 2.5,500
Rotor side converter current regulator gains Kp,Ki 0.3,8
HVDC SYSTEM
TRANSFORMER
Nominal Power SMVA
Frequency 50Hz
R1(pu) 0.004
L1(pu) 0.02
R2(pu) 0.004
L2(pu) 0.02
RECTIFIER
Snubber Resistance Rs 100ohms
Capacitance Cs 0.1uF
Forward Voltage 0.8v
DC LINE
Resistance, R 0.0150hm
Inductance ,L 0.2uH
Capacitance, C 0.004uF
Length of Line 200km
PWM INVERTER
Snubber Resistance Rs 30000hms
Resistance, Ron 107
LC FILTERS
Inductance, L 2mH
Capacitance, C 3kvar
RLC LOAD
Active Power, P 500W
Inductive Power, QL 10var
Reactive Power, QC 30kvar
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