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Abstract

The use of small-scale grid connected wind tufbines offers the opportunity for consumers to
meet their energy needs and also possibly sell excess energy to the grid. The power electronic
converter controls the generator and obtains optimal energy transfer from the generator to
the grid. Many converter topologies offer two controllable rectifiers for AC-DC and DC-AC
conversion with a separate transformer providing electrical isolation. This research proposes
a unique enetgy converter for a small-scale variable wind tutbine that employs a simple
open-loop control. The converter uses a flyback DC-DC boost stage that includes a
transformer for electrical isolation between the generator and grid. A single-phase inverter
completes the tra\nsfer of power to the grid, resulting in a cost efficient design with just three
power electronic switches. The benefits of a controlled system have been verified in

simulation and the final test rig has been tested experimentally.
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Chapter 1

Introduction

The mmportance of wind energy generation and the affect it has in today’s world is first
described. Statistics are provided showing the viability of wind enetgy among traditional
power generation and the promising future of this clean energy source. A general description
of the components of a wind energy conversion system is outlined. Typical examples of
generators and converter topologies are given for high power and low power systems. A
converter topology chosen for this research 1s outlined along with the type of control that
will be used to obtain optimal power extraction from the tutbine. Finally, an outline of the

complete thesis is given for the remainder of the chapters.

1.1 Wind Energy Today

Wind energy has arrived as a global market and'over the past decade has rapidly developed
into a mainstream power source in many counttries wotldwide. In 2005, global wind markets
grew by 40.5%, generating some 12 billion Euro, or 14 billion USD, in new generating
equipment. The world’s wind energy generating capacity at the close of 2005 stood at over
59 GW, and 1s predicted to reach 1,000 GW by 2020, supplying 12% of the worldwide
energy [1]. Wind energy has the potential to aid in responding to the crucial energy
challenges facing society today. These challenges include the security of the supply of natural
resources, alarming climate changes, increasing energy demand and erratic fossil fuel prices.
Wind generation is a clean power source having numerous positive effects on the
environment, and undoubtedly assists in reducing greenhouse gasses in the atmosphere. It is
estimated that wind energy keeps more than 200 million tons of catbon dioxide out of the
atmosphere every year [2]. |

Renewable energy technologies are often characterised by relatively higher capital

costs while maintaining lower operating cost. Many technological advances in the turbine
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blades, generators used and conversion methods have helped steadily decrease the cost of
energy generation. Capital costs have substantially declined over the past two decades, with
wind enetgy cost declining up to 200% [3]. This has forced wind energy production costs to
drop down by 80% since 1980 to 5.0 US cents per kilowatt hour or less [4]. Not only has
cost effectiveness increased, but also the support of the public has turned in favour of wind
energy. Once thought as an eye sore and distractingly noisy, wind turbines are becoming
readily accepted by communities due to their increasing environmental benefits and ciean
energy generation abilities. in the US, renewable energy sources have more credibility with
the public (42%) than non-renewable such as fossil fuels (7%) and nuclear power (9%) [5].

The future of vﬁnd energy continues to look tremendously promising. The
introduction of offshore wind farms is receiving positive attention. A main advantage of
offshore generation is that wind speeds are more consistent and less turbulent over watet.
Currently about 600MW of offshore wind exists, all in Europe, with the first completed in
2003 in Denmatk [6]. It is also predicted that through 2006 off-shore wind generation in the
United Kingdom will have a capacity of 1500 MW, which is 15% of the UK’s energy
demand [7]. Turbine size and power rating also continue to increase with 3.6 MW generators
currently avaiable by GE Wind Energy. It is anticipated that by 2010, turbines of more than
5 MW will be available on the market [7]. Although wind energy has been domnant in the
European countries, North America has entered the wind market with astounding yearly
increases in wind power generation. The American Wind Energy Association projects wind
energy will be able to provide 6% of the U.S. electricity demand by 2020. Canada is also
showing tremendous growth and has increased its wind energy generation by 54% in 2005
[8]. It is estimated that by 2010, the cumulative installed capacity in Canada will have reached
5,000 MW. This means that 4,300 MW will be introduced during the period 2006-2010
listing Canada in the top five countries for that period [1].

The importance of minimizing the cost of the power electronic converter for small
scale designs can be shown by investigating the cutrent cost of these systems. A
manufactured 1 kW wind turbine, that includes the converter, can be bought from the
Bergey Windpower Comi)any at a price of 2590 US dollars [9]. Without the converter, the
cost decreases to 2082 US dollars. This means that the converter and control cost is set at
508 US dollars, neatly 20% of the overall cost. Decreasing the converter and control cost is

advantageous and would have a significant affect on the entire system cost.

2
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The statistics show wind energy will continue to grow globally through unrelenting
research efforts and strong political support for clean renewable energy production.
Research in wind energy conversion continues to grow due to the advances i power
electronics used to aid in the conversion of a highly variable generator output voltage. Power
electronics have made grid connection for wind tutbines extremely viable. Their ability to
stabilize the generated voltage through control algorithms, keeps the voltage at grid
connection constant. Variable speed turbines are preferred sipce they allow for increased
power efficiency and energy extraction from the variable wind soutce. There exists an
optimum generator speed for every wind speed that seizes maximum electrical power from
the wind passing through the turbine. As the wind speed changes it is important to have a
speed controller that reacts to the changes in wind speed and controls the generator speed to
match optimum points. Many power electronic devices have been used in vatious different
combinations, some allowing for greater control and some achieving a low cost

mmplementation.

1.2 State of the Art

Wind energy systems cover a wide range of power levels, with the large scale designs now
reaching approximately 3.6 MW. Small scale turbines, designed for residential and
commercial use, are of the low kilowatt power range. Typically, wind energy systems consist
of a turbine, generator and an electronic converter. Various generators have been used
including synchronous generators, induction generators, permanent magnet synchronous
generators, and more recently doubly-fed induction machines. Eatly research invoked the
use of a diode rectifier along‘with a thyristor rectifier and a reactive power compensator for
power conversion [10]. As power electronic technology advanced, researchers have replaced
thyristor rectifiers with inverters using fast switching semiconductor devices. A DC to DC
converter may be placed in between the diode rectifier and inverter, which increases the
systems controllability [11]. System control is further enhanced when back to back controlled
rectifiers are used [12, 13, 14, 15, 16]. Controllers based on a Maximum Power Point
Tracking (MPPT) technique constantly search for the maximum power point at all wind

speed to maximize performance [14, 15, 16]. Other control methods include vector control

3
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of both generator and grid-side converters [13] and the implementation of a fuzzy logic
control scheme [12]. Recently, researchers have proposed implementing a matrix converter
since it completes the wind energy conversion in just one stage with 18 unidirectional
devices. Control of the matrix converter involves complex space vector pulse width
modulation [17]. A more comprehensive literature review is given in Chapters 2 and 3.

Systems that employ the use of induction generators or doubly-fed induction
generators require a controlled rectifier for AC to DC conversion due to their demand for
reactive power. Contrarily, synchronous generators are self-excited machines, meaning they
require no external reactive power, allowing for the advantageous use of a diode rectifier.
The switches of a controlled rectifier ate much more expensive than the diodes used in a
diode rectifier, and therefore they are more commonly used in large scale desigﬂs. This
research focuses on a low power wind energy system and therefore a diode rectifier is the
more economical choice. Research has shown the usefulness of adding an intermediate DC
to DC converter stage to the diode rectifier. However, the converters studied (such as the
boost converter) do not provide electronic isolation, a desirable property for grid connected
systems. The flyback converter is an option that has not yet been exploited in wind power
applications. The flyback allows for intermediate boost capability that can be manipulated,
and contains a high frequency transformer that can provide electronic isolation. Recently the
matrix converter has gained research interest in wind energy systems. However, these
converters are expensive due to the high number of electronic switches used and the
complexity of its switch control. Due to the high cost of the matrix converter it is better
suited for large scale systems.

The control methods described above are qﬁite complex and require digital signal
processors for practical implementation, which 1s another cost burden on the system. This
thesis investigates if a fixed relationship control strategy could perform with less cost and
complexity for a small scale system. Fixed relationship control uses predefined correlations

between the generator speed and load designed for maximum power extraction.
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1.3 Obijective of Thesis

The objective of this research is to design a power electronic controller for a small scale grid
connected wind energy system that aims to achieve maximum power transfer at all wind
speeds while keeping the cost to an absolute minimum. A permanent magnet synchronous
generator 1s chosen due to its superior efficiency and allowance for connection to a diode
rectifier. The use of a diode rectifier guarantees minimum cost through the first stage of
conversion. The power electronic converter will invoke the use of a flyback converter and a
controlled rectifier for single phase grid connection. The flyback is chosen for the
intermediate stage since it provides electronic isolation for the grid. Together the flyback
converter and single phase inverter only contain three controllable electronic switches, again
maintaining minimal cost of the system.

A fixed relationship control scheme will be used to obtain maximum efficiency from the
turbine, allowing for simple control implementation through analog circuit components. The
overall goal of minimizing cost and maintaining maximum efficiency is achieved through the
selection of converter components and control strategy. Since the use of an actual wind
turbine is unavailable, the wind turbine connection to the generator is emulated through
computer software and a DC motor. The process by which the goals of this research are
achieved is outlined below.

¢ Extensive literature review on past wind energy convertets.

¢ Completion of design of the wind tﬁrbine emulator, flyback converter, and speed

controller for simulation and experimental implementation.

¢ Simulation of the flyback converter along with fixed and variable DC-link simulation

of the overall system using the wind turbine emulator.

¢ Construction of the test rig and experimental testing of the entire system and its

control.
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1.4 Outline of Thesis

This thesis completely describes and illustrates the manner in which the objectives of the
research are obtained. Although the focus of the research is on the small-scale design of a
wind energy system, it is important to investigate all power ranges to better understand the
operation of these systems. Therefore, an extensive literature is first performed on large and
small scale systems, specifically investigating generator, converters, and control schemes
used. The results of the extensive literature review of existing wind system designs and past
research 1s provided. More specifically, wind turbine characteristics, typical generators and
possible converter topologies are described. The majority of this background information is
given in Chapter 2. A more detailed analysis of small-scale wind energy systems is necessaty
since this research focuses on the lower power range. Possible DC-DC boost stage
converters are investigated for addition to a diode rectifier. The details of two control
strategies, Maximum Power Point Tracking (MPPT) and fixed relationship control, are also
described. With the small-scale emphasis set in the beginning of Chapter 3, the remainder of
the chapter defines the proposed conversion system. The details and reasons for the chosen
generator, converter, and control scheme are reported. ‘

' Simulation design and results are shown in Chapter 4, with emphasis placed on the
advantages of having a controlled input DC-link voltage rather than leaving it fixed. In
addition, the flyback converter is modelled and simulated for verification of its operation and
the nécessity of the snubber circuit. A fully operational experimental system is the primary
focus of this research. A wind emulator is created since a real wind turbine is unavailable,
and ensuring practicality is a2 main concern. The full flyback converter design, including
snubber circujt, transformer and driver circuit, 1s covered in Chapter 5. In addition, this
chapter outlines the control design for both the flyback and single phase inverter. All results
obtained for the experimental test rig are placed in Chapter 6. The system control is tested
while under the influence of a variable wind profile. Results show power outputs at vérious
stages of the converter and the controller performance in obtaining optimal efficiency.
Conclusions and future work that may extend the scope of this research ate expressed in

Chapter 7.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2

Ideology of Wind Enetgy

Developing an efficient grid connected wind energy system entails careful planning and
understanding of all aspects of the system. The generator and converter must be designed
for maximum efficiency whilst ensuﬁng cost effectiveness. Many designs have incorporated
various types of generators that are accompanied by numerous converter design possibilities.
The influx of power electronics to the wind energy industry has enabled a significant number
of control methods that may be applied to achieve maximum power capture at a wide range
of wind speeds. The variable nafure of wind power and the importance of optimal control is
described in the next section. The wind energy system components, including possible
generator types, converter topologies, and control schemes, are also described in this

chapter.

2.1 Potential Wind Power

Wind is a product of two separate forces that continually interact with one another. Pressure
gradients, produced by uneven solar heating, accelerate the air. The rotation of the earth also
produces an additional, but separate, acceleration on the moving air. The‘action of these two
forces creates the wind [18]. As a result wind profiles vary widely over different regions all
over the globe. It is due to this varying wind that the system converter must be controlled to
obtain maximum power extraction from the wind throughout the wind speed range.

The calculation of the wind power available 1s better understood by first determining
the kinetic energy of a moving volume of air. The mass of air used in determining the kinetic
energy is simply the air density multiplied by the volume of air considered. The volume of air

1s defined as a surface area multiplied by the distance travelled by the air.

1
KE, = > p.Adv? 2.1)
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In equation 2.1 the distance travelled by the air can be replaced by the velocity
multiplied by the time it takes for the air to move through that distance. Therefore the
potential wind power that is available for capture by a wind turbine is simply the kinetic

energy over that time.
1
])”/ = 5 pAﬂj/ (2'2)

In Alberta, it is obsetved that the average wind speeds vaty over the region (Table
2.1 [19]). Accompanying the average wind speeds are the available instantaneous wind power
for each month in each city. The calculation of the available instantaneous power is based
upon the average wind speed and air density for each month for a randomly chosen wind
turbine produced by General Electric. A 1.5 MW wind turbine with a rotor diameter of 77 m
1s used in calculating the area in equation 2.2. The air density for each month is also taken
Into account since it varies with city altitude and temperature. From these power results it is
evident that wind energy is extremely practical in Alberta and should be exploited, especially

in the southern region.

Table 2.1: Average Wind Speeds and Available Wind Power in Alberta

Location

Month Edmonton | Calgary Lethbridge
Avg. Wind Power Avg. Wind Power Avg. Wind Power
Speed (m/s) | (MW) | Speed (m/s) | (MW) | Speed (m/s) | (MW)
January 3.33 107.06 4.44 238.10 6.11 626.05
February 3.33 105.44 4.17 193.26 5.26 465.12
March 3.61 131.58 4.44 231.95 5.28 392.94
April 4.17 196.32 4.72 272.19 583 | 519.15
May 417 191.50 5.00 316.26 5.56 440.57
June 3.89 153.54 4.72 262.72 5.28 371.2
July 3.61 122.09 417 179.22 4.44 220.15
August 3.61 122.51 3.89 145.72 4.17 181.40
September 3.61 125.10 417 182.38 4,72 268.67
October 3.61 127.34 417 185.65 5.83 515.45
November 3.33 103.49 4.17 191.12 5.83 530.55
December 3.33 106.25 3.89 | 15831 6.11 623.71
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It 1s known, through equation 2.2, that the available powet is related to the wind
speed via a cubic relationship. This implies that the average wind speed of a region does not
determine the average power of that area. For example the same wind turbine may be placed
in two separate regions with identical average wind speeds. However the first region may
expertence high fluctuations in wind speed where as the second may undergo very little
deviation from the average wind speed. In this case, the turbine in the first region will
capture a greater amount of energy, this can be attributed to the cubic relationship between
power and wind speed. Instantaneous pbwer 1s highly dependant on instantaneous wind
speed. Instances of high wind speeds will create brief periods of high energy capture. On the
other hand it is very rare to find a site with frequent or constant high wind speeds; low wind
speeds are more common and are very important m system design as well. It is ideal to
design a converter that is able to operate at low cut-in wind speed to maximize wind energy
capture.

Often wind turbine generators are placed in locations where extremely high wind
speeds have historically occurred. These high wind speeds have the ability to mechanically ot
electrically damage the wind energy system. Thus it is important to develop a control that
allows for the system to cut out at extreme wind speeds to prevent extensive damage.
Methods of cut-out control include forcing an aerodynamic stall or featheting the turbine
blades [20]. Clearly each wind turbine installation must consider the sites’ past wind speed
averages and extremes in order to prevent damage to the system and guarantee that the

highest efficiency 1s achieved.

2.2 Grid Connected Wind Energy System

Grid connected wind energy systems typically consist of a wind turbine, generator, power
. electronic converter and grid connection (shown in Figure 2.1). The generator 1s connected
to the turbine through a shaft allowing it to transform the turbine mechanical energy into
electrical energy. A power electronic converter, usually consisting of two stages, is
responsible for transferring power to the grid. Control is applied to the converter to ensute
maximum power transfer and the compliance of power quality standards. This is the typical

process of conversion that will be applied for this research and the experimental test rig.
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Figure 2.1: Typical Topology of a Grid Connected Wind Eneigy System
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2.2.1 Wind Turbine Designs and Power Capture

Over the past century wind turbine designs have evolved into many different forms. There
are two main types, horizontal axis and vertical axis rotating wind turbines. In horizontal axis
designs, the axis of rotation is parallel to the ground and roughly perpendicular to the wind
stream. Conversely, vertical axis turbines have an axis of rotation that is Yertical to the
“ground. Three blade horizontal axis turbines have become the most widely used in grid
connected wind energy systems.
Each turbine design has an efficiency known as the coefficient of performance (C,),
a value quantifying the percentage of potential wind power that is captured for transfer
though the generator. The coefficient of performance is influenced by the tip-speed ratio

(TSR); the ratio of the speed of the rotating tip to the speed of the wind.

TSR =2 2.3)

v
w

There 1s a theoretical upper limit to the coefficient of performance of 0.593, known
as the Betz limit [21]. However, in practice real wind rotors have maximum coefficient of
performancé values in the range of 0.25-0.45 [22]. 'The turbine efficiency varies with the
wind turbines TSR and will reach a maximum at one specific TSR value. In order to achieve
maximum power capture the TSR should be kept at the optimal operating point for all wind
speeds. To keep the TSR at its optimal value the generator mechanical speed must be altered
proportionally with the wind speed, hence giving rise to the name variable vspeed wind
turbine. Research has shown that, under identical wind conditions, a variable speed wind

turbine can capture 9-11% more energy than a fixed-speed turbine [23].
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Figure 2.2 depicts a typical C;, versus TSR curve for a wind turbine. The curve shows
a maximum coefficient of performance of approximately 0.41 at a single TSR value of about
7.8. Likewise, the turbine power output can be plotted versus the turbine rotational speed for
different wind speeds, an example of which is shown in Figure 2.3 for a small scale wind
turbine. The curves indicate that the maximum power point increases and decreases as wind

speed rises and falls.
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Figure 2.2: Typical Coefficient of Performance Curve
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Figure 2.3: Turbine Output Power Characteristic
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2.2.2 Electric Generator Prospects

Wind energy systems-have been carefully researched over the past several years.
Large and small scale wind turbines may be connected to a variety of electrical generators to
convert the created mechanical energy to electrical power. The most common generators
-used are the induction generator, synchronous generator and doubly fed induction generator.
While these machines are highly used in large scale systems, the permanent magnet
synchronous generator is commonly used in small scale grid connected systems. All
generators listed above are described in further detail below to provide a comparative study

before a generator is chosen for the experimental setup.

Doubly Fed Induction Generators

The doubly fed induction genetator (DFIG) has recently received a great deal of attention in
wind energy conversion. In this case, a wound rotor induction generator is used which
makes it possible to control the generator by accessing the rotor terminals, shown in Figure
2.4. Wound rotor induction generators require extra maintenance due to the wear associated
with their brushes and slip rings. However, t is able to transfer maximum power over a wide
- speed range mn both sub- and super-synchronous modes. These generators are excellent for
high power applications in the MW power range. More importantly the converter power
rating 1s reduced since it is connected to the rotor, whilst the majority of the power flows

through the stator.

Stator Terminals
< Grid
DC Link Transformer
|
AC. DC
i) 1
DC AC
Rotor Converter Converter
Terminals

Figure 2.4: Typical DFIG Wind Energy System
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Operation of a DFIG with variable wind speed applications offers several
advantages, including the ability to control rotor speed to follow the ideal TSR and improve
turbine efficiency as the wind speed varies. Other advantages include a reduction in
)mechanical stress and torque oscillations that may be converted to electrical disturbances
transmitted to the grid [24]. These disturbances may include variation in grid voltage that can
cause a reduction in power quality. For DFIG schemes, numerous converter schemes have
been researched including back-to-back pulse width modulation (PWM) convetters. Other
possibilities are the use of a rotor-side diode rectifier accompanied by a grid—sidé controllable

mverter and more recently the utilization of a single matrix converter.

Induction Generators

Induction generators are advantageous since they are relatively inexpensive, robust and
require low maintenance. A squilrrel—cage induction generatoi consists of a wound stator and
a series of conducting bars laid into slots in the face of the rotor and short circuited at either
end by end-rings.

The nature of induction generators is unlike that of synchronous generators.
Induction generators need bi-directional power flow in the generator-side converter since
they require external reactive power support from the grid. An equivalent circuit for one
phase of an induction generator is given in Figure 2.5 [21]. The stator impedances are
labelled R, and X, whereas R, and X, are the rotor impedances. The magnetizing branch
resistance (R,) represents’the losses due to eddy currents and X | represents the magnetizing

reactance.

Rs X2 R, 1X4
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O

Figure 2.5: Single Phase Equivalent Circuit of an Induction Generatot

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The magnetizing reactance demands reactive current from the grid, without this
reactive powet the induction generator cannot operate. So when the connection to the utility
1s broken, the induction generator no longer receives reactive power and is not able to
produce real power. In order to receive reactive power from the grid, the power electronic
converter must allow bi-directional power flow. More specifically, the generator side
converter must be a controllable rectifier. Therefore, the use of a diode rectifier may only be
possible if a capacitive bank i1s used to provide the reactive power needed. However,
incorporating a capacitive bank comes at an increase in cost. Most commonly back-to-back
PWM converters are used in conjunction with an induction generator as they allow bi-
directional power flow. However, this increases the number of controllable switches and

cost.

Synchronous Generators

Synchronous generators offer a number of advantages over mduction generators when used
for wind generation systems. Synchronous generators are self excited machines that do not
requite reactive power from an external source or the grid. Self excitation implies that the
direct-current (DC) field voltage (V), which supplies the field current (I;) (energizing the
rotor magnets), is created by the generator itself. Figure 2.6 depicts the full equivalent circuit
of a single phase of a three-phase synchronous generator, mncluding the rotor field circuit
[25]. The field circuit 1s modelled by a DC power source (V) supplying the coils inductance
(Xp) and resistance (R;) in series. Each phase has an mternally generated voltage (E,) with 2
series inductance (Xg) and resistance (R,). The field resistance is adjustable and 1is used to

control the flow of field current.
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Figure 2.6: Single Phase Equivalent Circuit of a Synchronous Generatot
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The efficiency of a synchronous generator is usually high, because it employs the
whole stator current for the electromagnetic torque production [26]. The converter cost can
also be reduced by using a diode rectifier for the generator side since it does not require
reactive powet from the grid. In addition to supplying real power, the synchronous generator

has the ability to supply either inductive or capacitive reactive power to a load.

Permanent Magnet Synchronous Generators

A permanent magnet synchronous generator is similar to the synchronous generator except
the rotor field 1s produced by permanent magnets rather than through a field coil. This
implies that thete are no I’R losses in the rotor, ultimately helping to increase the efficiency
of the generator. Windings remain on the stator and a constant magnetic field is generated.
Through application of Faraday’s Law, the magnet induces a voltage across the stator
windings each time it krotates past the windings. The induced voltage in the windings can be
mcreased by using a stronger magnet in the rotor

Permanent magnet excitation is generally favoured in newer smaller scale turbine
designs, since it allows for higher efficiency and smaller wind turbine blade diameter. Whilst
recent research has considered larger scale designs, the economics of large volumes of
permanent magnet material have limited their practical application. However the cost of
constructing the permanent magnets continues to decrease. The primary advantage of
permanent magnet synchronous generators is they do not require any external excitation
current. This allows for the use of a diode bridge rectifier at the generator terminals. Much
research has been performed using the diode rectifier; however, this leaves many options for
the remainder of the power converter, including the possible use of mid stage DC-DC

converter.

2.2.3 Energy Conversion

Grid connected converters typically involve two stages of energy conversion, a generator-
side and supply side converter connected by a DC-link. In certain situations an intermediate
DC-DC converter stage is added to allow for additional control by adding just one more

‘power electronic switch, which is of minimal increase in cost. Many variations have been
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studied, some of which will be further described together with possible advantages and

disadvantages associated with their implementation.

Diode Rectifier + Inverter

The employment of a diode rectifier is common with permanent magnet synchronous
generators used in small scale wind energy system designs. Since diodes are far less expensive
than switches used in controllable rectifiers, the diode rectifier reduces the overall cost of the
converter. It also guarantees unity power factor operation of the generator, which in turn
includes benefits such as greater efficiency, larger power density, and improved power
quality. The grid-side inverter (see Figure 2.1) may be constructed of thyristors (also known
as semiconductor controlled switches (SCR)) or PWM controlled hard-switching devices.

Thyristors are triggered into the on-state and allow current flow by applying a pulse
of positive gate current for a short duration. The thyristor then operates like a diode and
only switches off when the current through it tries to reverse and becomes negative. At this
point the gate regains control and must be triggered again to turn the switch back on. Using
a thynstor based grid-side inverter allows continuous control of the inverter triggering,
regulating turbine speed through the DC-link voltage; hence, obtaining optimum energy
capture [10]. Advantages of this scheme include lower device cost and higher available power
rating over hard switched inverters. A major drawback to this type of invetter is the reactive
power demand which is usually supplied by the grid. Having a reactive power demand does
not allow the grid mverter to operate at unity power factor. The thyristor also has the
consequence of creating harmonic distortion which is absorbed by the grid.

Hard switched devices, such as the insulated gate bipolar transistor (IGBT), allow
complete switching control. The most common method, sinusoidal PWM, compafes a
reference sinusoidal waveform with a high frequency triangular carrier waveform- to
determine the on and off instances of the switch. The peak amplitude of the sinusoidal
waveform directly determines the modulation index. In turn, the modulation index affects
the switching sequence and the magnitude of the output voltage or the DC-link, depending
on which one 1s free to be controlled. These switches have lower power dissipation, and are
fairly easy to implement and control. Advances in the design and production. of
semiconductor technology have made hard switches available for high pbwer applications,

such as grid connected wind energy systems.
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Controlled Rectifier + Inverter

A converter consisting of a controlled rectifier and a controllable inverter may be used with
any of the aforernentioned generators. By replacing the generator-side diode rectifier with a
controlled rectifier the converter has additional options for generator control. Once again
thyristor switches or PWM hard-switching devices may be used for the controlled rectifier.
The generator-side converter switching may be controlled in such a manner that produces
maximum electrical torque from the generator while minimizing current. This type of a
converter opens up more control options for the supply-side converter. Vector control may
be implemented to simultaneously control the DC-link voltage and reactive power transfer
to and from the grid. Finally, a generator-side controlled rectifier is able to meet the reactive

power demands of an induction generator based wind turbine.

Diode Rectifier + DC Boost + Inverter

A DC boost stage can be added as an intermediate stage between the diode rectifier and the
grid-side inverter. Adding the extra stage does not significantly affect the cost of the
converter since the boost stage may only contain as little as one switch. The DC boost stage
gives the advantage of generator-side DC-link voltage manipulation through simple control
of the duty ratio of the boost converter switch. The duty ratio is simply the ratio of switch
on time to switch off time over one switching cycle. The mverter therefore no longer needs
to regulate the DC-link voltage and now has much more flexibility in its control options.

The inverter control can be implemented to keep the gnd-side DC-link voltage
constant and vary the reactive power in a manner that attains maximum real power transfer
to the grid [27]. The real and reactive power delivered to the grid may also be coordinated
via vector control of the current. As for the boost converter, variable speed control of thé
wind turbine is attained through control of the switch duty ratio. Optimum values of DC-
link voltage and current can be identified corresponding to the maximum available turbine
power for every shaft speed. These optimum values may then be met by varying the duty
ratio of the switch essentially altering the DC-link voltage and current. It can be seen that the
increased power generation from the increased controllability, can outweigh the incremental

cost of the DC boost stage.
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“Matrix Converter

The matrix converter is capable of converting the variable AC from the generator into
constant AC to the grid in one stage. The matrix converter consists of nine biditectional
switches, arranged in a manner such that any input phase may be connected to any output
phase at any particular time. Each individual switch is capable of rectification and inversion,
which allows for bi-directional power flow. Recently the use of a matrix converter in a
doubly fed induction generator based wind energy system has been studied, as depicted in
Figure 2.7.

Two distinct advantages arise from this topology, the converter requires no bulky
energy storage or DC-link, and control is performed on just one converter. Although a single
controller may be employed, the complexity is greatly increased as simultaneous control of 9
bi-directional switches is necessary. The matrix converter may be controlled using double
space vector PWM, employing the use of mput current and output voltage space vector
modulation [17]. One of the major drawbacks of a matrix converter is that 18 total
unidirectional switches are required, causing an increase in converter semiconductor cost and
switching control complexity. Therefore, due to an increase in cost and complexity, the use
of a matrix converter may be more practical in high powe\r wind applications rather than

small scale wind energy systems.
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Figure 2.7: DFIG Wind Energy System with Matrix Convertet
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2.3 Control of Variable Speed Wind Turbines

Speed control of variable speed wind turbines has been accomplished through both
mechanical and electrical manipulation of the turbine and generator. Mechanical control
schemes include turbine blade pitch control, and gear changing between the turbine and
generator. Electronic control may be performed using the power electronic converter of the
wind energy system in order to achieve maximum power transfer and quality to the grid or
through electronic pole changing method as in induction generator based wind systems.
Both mechanical and electrical means of switching are further outlined in the following

sections.

2.3.1 Methodology of Control

Pitch controlled wind turbines use an electronic controller that checks the power output of
the turbine several times per second. When the power output is too high the controller
enables the blade pitch mechanism to pitch (turn) the rotor blades slightly out of the wind.
The opposite 1s true when the wind drops; in this case the blades are turned back into the
wind. However a variable-pitch turbine is significantly more expensive than a fixed-pitch
turbine.

There are two pole changing techniques used in induction generators, both require
special design of the induction generator, which in turn increases cost. In the first technique,
the stator winding is designed to be reconfigurable and the number of poles is changed by
rearranging the coils of the winding. The second technique uses two stator windings, one
used for low speed operations and the other for high speed operation when needed. This
method of control does offer the advantage of a wide speed range but at an added generator
cost. »

The cost of power electronic devices has continually reduced and their use leads to a
\;vide range of control possibilities. Anemometers may be used to measure wind speed.
Although these devices allow for accurate measure of the wind velocity they undoubtedly
increase the cost of the converter. Some common control methods include active and
reactive power control through vector control of PWM inverters. The maximum power

point tracking (MPPT) control of PWM inverters influences tutbine speed to maximize
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power output at all wind speeds. MPPT is fairly accurate but slow considering the wind
speeds may change rapidly. Other possible controllers may draw on' wind prediction
methods through autoregressive statistical models [23]. Fuzzy logic controllers have also
been researched due to its advantages such as parameter insensitivity, fast convergence and
acceptance of noisy and inaccurate signals [12]. The use of power electronic convertets in

wind energy systems will continue to grow due to their extensive controllability.

2.3.2 Fixed and Variable Speed Control

All speed control schemes can be grouped into three distinct methods of control — fixed
speed, two speed and variable speed control. Fixed speed and variable speed control
dominate the wind enetgy market today. As of the end of 2005, Germany, the wotld leader
in wind energy production, had 687 total installations. Out of the total installed wind
turbines 80% were vatiable speed, 15% were fixed speed,b and 5% Were two fixed rotor
speeds [28].

In a constant speed scheme the wind turbine speed is controlled to remain at a
predetermined constant rotational speed. This implies that the optimum TSR value will only
occur at one wind speed (referring to equation 2.3), which in turn indicates that maximum
turbine efficiency will only transpire at a single wind speed. The inability to capture
maximum powér over a wide range of wind speeds 1s a major drawback for constant speed
turbme designs. The wind energy is wasted when the wind speed is higher or lower than the
valu'e selected as the optimum. The use of pitchable rotors does improve efficiency over a
range of wind speeds, however variable pitch tutbine designs add significant cost to the wind
energy system.

The two-speed design captures more energy, reduces losses 1n the rotor and reduces
gear notse [29]. Two-speed generation may be accomplished by varying the gear ratio
between the turbine and generator. The system is designed to have the peak power points, at
each of two gear ratios, on either side of the annual average wind speed of the installation
site. Two-speed generation may also be achieved through pole changing by varying the
connection of the single stator pole winding. The stator connection which produces a higher
pole number for low-speed operation is changed to one-half as many poles for high-speed

operation {29}].
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Variable speed turbines may be controlled or left uncontrollable, with the latter
having the benefit of low cost and easy implementation. However uncontrollable variable
speed turbines suffer as they seldom capture maximum efficiency. Controlled variable speed
wind systems force the turbine to operate at the optimum TSR over a range of wind speeds.
They are able to adapt to the inconsistent force of the wind and begin power generation at
low wind speeds. Variable speed operation may also reduce mechanical stresses and absotb
the effects of wind gusts, creating an “elasticity” that reduces torque pulsations [13]. These
advantages explain the dominance of variable speed turbine operation in the German market
and are crucial factors in keeping wind energy competitive with traditional forms of energy

production.

2.4 Chapter Summary

Grid connected wind energy systems are comprised of a turbine, generator and power
electronic converter. All aspects of design must be tailored to the wind conditions of the
specific location of installation. Various converter topologies may be implemented, each with
numerous control possibilities. Ultimately a balance of controllability and cost effectiveness
must be reached to achieve maximum generating efficiency along with economic viability.
The process of energy conversion and the outlined wind energy conversion components aid
in the selection of the generator and converter for the experimental design. Since the scope
of this research is based on small-scale design, further background is explained in the next

chapter.
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Chapter 3

Small-Scale Wind Energy Systems

Small-scale grid connected wind energy systems are the focus of this research. Details of
small-scale designs are outlined in the first section of this chapter. More specifically, designs
mvolving permanent magnet synchronous generators will be studied, outlining possible
converter and control schemes available. Cost effectiveness 1s an important issue and a
balance must be achieved between system cost and efficiency. Three possible intermediate
stage boost converters are examined, each having the ability to increase controllability at a
reduced cost. Two controller schemes, Maximum Power Point Tracking (MPPT) and fixed
relationship control, are presented as possible control options. A final design for simulation
and implementation is chosen through investigation of the advantages and disadvantages of
the possible converter systems and control schemes. The proposed system to be used in the
experimental test rig is described in detail. The generator, power electronic converter and

control scheme for both the inverter and flyback converter are described.

3.1 Power Converters and Controllers

The use of permanent magnet synchronous generator widens the range of the available
power electronic converters. Since these generators do not require reactive power from the
system for operation, diode rectifiers may be used for the variable AC-DC conversion. Some
researchers have chosen to forgo this cost benefit and choose a controlled rectifier for the
first stage of power electronic conversion. Although controlled rectifiers increase the overall
cost they also enhance the controllability of the system. Most commonly, an inverter is used
to perform the DC-AC conversion before grid connection and an optional intermediate DC-
DC boost stage may also be applied. The converter schemes varying controllability and cost
effectiveness are further analyzed with hopes of choosing the most cost effective scheme for

experimental application.
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3.1.1 Power Converter Topologies and Cost Effectiveness

Cost effectiveness 1s important i wind energy conversion as it competes with traditional
generation methods in the highly competitive power industry. Large wind energy systems
commonly include a controllable AC-DC converter in the initial stage of energy conversion.
To achieve a precise and smooth AC-DC conversion, position sensors are needed to detect
the phase of the synchronous generator. These sensors are relatively expensive for stnall
systems, typically below 10 kW [11]. Similarly, if sensorless control is employed- along with
maximum power tracking, the system becomes increasing complicated and will most likely
need an expensive DSP (Digital Signal Processor) to achieve its objective [14,30].

A controllable AC-DC converter does have advantages as more control options
become available for the rest of the systems. Methods of MPPT control can be performed
by the controllable rectifier allowing for a reduction of control tesponsibilities for the
mverter stage. As an alternative, the inverter may be chosen to control real and reactive
power flow to the grid. Conversely, the addition of six controllable switches increases the
cost of the overall system and 1s uneconomical for small-scale systems. It is due to the cost
.drawbacks mentioned that small-scalel systems commonly utilize a diode rectifier in their
design. The diode rectifier is cost efficient and allows for a high input power factor.

A diode rectifier used as the first stage of conversion hinders the controllability of
the design and leaves all control demands to be dealt with by the inverter. Furthermore,
during low wind speeds the generator tends to spin a\t a fairly slow rate and may not induce a
voltage large enough to overcome the reverse bias created by the DC-link and the diode
rectifier. Even at high wind speéds the DC-link voltage can be well below the limit needed to
ensure sinusoidal PWM switching for the inverter stage. The inverter conversion equations
for both a half-bridge single phase and full bridge inverter are given in equations 3.1 and 3.2

respectively [31].

vV,

Vorpe =, —< G-1)
2

VOl,p/e =m,Vpe (32
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As an example, a wind energy system may be connected to a single phase 120 V grid
using a half-bridge inverter. In this case, through equation 3.1, it can be shown that a
minimum DC-link voltage of 340 V is needed for sinusoidal PWM control of the inverter.

This 340 V value is found for a modulation index of one, the maximum it can be for
sinusoidal PWM. Sinusoidal PWM is defined for all modulation index values between zero

and one. This scheme offers the benefit of an inexpensive design with the ieast amount of
complexity.

In order to achieve a balance between cost effectiveness and system performance,
one solution is to insert the DC boost stage 1n between the diode rectifier and inverter. This
allows the converter to increase the DC-link voltage to the required level for sinusoidal
PWM switching of the inverter. The DC-DC converter controls the diode tectifier DC-link
voltage and therefore controls. the generator terminal voltage and current. The DC-link
control 1s commonly achieved though manipulation of the duty ratio of the switching device
within the converter. Through the governing torque equation of a permanent magnet DC

generator,
T =K¢l,, (3.3)

controlling the generator current will produce generator torque and speed control. Therefore
control of the DC-link voltage subsequently allows for maximum power transfer over a wide

wind speed range.

3.1.2 Possible Options for DC-DC Boost Stage

Although there are many options to choose from for an intermediate DC-link boost stage,
three options will be discussed in detail. The converters that will be discussed are the boost,
buck-boost and flyback converter (Figure 3.1). It is also noted that each converter adds a
controllable switch to the converter allowing for control of the DC-link. In addition the
variability of these converters in wind energy systems will be analyzed and addressed. The
analysis of these possible converters proves the viability of an intermediate DC-link boost

stage for wind energy systems.
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Figure 3.1: Three Possible DC-DC Converters For DC-Link Boost

The boost converter allows for control by varying the duty ratio of the switch to
manipulate the rectifier DC-link voltage. At low wind speeds the voltage can be reduced to
ensure some power flow; effectively reducing, and in some cases, eliminating the cut-in wind

~ speed of the systém. The use of a boost converter has been researched and proven worthy in
stand-alone wind applications [32, 33]. However, since grid connection is the focus, the
output voltage is required to be 340 V. A single stage boost converter, with an input voltage
ranging from 10 to 50 V, is not practically capable of boosting to this high 340 V level,
especially on the input voltage range. Instead, the use of multiple boost converters, in a
cascade form, would be able to boost up to the required voltage level.

Thé buck-boost converter has two modes of operation, depending on the desired
outcome. It is able to step the DC-link voltage down (buck), or increase the DC-link voltage
(boost). Similar to the boost convetter, the buck-boost converter is able to adjust the output
voltage based on the duty cycle of the switching transistor. The driving circuitry for the
switch 1s slightly more complicated since the switch does not have a terminal ground. The
buck-boost converter has been proven useful for grid applications [11], and for stand-alone
battery charging applications [34]. It is advantageous to have isolation from the grid for the

wind energy system in order to protect the wind generator. This electrical isolation is usually
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performed via a transformer. The boost and buck-boost convetter topologies do not supply
electrical isolation for the grid. Therefore it is recommended that a transformer be included
in the overall converter design to ensure generator protection.

Unlike the previous two converters, the flyback converter has a transformer built
mto its circuit design, providing electrical isolation. The transformers magnetizing inductance
is used to store energy from the primary and transfer the energy to the secondary when the
switch 1s off. Similarly the output voltage is controlled by changing the duty ratio of the
switching transistor. The high frequency transformer within the flyback converter induces
less cost than using a 60 Hz transformer at the output of the inverter. This decrease in cost is
attributed to the reduction of transformer size for high frequency applications. The flyback
also contains just one switch, further heightening the cost effectiveness in controlling and
boosting the rectifier DC-link voltage. The use of this flyback converter 1s restricted to small
scale designs that do not exceed 1 kW. Due to the transformer turns ratio, this topology has
the ability to boost the voltage in a single stage. The addition of a center tap on the
secondary winding allows for the use of a two-switch inverter for grid power transfer.

Therefore, the converter may potentially contain just 3 switches, a great cost advantage.

3.1.3 Controller Complexity Issues

Turbine efficiency depends on the ratio between rotational speed and wind speed, known as
the turbine TSR. The goal of speed control is to keep the TSR constant at its optimal point
over a wide wind speed range. The constant variability of the wind creates the need for
control of the generator electrical load. Controlling the generator electrical load to achieve
maximum efficiency may be performed through many different means. The control
strategies that have been researched and implemented lie within two categories: those with
direct wind speed determination and those excluding this measurement.
An ideal control of wind turbines encompasses a direct measurement of the wind
velocity through an anemometer. By directly measuring the wind, the desired rotational
" speed is easily extracted and compared with the current mechanical speed of the generator.
In attempt to maintain maximum power extraction, the controller uses the discrepancy
between the desired and actual speed to adjust the electrical load and therefore, the velocity

of the generator. The controller may become imprecise since the anemometer measurement
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may not be accurate due to the wind tutbine tower shadowing, which inherently affects
speed measurement. Two main control concepts that do not require speed measurements are
maximum power point tracking schemes and systems that use a predefined fixed relationship

control approach. The two control schemes are further analyzed in the following sections.

Maximum Power Point Tracking

As 1s shown in Figure 2.3, the power versus rotational speed curve has a single maximum
point located in a relatively flat section of the curve. In maximum power point tracking,
depicted in Figure 3.2, the generator load is incrementally increased or decreased causing a
change in generator speed. If the change in speed results in an increase in generated power,
load change continues in the same direction until maximum power capture is achieved. This
method is insensitive to etrors in wind speed measurements and wind turbine design [29].

| Unfortunately wind speed changes much faster than the turbine rotational speed due
to the large mertia of the turbine. Since the controller searches for the maximum power
pont every time the wind speed changes, the slow change in turbine speed hindets its ability
to reach the optimum power point quickly. In fact, thete may be instances where the
optimum point is not reached before the wind speed subsequently changes. Traditional
MPPT has been substantiated for large grid connected wind energy systems by Schiemenz
and Stiebler [15].

200 T Wind Speed = 1€ m/s MPP
800 Wind Speed = 8 m/s -
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400
300
200
100

Power (W)

105

Rotational Frequency (rad/s)
Figure 3.2: MPPT Search Operation
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In an attempt to speed up the conventionally slow MPPT controller, Bhomik and
Spee [16] employed a heuristic model of both the turbine and generator in order to estimate
the wind speed. In addition, local MPPT is utilized to attain fine tuning of the desired TSR
tracking. This controller improves the response time; however it i1s implemented using a
digital signal processor and high level computer language, which increases the cost and
complexity of the overall system. With the focus of this research placed on low cost and
complexity, an attractive control scheme may be that which employs the use of fixed
relationships. The details of this type of control scheme are outlined in the next section,

shown below.

Fixed Relationship Controller

Fixed relationship control mvolves a predefined relationship between generator load and
generator rotational speed. By measuring the generator speed as a control input, the optimal
generator electrical load 1s immediately determined. The optimal velocity of the generator

can be easily defined by first identifying the wind turbine power as,
P. = EPACP% : (34

Substituting equation 2.3 for TSR gives a redefined power equation in terms of generator

mechanical speed.

3

. (3.5

1 r
P= ‘2‘PAC PTRE
Since the optimal TSR value is known and is assumed constant through system
control, the peak power versus mechanical speed is identifted as a cubic correlation. Past
researchers, such as De Broe et al. [34] used a fixed relationship between generator
frequency and the switch duty ratio of a DC-DC converter to achiever turbine optimization.
They have shown that fixed relationship control is a simple and a cost effective means to

achieving maximum efficiency over a wide speed range.
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3.2 Proposed Generator and Converter System

As was mentioned, the objectives and goals of this research is to design and implement a
small scale wind energy system that achieves maximum power extraction at all wind speeds
above the generator cut in wind speed. This system is to achieve maximum performance at
minimal cost. The proposed system uses a brushless permanent magnet DC generator driven
by LabView Real-Time softwate that emulates 2 wind turbine. A common shaft connects the
AC permanent magnet synchronous generator to the DC generator.

The converter consists of a diode rectifier, flyback converter for DC-DC boost and
control, and a single phase inverter for grid connection. The flyback contains a transformer
with a center tapped secondary winding. This allows for the use of a single phase mverter
with just two switches, further reducing the cost and control complexity. The flyback
converter 1s controlled to follow a predefined fixed relationship between the generator
electrical frequency and rectifier DC-link voltage. The control is implemented using LabView
Real-Time computer software and corresponding hardware needed for communication with
the systerrll devices. The proposed system for this research is shown in Figure 3.3, with
simple fixed relatiohship control based on the generator electrical frequency. This sithple
open-loop control will be used to control the flyback duty ratio and inverter phase voltage

phase angle to achieve optimal power flow.

Y
DC DC
S O e T
VN DC TN AC
Flyback 1-Phase
Converter Inverter
A

’ ----------------------- >{ e t(I) ﬂyba(::k duty '

Figure 3.3: Proposed System and Control Topology
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3.2.1 Chosen Converter Topology for Wind Conversion

For a small scale wind energy system, a permanent magnet generator is a commonly chosen
sincé it provides reduced losses in the rotor, higher efficiency, allows for a smaller wind
turbine diameter, and requires no external excitation. The generator supplies power to the
grid via a power electronic converter encompassing a diode bridge rectifter, flyback
cbnverter and single phase inverter. The flyback converter is chosen since it provides
adequate boost ability to match the requirements of the inverter and controllability of the
DC-link voltage, while providing electrical isolation for the grid.

The single phase inverter along with the flyback converter is an attractive choice for
the converter, due to the low controllable switch count. This low switch count reduces the
cost for the overall system. The diode rectifier is also essential to making the wind energy -
system cost effective. In using the diode rectifier there is no need for a controlled rectifier
since the DC-link control is performed by the flyback converter. Using simple control
methods for both the flyback and inverter will further elevate this systems status as a

practical and extremely cost efficient system.

3.2.2 Simple Control Methods

Two stages of control will be applied to the overall converter system. Both the inverter and
flyback have separate control responsibilities. However, the controllers are integrated in their
effort to transfer power from the generator to the grid. The flyback ensures maximum
power from the wind turbine through torque control of the generator. The inverter ensures
optimal power transfer to the grid over the entire wind speed range. Both controller schemes
are designed to be as simple as possible by employing fixed relationships. Controller
simplicity allows for possible implementation using disctete analog components that

maintain the goal of cost minimization.

Inverter Control

The mverter is controlled through a sinusoidal PWM switching technique, meaning a
modulation index below unity must be maintained. Since the output of the inverter is

connected to the grid, its output voltage is held to a constant 120 V. From equation 3.1 it
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can be shown that the grid side DC-link voltage must be at least 340 V. This value is
achieved right at the boundary of sinusoidal PWM operation, where the modulation index is
one. If the modulation index is decreased, where sinusoidal PWM is still maintained, then
this voltage will increase. It is beneficial to sustain a modulation index near unity as the
flyback converter boost capabilities are designed for a specific output voltage, and a large
output DC-link voltage will require increased boost capacity from the converter. The
inverter controller will continually monitor the electrical frequency of the generator and
adjust the phase angle of the reference signal of the PWM switching. This variation of the

phase angle will allow maximum power flow to the grid.

Flyback Control

The proposed controller does not require direct measurement of the wind speed; instead the
controller uses a fixed relationship method to achieve maximum power transfer. Only one
control input is needed, the electrical rotational speed of the generatot, to determine the
switching duty ratio of the flyback that must be applied to achieve maximum power.
Through a predefined optimal value of TSR, a fixed relationship between the electrical
frequency and duty ratio is constructed and employed in the control. This change in duty
ratio will ultimately result in an alteration in the DC-link voltage. Thus, in turn, manipulation
of the DC-link voltage leads to the torque control of the generator. Since the generator and
turbine are connected by a single shaft, the control of the wind turbine is therefore achieved
through simple control of the duty ratio. The predefined fixed relationship is first
determined through theoretical analysis of the system and later adjusted during experimental
testing, accounting for any theoretical assumptions that are made.

In using a fixed-relationship control method, it has alteady been stated that the
system is never aware of the actual wind speed at any time of operation. A change in wind
speed will subsequently result in a change in torque causing the turbine speed to change. In
controller design, the desired TSR value is set to extract maximum wind power from the
turbine. However, the value for maximum power does not necessarily correspond to the
point of maximum torque. Another option is to select a reference TSR value slightly higher
than the actual optimal TSR of the turbine to improve the system response during the brief
periods of wind gusts. Rapid system response to fast changing wind is highly beneficial and

allows the system to quickly return to the ideal_ operating point.
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In comparison to operation at the ideal TSR, a slightly higher TSR will result in a
slightly higher generator terminal voltage, a marginally lower generator current and a slight
mcrease 1n turbine speed. Operating at this shifted TSR value does not significantly affect
the power capture since the coefficient of performance does not change significantly in the
vicinity of the optimal TSR value, shown in Figure 2.2. The petformance of the vcontroller,
for both cases described above, is depicted in Figure 3.4. On the graph the point “a”
represents the operating point at the ideal TSR value for 9 m/s. If a sudden wind gust

increases the wind speed to 10 m/s, the operating point of the system suddenly moves to

point “b”.
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Figure 3.4: Turbine Torque and Control Operation

The change in torque is indicated by the dotted arrow pointing upward. Conversely

<, 2
a

the operating point “c” is at a slightly deviated TSR value, as it is to the right of point “a”, at

a higher rotational speed. In this case the same wind gust will move the operation to “d” also
causing a change in torque. It is clear from the figure that the operation from “c” to “d”
induces a greater change in torque than the ideal progression from “a” to “b”. Therefore,
based on the following equation:

do

T, =T, +]—=* 3.6
Turh Gen ] df ( )
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(the equation describing the torque balance between the turbine and generator), when the
system experiences a larger change in torque due to an increase in wind speed, than the
system will be able to accelerate at a faster rate to reach the next steady state operating point.

The system should be designed for the ideal situation to ensure maximum power
extraction. However if the designed controller cannot handle sudden changes in wind speed,
then the second approach of a slightly shifted model may be advantageous. This slight shift
does not significantly affect power output and does not jeopardize power extraction at lower

wind speeds.

3.3 Chapter Summary

The proposed system has been outlined and includes a permanent magnet generator and
complete powef electronic grid connected converter. A diode rectifier, flyback converter and
single phase inverter are chosen to reduce cost without compromising the performance of
the system. The inverter will control the grid side DC-link voltage through sinusoidal PWM
control. The flyback converter current control 1s based upon a fixed relationship between the
generator electrical speed and DC-link current, eliminating the need for wind speed
measurements and further reducing costs and complexity. The system i1s first verified
through simulation and then experimentally tested to further validate the design and
determine its practicality. Simulation design and results are given in Chapter 4 where as the

experimental design and results are given in Chapters 5 and 6 respectively.
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Chapter 4

Simulation of Proposed Research

The simulation of the proposed system and the results obtained ate presented in this
chapter. The validity of the proposed flyback converter design is performed using the Matlab
SimuLink software. This chapter outlines the system setup and parameters, along with the
derivation of the fixed relationships used for the controller. Furthermore, the method of
implementation for all fixed relationships used in the simulation is presented. A complete
sirriulation algorithm describes the simulation process and all dynamic results, for both fixed

and variable DC-link operation.

4.1 Simulation Setup and Parameters

All simulations are petformed through SimuLihk, a computer software package provided
through Matlab. The flyback converter is simulated using a linear transformet, an IGBT as
the primary side switch, and two diodes. A snubber circuit is used to limit the voltage spikes
that occur during switching. The flyback converter is operated at the desired frequency of 1
kHz. Table 4.1 shows a complete list of the parameters used in the simulation of the flyback
DC-DC convertet.

Table 4.1: Flyback Converter Simulation Parameters

Circuit Properties Transformer Properties
Nominal Power 1 £W Turns Ratio (,/n,) 14

Switching Frequency 1 kHz Primary Resistance 3.8 mQ
Diode Forward Voltage Drop 0817 Secondary Resistance 0.7056 Q
Switch Forward Voltage Drop 101 Primary Inductance 11.459 uH

Snubber Capacitance 50 uF Secondary Inductance 2.246 mH

Snubber Resistance 100 Q Magnetizing Resistance 360 Q

Output Capacitance 0.3 mF Magnetizing Inductance 5157 mH
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The full system simulation is devised into three components that are connected to
each other. A wind profile, along with the generator speed, is fed into the turbine model.
The outputs of the turbine model are shaft torque and speed. The mechanical torque is
applied to the generator model to determine the new generator speed and rotational angle.
The generator model outputs a three phase voltage which 1s connected to the power
electronic converter beginning with the diodé rectifier. A controller model manipulates the
DC-link voltage during all wind speeds in accordance to the control signal inputs-and the
predefined fixed relationships. The pararnéters for the turbine, generator and converter

simulation models are given in Table 4.2.

Table 4.2: Wind Energy System Simulation Parameters

Turbine Radius 1.0 m
System Inerﬁa 0.4 kg-m’
System Damping 0.16 Nm/&RPM
Air Density 1.266 /ég/ w
Friction 0.1 Nm
Poles 8
Phase to Phase Winding Inductance 3.3 mH
Phase to Phase Winding Resistance 0.51
Peak Phase to Phase Voltage Constant (K;) 86 I//ERPM
Peak Per Phase Torque Constant (K;) 0.71 Nm| A
Diode Bridge Forward Voltage Drop 1.0 1

4.2 Verification of Flyback Converter

The flyback converter in its purest form, shown i1n Figure 3.1, 1s first simulated to verify its
switching and voltage boosting capabilities. However, it is immediately noted that a resistor-
capacitor-diode (RCD) snubber circuit is necessary to suppress voltage spikes across the
switching device. Voltage spikes can be caused by any stray inductance within the circuit or
from the transformer leakage inductance. In addition to voltage protection, the snubber
circuit limits the rate of rise of current flowing through the switching device. Figure 4.1

shows the simulated flyback converter circuit with the insertion of the snubber circuit.
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Figure 4.1: Simulated Flyback Converter with Snubber Circuit

The magnetizing inductance of the ttansfofmer is set above a critical value to ensure
full transfer of current from the primary winding to the secondary winding during switch off
time. Full transfer of current between the two windings is essential in the operation of the
flyback converter, because it guarantees the output voltage reaches the necessary level for the
gtid side inverter. The critical magnetizing inductance is calculated using equation 4.1, given
below. It 1s noted that the effective resistance and switch duty ratio are both dependant on
the wind speed. The resistance is lowest at the minimum wind speed, therefore the critical
magnetizing inductance is calculated for the minimum wind speed (2 m/s) used in the full

system simulation.

LCn'l -

2
i(l—d) R,
2

» 27 (4.1)

2
g = —T%;C,—[’”— (4.2)

The flyback is tested at both the high and low voltage extremes that are expected
from the wind generator during operation over the entire wind range. In addition, the load
resistance 1s varied to confirm the flyback operation undér a varying load. The flyback is first
simulated at the high voltage limit of 60 V; this voltage is slightly higher than the voltage
generated at the maximum wind speed of 10 m/s used in the full system simulation. The
results in Figure 4.2 show the load voltage and the magnetizing current in the transformer.
The magnetizing current is further looked at by reducing the time scale on the waveform and
1s displayed in Figure 4.3. Accompanying the magnetizing current in this figure are detailed

depictions of both the primary and switch voltages.
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In Figure 4.2 the load voltage reaches the expected voltage of 340V. However, the
duty ratio 1s set to a value higher than the theoretical value calculated using the ideal equation
4.3. The ideal equation does not take into account the snubber circuit and diode voltage

drops therefore justifying this necessary increase in duty ratio.

|z

VDC,n =V,

57

d
7 (4.3)

Z

1

There 1s a short transient due to the initial charging of the capacitance, however the
voltage settles off quickly. The magnetizing current remains quite constant with a small
ripple shown in Figure 4.3. The triangular wave shape shows that while the switch 1is on, the
magnetizing current incree;ses, then decreases during switch off time. This implies that the
current stored in the magnetizing branch is indeed transferred to the secondary winding
during the switch off time. The switch voltage reaches the expected levels with very small
voltage spikes, indicating that the snubber circuit is performing optimally. The switch voltage
during off time is equal to the addition of the input DC-link voltage and the primary winding

voltage, shown below.

N
vV, = VDC,z' + F]VDC,D 4.4

2

The primary winding voltage is equivalent to the input DC-link voltage while the switch is
on and also shows no large spikes during switching. These simulation results show that the
flyback is operating as expected.

Next, the results for the other extreme case (at low voltages, coinciding with low
wind speeds of approximately 2 m/s) are examined. Figure 4.4 shows that once again the
flyback is able to produce the necessary output voltage. The mégnetizing current shows a
similar triangular waveform that is characteristic of transferring energy from the primary
winding to the secondary winding while the switch is no longer conducting. Slight voltage
spikes are evident on the switch and primary winding. However, the snubber circuit does
limit the spikes to a respectable value (well within the range of typical ratings for
semiconductor switching devices), preventing it from breaking down. It is noted that as the

wind speed increases these spikes reduce and become virtually nonexistent.
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4.3 Determination of Fixed Relationships

Fixed relationships desctibed through mathematical functions are used throughout the full
system simulation. The first function desctibes the relationship between the coefficient of
performance and TSR. Using Microsoft Excel, the relationship shown in Figure 2.2, is
approximated by a fifth order polynomial equation to provide the best fit for the curve.
Figure 4.6 shows the mathematical process taken in developing the fixed relarionships‘for

the current controller.
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Figure 4.6: Algorithm for Finding the Fixed Relationships for Current Control
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The process shown in Figure 4.6 is repeated for all wind speeds ranging from 1 m/s
to 11 m/s by stepping through this algorithm in 0.5 m/s increments. With both the
coefficient of performance and TSR values fixed at their optimal levels of 0.414 and 7.8
respectively, the generated power and mechanical speed can be calculated. The torque,
generator reactance and induced voltage are calculated next, which allows for the
determination of the generator phase current. The DC-link current is resolved by using the
formula describing the current conversion through a diode rectifier. From this, a fixed
relationship between the DC-link current and mechanical speed over all wind speeds is
defined and shown in Figure 4.7. Finally, the line-to-line voltage is established, which gives

~way to the calculation of the DC-link voltage through the diode rectifier voltage conversion
calculation. By taking the derivative of the DC-link voltage, with respect to the phase
current, a ratio describing the change in DC-link voltage to the variatdon in DC-link current
s found. This establishes the second fixed relationship for the current controller. The
change in DC-link voltage, needed to maintain optimal power extraction at all wind speeds,

1s determined via this second predefined relationship.
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Figure 4.7: Ideal DC-Link Current vs. Mechanical Frequency

The data obtained from the algorithm used to create the above curve can be entered
into the software program LabFit. The program than uses the data points to seatch for an

equation that best fits the curve with minimal error over the entire range. The equation
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obtained is therefore a very close approximation to the curve displayed and does not
compromise the accuracy of the simulation. Using this softwate, the mathematical equation

obtained for this curve is given in equation 4.5 and is used in the simulation.

B 5.72x107°
~2.77x107 —1.250,

“4.5)

DC

The same software program is also used to create a fixed equation for the
dVy;/dlpc ratio, as it changes with varying mechanical speed due to the fluctuating wind
speed. The fixed relationship between this ratio and mechanical speed used in the curtent
controller 1s given in equation 4.6. It is important to note that these equations allow fot the
use of shﬁple mathematical function blocks in the Matlab simulations rather than using look-

up tables.

avi,e 50.1+0.
e _ 0.637a, “.6)

dl,.  —10232+3.31x107 &

w

4.4 Wind Energy System Simulation

The validity of the control scheme is tested by incorporating the controller with a simulation
- that modelled the wind turbine, permanent magnet synchronous generator and diode
rectifier. This system is subjected to a varying wind profile that ranged from 2 m/s to 10
m/s. The flyback converter and gtid side inverter are not simulated at this point as the main
objective 1s to ensure the controller incorporated the cotrect fixed relationships that

maximized power extraction from the wind turbine.

4.4.1 Simulation Algorithm

The simulation continually evaluates the calculations shown in the algorithm in Figure 4.7.
‘Over each simulation time step, all system parameters are calculated and updated as the
software steps through a varying wind speed. The simulation algorithm depicts ' the

calculations performed for the turbine, generator, diode rectifier and control models.
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In the simulation model, a wind speed profile 1s generated and received by the
turbine model. The TSR is calculated based on the mechanical speed of the previous
simulation cycle and the current wind speed. Turbine modeling is further cartied out with
the calculation of the coefficient of performance, power and torque. The simulation then
moves into the generator modeling; in which the generator, turbine and friction torques are
combined to determine the updated mechanical speed. The generator torque is based on the
previous state of the outputted three phase cutrents. The quadrature axis transformation
(equation 4.7) 1s performed on the three phase currents to obtain the qﬁadrature current

needed for the torque calculation.

I, :,i.[;” cos(8,)+1, COS(Q %’}L cos(@ +—2§H (*+7)

Next, the electromotive force for each phase of the generator is calculated based on
the new mechanical speed and electrical phase angle. The differences between the per-phase
induced voltages are determined and the greatest difference (E,) is compared with the DC-
link voltage. If the induced voltage in the machine results in an E g which is greater than the
DC-link voltage then conduction occurs through the diode rectifier. Otherwise the diodes
are reversed biased resulting in zero line current and power extraction from the generator.

A closer look at the interaction between the generator and diode rectifier shows that
the difference between E g and the DC-link voltage results in V. The simulation uses this
voltage difference in determining the generator line current during diode conduction. This
voltage can be described as the voltage drop across the impedances of the two connecting
phases of the generator during the conduction period (equation 4.8). The effect of
comrﬁutation overlap, equation 4.9, is also mncluded since in practical systems this transfer of
current from one phase to another is not instantaneous and causes the current in the system

to lag the voltage.

V,y =E, -V, -2V, =V, (4.8)

diff diff Y conm
dw LI,

V=
comm \/g

@.9)
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Figure 4.8: Simulation Algorithm Including Controller
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Figure 4.8 depicts the process in which enetgy is transferred to the DC-link from the
generator via the diode rectifier. As can be seen from the figure, during conduction, two
diodes are forward biased allowing current to flow to the DC-link through two generator
phasesi. In the example shown, phases ‘a’ and ‘b’ are conducting since the difference between
their induced voltages is greatest. The conduction of energy through the generator and diode
rectifier is further simplified in Figure 4.9. The DC curtent in this figure varies with time, a
sharp comparison to the nature of the current in the computer simulation. The two
generator phases are represented by their equal resistances and inductances, and a switch is

added to portray the beginning of conduction at zero time.

Note: Vdiﬂ’ =V +V,

E’W =E,-E, i}
Ve & i i
+

M N\
VDC ( = )

A A AV
+

N J 4—
e Inc

Diode Rectifier

Generator Model

Figure 4.9: Generator Conduction through a Diode Rectifier
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Figure 4.10: Simplified Generator Conducﬁon Circuit
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From Figure 4.10 another equation for Vg can be identified that provides a means
to dentifying a solution for the DC-link current. The voltage across the generator resistance
and inductance 1s represented by equation 4.10.

di (2

=2R i(#)+2L,. . —— 4.10
© ©

S’

qu/
The common and well recognized solution for the current through a resistor-inductor

netwotk has been established (equation 4.11).

3

i(1)=K,+K,e® (4.11)

The constants are derived by first substituting equation 4.11 into equation 4.10 and
easilly determining K, and 1. Since the current through the inductor is initially zero, the
second constant, K, 1s also determined. The solutions for K, K,, and 1t are revealed in
equations 4.12, 4.13, and 4.14 respectively, giving a final solution for the reference DC-link

current.

K =% 412
Y (412
V.
Kb:z'(O)—% (4.13)
G
r=ke (414
RG

Finally, the controller model uses the measured DC-link current to determine the
error between the measured value and the reference DC-link current obtained through the
fixed relationship. With this DC-link current error, a corresponding shift in DC-link voltage
1s determined via the second predetermined relationship. In conclusion the result is a new
DC-link voltage that guarantees maximum power extraction. The simulations resulting data’
points are recorded at a limited time intervals due to large simulation times and memory

storage restrictions.
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4.4.2 Fixed DC-Link Dynamic Results

The system 1s simulated under fixed DC-link conditions, under the influence of a variable
wind speed profile. The results obtained are compared with the results from the controlled
DC-link cases, providing justification for the use of a variable sl‘aeed controller. The wind

profile used in all system simulations is given by

=8sin| = |+0.8sin| = |+2. @.15)
36 4

The simulation is tested with a constant DC-link voltage of 36 V. If this were a

y =t

practical system with a turbine that has a coefficient of power cutve given in Figure 2.2,
corresponding to an optimal wind speed of 7.19 m/s. Ideally, this system may be placed in a
region that historically depicts an average wind speed matching this wind speed. The results

for the mechanical speed, turbine TSR, DC voltage and DC power are given in Figure 4.11.
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Figure 4.11: Simulation Results with a Constant DC-Link of 36 V
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The power curve is further analyzed and the average power over 250 s of simulation
time is determined to be 233.8 W. The maximum power transfetred by the system at the
maximum wind speed of 10 m/s is also identified as 554 W. Although these power results
are respectable, the system very rarely operates at the optimum TSR and coefficient of
performance. This is evident by the TSR curve as it deviates above and below the ideal TSR
value of 7.8 duting wind speeds above 5 m/s. Duting times of extreme low wind speeds the
system no longer transfers power as the TSR continues to rise. This indicates that the
mechanical speed of the generator has not slowed enough in coordinance with the
decreasing wind speed.

The system is again run with a fixed DC-link, however in this case the value is
mncreased to 42 V. Once again referring to a turbine with a coefficient of power curve in
Figure 2.2, a system operating at this voltage is best suited for é region with an average wind
speed of 8.93 m/s. As can be seen from the figure below, at 2 wind speed of approximately 9
m/s, the TSR nears the optimal value of 7.8. The tesults for this constant DC-link case are

given i the same manner as the previous and are depicted in Figure 4.12.
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Figure 4.12: Simulation Results with a Constant DC-Link of 42V

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In this higher voltage case, the maximum and average DC power show an increase to
756.4 W and 268.7 W respectively. The higher DC-link voltage allows the mechanical speed
to reach higher speeds. According to Figure 2.3, this results in higher power output during
high wind speeds. For example, at maximum wind speed of 10 m/s, the mechanical speed in
the 42 V DC-link case is higher than that in the previous case. Looking at Figure 2.3, the
higher the mechanical speed the more power extracted from the turbine as long as the
system 1is operating upon the left side of the TSR cutve, (which it is during high wind
speeds). It is also noted that the lower DC-link voltage case has a slightly lower cut-in wind
speed. Thus the system extracts power over a wider range of wind speeds.

As the wind speed increases in both cases the generator speed change is fairly slow
and small. Due to a constant DC-link, the generator attempts to match its generator voltage
with the value of the DC-link voltage. As the wind speed increases above the cut-in value,
the generator speed increases. This increase in generator speed causes an increase in the
generated voltage. However the generator terminal voltage is fixed, due to the fixed DC-link
voltage, resulting in an increase in generator current. As a result,‘equation 4.16 shows an
electrical torque is produced which limits the generator speed, not allowing it to vary much

during high wind speeds.
T =Kol (4.16)

At low wind speeds, typically below 5 m/s, the generator terminal voltage dips below
that of the DC-link voltage. Once this occurs, the diode bridge rectifier becomes reversed
bias, cutting off current to the DC-link resulting in zero power extraction. Since the DC-link
voltage 1s lower in the first case, the generator is able to operate at lower speeds before the
terminal voltage falls below the DC-link voltage. This explains the lower power extraction
cut-in wind speed for the first case.-

The constant DC-link simulation results show that the system rarely operates at the
optimal point over the wide range of wind speeds. This is a major drawback in using a
constant DC-link, as the full system potential is not exploited. Thetefore, in order for a wind
energy system to compete with traditional methods of power generation, it must employ an
optimal power controller. The system 1s next tested with the proposed controller, and

results, along with comparisons are given in the next section.
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4.4.3 Variable DC-Link Dynamic Results

The proposed current controller is injected into the system, allowing for control of the DC-
link voltage. Initially, the entire system is run at a specified time step used fot evaluating all
system models over the simulation time. However, results pertaining to the DC-link voltage
and power expertenced high ripple, and are deemed unacceptable. Since the mechanical
speed of the generator change 1s slow, with respect to the change in wind speed, it is not
necessary to have the controller update the DC-link voltage at every time step. The Matlab
simulation software allows different components of the simulation to be performed at
different rates. The global system, excluding the controller, 1s modelled with a simulation
time step of 1lus. However, the current controller is modelled with a step size of 1ms,
coinciding with the switching frequency of the flyback converter. The same vatiables plotted
in the constant DC-link case are again evaluated for the controlled case, and a compatrison is

made between both forms of operation.
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Figure 4.13: Simulation Results with Proposed Control — 1 ms Time Step
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In Figure 4.13 it is immediately evident that the current controller is performing |

extremely well. The TSR remains faitly constant at its optimal value throughout much of the
wind speed range. The average power extracted from the turbine is 324 W, a sharp increase
from the constant DC-link method. The maximum power also increases to 953.8 W at 10
m/s, showing that the system operates at its optimal point at this maximum wind speed. The
generator terminal voltage is no longer limited since the DC-link voltage is now variable.
This allows the mechanical speed to track the wind speed and keep the turbine operating at
the highest coefficient of performance possible. This lowers the cut-in wind speed, giving
way to power extraction at wind speeds below 5 m/s. It is clear that over time, more power
is extracted from the controlled wind energy system.

The controller time step is increased to determine if the ripple in the DC-link further
subsides. However, it became evident as the controller time step is increased to 5 ms and 10
ms the ripple in the DC power grew. Although all three sets of results gave roughly the same
average power output, the maximum power increased due to the increase in waveform ripple

(results are shown in Figure 4.14 and Figure 4.15).
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Figure 4.14: Simulation Results with Proposed Control - 5 ms Time Step
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Figure 4.15: Simulation Results with Proposed Control — 10 ms Time Step

4.4.4 Controller Step Response Results

The proposed controller is tested for its ability to respond to a step change in wind speed.
The wind is first stepped down from the maximum 10 m/s to 5 m/s and the DC-link
voltage, DC power, TSR and generator mechanical speed are recorded. As can be observed
in Figure 4.16, a sudden decrease in wind speed causes an increase in TSR, which is expected
according. to equation 2.3. Due to the high inertia of the system, the generator speed
gradually decelerates during a shift in wind speed and the controller settles the machine to
the optimal speed. As the figure shows the TSR reaches the optimal operating point after a
transient time of 0.5 s. |

Similatly the controller is also tested under the condition of a step-up in wind speed.
In this case the wind speed is stepped from an initial wind speed of 5 m/s to the maximum
wind speed of 10 m/s. This condition slightly resembles a sudden wind gust that a practical
system may endure. Once again the TSR shows a sudden change, decreasing below 5,
depicted in Figure 4.17. The controller performs well as the new optimum point for

generator speed and voltage are reached within approximately 0.6 s.
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4.5 Chapter Summary

The flyback converter 1s simulated and tested with a snubber circuit and shows it is capable
of providing the demanded voltage boost at a 1 kHz switching frequency. The wind energy
system is also simulated under both constant DC-link voltage and variable DC-link voltage
conditions. Results have shown that the current controller is capable of tracking the optimal
TSR through fixed relationships without the costly use of a speed encoder. The controlled
system proves to be superior as it extracts more average power, and reaches the highest
maximum power. These results paved the way for the design of an experindental test rig and

verification of turbine control.
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Chapter 5

Experimental Design

The design and experimental verification of the proposed wind energy system are presented

mn this chapter. The experimental test rig is shown in Figure 5.1 in which a LabView PXI

chassis with real-time software is employed for wind turbine emulation. A brushless

permanent magnet synchronous generator is coupled with a DC motor. The DC motor is

connected to a DC power supply with controllable voltage and current limits. The generator

supplies optimal power to the grid via the proposed power electronic converter. LabView

data acquisition hardware and the real-time softwate are again used to petform the

theoretical current control of the flyback converter switching ratio for maximum power

transfer.
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Figure 5.1: Experimental Test Rig Design Schematic
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5.1 Wind Turbine Emulator

The test rig does not incotporate an actual wind turbine and the shaft characteristics of a
wind turbine are emulated. The wind turbine emulation is performed with a LabView based
data acquisition and control, a controllable DC power supply, a permanent magnet DC
motor and a generator encoder. The mechanical speed is obtained from the encoder and fed
to the LabView control, which in turn outputs a current control signal to the DC supply.
This current control signal produces a DC motor torque corresponding to the emulation

wind speed.

5.11 Permanent Magnet DC Motor

A permanent magnet DC motor is chosen due to the distinct advantages over shunt DC
motors. A permanent magnet DC motor does not require an external field circuit, and
because no field windings are needed, they can be smaller. Since the poles are made of
permanent magnets, the flux in the motor remains fixed. This allows for a linear relationship

between the induced torque and armature current, shown in equation 5.1.
"rind = K¢Iﬂ | (5'1)

Since the torque and current are directly proportional, controlling the current will
control the torque. The desired turbine torque for a given wind speed can be set by using a
controllable DC power supply that alters the input current to the motor. The motor

specifications and performance are given in Table 5.1 and Table 5.2 respectively.

- Table 5.1: Permanent Magnet DC Motor Properties

Full Load Rotational Speed 1750 rpm
Full Load Current 14.0 A
Armature Voltage 180 V),

Efficiency 88.8%
Torque 12.202 Nm
Power 3.0 HP
Duty Continuous
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Table 5.2: Permanent Magnet DC Motor Performance Specifications (at 1800 rpm)

Torque Current | Efficiency
(Nm) @A) (Vo)
0 0.56 0
4.75 5.53 89.3
11.86 13 91.0

5.1.2 DC Power Supply

The controllable DC power supply allows for easy implementation of the wind emulator
through the LabView Real-Time software. The power supply integrates well with the data
acquisition hardware in the LabView PXI chassis, and allows for both voltage limit and
current limit control. By varying the current limit value, the current output to the permanent
magnet DC motor is adjusted. This change in current directly affects the DC motor torque
and allows the motor speed to follow the wind profile, successfully emulating the wind
turbine.

Remote control of the voltage and current may be performed via either resistive or
voltage programming. Voltage programming is chosen for this test rig. The voltage and
current limits may be controlled via a 0-5 V.. signal or a 0-10 V. signal depending on the
switch configuration on the rear of the power supply. The electrical specifications and

performance of the controllable DC power supply are outlined in Table 5.3.

Table 5.3: DC Power Supply Electrical Specifications

Output Ratings:
Output Voltage 300 17
Output Current 20 A4
Output Power 6000 W
Output Ripple:
Voltage 30 ml/
Current 50 mA
Performance:
Efficiency 91%
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- 5.1.3 Speed Encoder

It is important to first note that the encoder is only used for the wind turbine simulation and
not the flyback converter control, which would result in an increase in the control cost. The
encoder outputs the speed information of the generator in the form of a square wave signal
that steps from 0 V to 5 V at rate of 2000 lines/rev. The speed signal is interfaced with the
LabView software through the data acquisition hardware. The software counts the number
of pulsed 5 V lines over one second giving the speed in lines per second. Than a conversion
1s performed to extract the speed in radians per second, a value needed for the rest of the

wind turbine emulation. The conversion is shown in equation 5.2.

o (ma’/s): a, (/z’nes/;)

27 (rad 5.2
” 2000 (/iney/reﬁ) (m /rev) 62

5.1.4 LabView Real-Time DC Current Control

As is shown in Figure 5.1, the Real-Time PXI chassis communicates with the host computer
through Ethernet connection. Information is sent back and forth over this connection,
giving complete control of the Real-Time system through an external computer. LabView
files that access all the input and output capabilities of the modules on the PXI are written
on the host computer and downloaded to the chassis for use. The FPGA module is used to
perform all the control applications in the proposed system, including the wind turbine
emulation.

The encoder data 1s inputted to the FPGA as a digital signal, and a counter is set up
to decipher the speed from the encoder. Using the speed and the current wind speed from
the generated wind profile, both the TSR and coefficient of performance are calculated. The
TSR curve is approximated with a high order polynomial and limited to 2 maximum of 15 to
avoid false occurrences of positive C,, values above this limit. The coefficient of petformance
is limited between values of 0 and 0.6 as, theoretically, it will never be outside of these
boundaries. From this, the power, torque and current are calculated. The calculation of the

current is based on a best fit linear curve for the data in Table 5.2, shown in equation 5.3.
I, =1.049T, , (5.3)
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The calculated current is first put through a threshold block ensuting the current does not go
below 1.4 A. This minimum current level is used as it is the point at which no torque is
produced in the motor; this is shown in Table 5.2.

Tirle calculations described above are first performed on the Real-Time PXI chassis
and the resulting current value is transferred to the FPGA. The FPGA subsequently outputs
the current value to the DC power supply for DC motor control. This cutrent value altets
the torque in the DC motor, therefore changing the speed to a value pertaining to the
current wind speed. The full wind turbine emulation algorithm is given in Figure 5.2, visually

describing the method used in the DC motor current control.

Generator Speed Encoder

Input to Real-Time PXI
N Y,

) J

o, (/z'nef/ 5 )
2000 (/z'nef/ rev )

2r (md/rev) y

7 , @Or
()~ o=

A

Output Channel to DC
Power Supply

Figure 5.2: Algorithm for the LabView Wind Turbine Emulator

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.2 Brushless Permanent Magnet Generator

A brushless servo motor with an attached speed encoder is chosen to function as the electric
generator for the wind energy system. This generator features a high pole number in its rotor
construction which is a typical feature of permanent magnet generators employed in wind
generation. The high pole number allows for an increase in electrical frequency despite low
rotational speeds. Since the system is direct drive and has a high pole number, the wind
speed does not force the generator to spin at high speeds. Under the created wind profile,
the wind speeds reach a maximum speed of 10 m/s. Therefore if the system is operating at
the ideal TSR of 7.9, thé generator is predicted to spin at approximately 80 rad/s. Given the
machines continuous stall torque of 13 Nm, the amount of power generated at this
maximum wind speed will be 1024 W, as desited.

High torque capability at low speeds is an ideal characteristic in choosing a suitable
generator for the test rig. The generator is rated for 3.5 kW at a maximum speed of 3000
rpm and is clearly oversized for this application. However due to this oversize, this generatot
provides the required torque capability at the expected low mechanical speeds. The generator
also has a high system inertia giving a slower time response much like practical wind energy
systems. A key feature is the addition of a mounted 2000 line optical encoder that is used for
the wind efnulator control. The electrical generator is rugged and can withstand heavy duty.
continuous operation; traits that are sought after for wind generation. Several generator

properties are outlined in Table 5.4.

Table 5.4: Brushless Servo Motor Specifications

Peak Phase to Phase Torque Constant | 0.71 %”i
Peak per Phase Voltage Constant 86 EIU/W[
Phase to Phase Winding Inductance 3.3 mH
Phase to Phase Wiﬁding Resistance 0.51 Q
Rotor Moment of Inertia 0.064 kgn*
Continuous Stall Torque 13 Nm
Friction Torque ‘ 0.17 Nm
Maximum Speed 3000 rpm
Poles 8
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5.3 Power Electronic Converter

The power electronic converter is comprised of a three phase diode rectifier followed by the
flyback DC-DC converter and finally the single phase invetrtet. The input of the diode
rectifier is connected to the output of the brushless permanent magnet genetator, essentially
rectifying the vartable AC voltage to a variable DC voltage. Capacitive DC-links are used to
connect both the input of the flyback to the diode rectifier and the output of the flyback to
the single phase inverter. Finally, the output of the inverter is connected to the single phase
grid through a large line inductance. A standard three phase diode rectifier module is used
for generator AC rectification. However, the flyback and its components are custom

designed for this application.

5.3.1 Flyback Converter Design

The flyback converter receives a low DC input voltage and outputs a magnified DC voltage
to the inverter. The converter contains a single high power metal-oxide-semiconductor field-
effect transistor (MOSFET) on the primary side of the circuit. When the MOSFET is in the
on-state, energy is stored within the primary winding of the transformer. The energy is later
transferred to the secondary winding when the MOSFET is in the off-state. A snubber
 circuit is used to mitigate the voltage spikes affecting the MOSFET during the transition
from on-state to off-state. The final flyback convetter schematic, used for the experimental

test 1ig, 1s provided in Figure 5.3.

Snubber Circuit
o o
+ e
Cs =220nF R § 3000 Viee
Voci  C,==28.5mF S— -
O
w =—1uF | MOSFET '_'
c K Gate :’
o

Figure 5.3: Final Flyback DC-DC Converter with Snubber
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Flyback Transformer Design

The transformer design is an important factor in the overall composition of the flyback
converter. In order to operate within a suitable duty cycle range for the MOSFET, a nominal
transformer turns ratio of 14 is selected. In doing so, the duty ratio ranges from 0.343 to
0.819, avoiding the extremes of zero and unity. Refraining from these extremes, the flyback
efficiency is optimized and the voltage boost and energy transfer is enhanced. The initial

 design step is to choose a core size in order to obtain the transformer core magnetizing and
winding geometric properties. From the Micrometals transformer cote specifications, a flux
density of 1.0 T is chosen since this value was slightly below the saturation level on the
material B-H cutrve [35]. The goal of the algorithm is to ensure the core operates neat the
chosen flux density under the predicfed winding current conditions. It is also important to
calculate the predicted winding losses to ensure adequate transformer efficiency.

The calculation algorithm for the transformer design is shown in Figure 5.4. The first
step is to determine the number of primary and secondary winding turns, which depends on
the maximum input DC voltage and flux density, the cote magnetizing atea and the
MOSFET on-time. Next, by splitting the winding window area in half and multiplying by a
packing factor of 0.6, the necessary cross sectional areas and diameters of each winding wire
are determined. Looking up dimensions for various coppet wire gauges, actual wire
diameters are chosen nearest to the previously calculated values. An important note in
choosing wire gauges is the diametets must be less than the calculated values to ensure the
windings will fit within the given core window area. From the actual wire diameters, the
resistances of each winding are computed based on the resistivity of copper. Lastly the
power losses through each winding are estimated using the predicted DC ptimary and
secondary curtents, ensuting acceptable efficiency.

In order to establish the actual flux density achieved tﬁrough the chosen core,
calculation of the amp-turns per length of the primary winding is essential. Cartying over the
winding turns (determined in the initial algorithm step), the amp-turns per length is evaluated
by using the estimated peak primary current of 37 A. This selected peak primary current is
based on the simulations performed for flyback converter circuit verification. Finally the flux
density is easily ascertained by simply looking at the flux density versus amp—mms curve (B-

H curire) provided for the particular core material.
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Figure 5.4: Transformer Design Algorithm
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Small core sizes are initially used within this algorithm, but it is quickly identified that
a larger core is necessary to obtain the required energy and power transfer. A Micrometals E-
core, more specifically the E305-26A core, deems to be suitable after increasing the
recommended primary and secondary winding turns to 20 and 280 respectively. With 20
primary winding turns, an actual flux density of approximately 0.8T is achieved. Increasing
the turns causes a reduction in the winding wire dimensions ensuring the windings fit within
‘the core window atea.

The transformer is hand wound with the thinner secondaty winding placed first
since, because its increased flexibility around the core square corners maximizes the use of
the window area. The transformér secondary center tap 1s created by winding the first 140
turns, cutting the wire, and then continuing the next 140 tutns in the same direction. The

primary winding is wound directly on top of the secondary winding.

Snubber Circuit Design

The snubber circuit has the sole responsibility to protect the flyback MOSFET from
excessive voltage spikes due to leakage inductance in the transformer primary winding.
Excess energy stored in the leakage inductance dtives cutrent through the transistor,
inflicting a surge voltage at the instant the MOSFET is turned off. Consequently, the leakage
inductance is an important variable in the design of the snubber citcuit. The flyback
converter 1s tested at a low voltage of 15 V without a snubber circuit, in order to identify the
magnetizing inductance. The current through the primary winding is then observed and is
depicted in Figure 5.5. Utlizing the change in current observed in Figute 5.4 and applying

equation 5.4, a calculated magnetizing inductance of L, = 321.43 uH is obtained.

Ip4

PTime
Figure 5.5: Observed Primary Current through the Flyback Transformer
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o= (5.4)

For a carefully wound transformer, the leakage inductance may be approximated as
3.0% of the magnetizing inductance [36], resulting in a leakage inductance of 8.04 uH.
Equation 5.5 gives the energy stored in the leakage inductance as a result of the previously
mentioned 37 A peak current expected. Through this calculation a total energy of 5.50 m] is

expected.

W,

1 =%L,fj,,. (5.5)
Equating the total energy in the inductor to the energy dissipated in the snubber capacitance,
results in a simple calculation for an appropriate capacitor value. Firstly, however, the
maximum allowable transistor voltage must be set to a value of 300V. This voltage is well
below the MOSFET voltage rating and well above the voltage output expected from the
generator and diode rectifier. This maximum transistor voltage gives a relationship for the
snubber capacitor voltage in equation 5.6 and the capacitor value is determined using
‘equation 5.7. In this case a capacitance of 220 nF is chosen for the snubber design.

Vo=V, -V,

Iy

(5.6)

1
W, =W, = ECSVSZ (5.7)

With the snubber capacitance accounted for, only the snubbér resistor calculation
remains. The goal of the snubber is to accumulate the excess energy from the leakage
inductance and dissipate this energy faster than the single switching period of the flyback
MOSFET. The flyback switching period is set to 100 ps, thus the dissipation time of the
snubber 1s set to 50 wus. This dissipation time 1s also known as the resistor-capacitor time
constant, Tp., shown in equation 5.8. Using this equation, a value for the resistor is

determined to be 227.27 Q (for this design a standard 300 Q resistor is used).

R, =€ - (58)
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An ultrafast, soft recovery diode, specifically suitable for use in snubber circuitry, is
selected for this design. In addition the 1uF capacitor, connected from the cathode of the
snubber diode to the source of the MOSFET, aids in the initial snubber tesponse to the
influx of current at the instant the transistor is switched off. With the completion of the
snubber circuit design, the flyback converter becomes fully operational within the overall

experimental setup.

5.3.2 Single-Phase Inverter

The design of a single-phase inverter is not necessary since a multi-configurable 3-phase
power electronic inverter was readily available. The inverter unit was designed and assembled
within the power research group, and is suitable for this project since it can handle a
maximum of 600 V and 15 A. The inverter module allows both the implementation of a
single-phase inverter through alternate connections, and the use of fewer insulated gate
bipolar transistors (IGBT). The six-switch device is connected in the manner shown in
Figure 5.6, utilizing only the first two transistors in the first inverter leg.

The gate drive and isolation circuitry are also included in the inverter box design.
The circuitry includes overcurrent protection which opens all IGBT switches and generates a
shut down situation when above rated cutrent conditions occur. The design uses digital
optocouplers to create the optical isolation between the switch control logic signals and the
inverter circuit. This isolation is absolutely essential for the protection of the National

Instruments interfacing hardware used to relay the control signals to the inverter transistots.

o
+
Co == 2mF K ........... :
r } |
Gate
Ve Signlals
i
Co = 2mF LlK
O P, N .
¢____Gr1d____’

o
No

o : o
N Connection A

Figure 5.6: Half-Bridge Connection of a 6-Switch Inverter
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5.4 Grid Connection

This research considers establishing maximum wind energy captute over a wide range of
wind speeds for distribution to a power grid. The power converted by the combination of
the diode rectifier, flyback converter and iﬁverter must than be connected to the grid to
complete the power transfer. A circuit has been developed to behave in a manner consistent
to that of an actual grid. The circuit, shown in Figure 5.7, creates an isolated single-phase AC
voltage through a line voltage regulator and variac. A latge line inductor is added for current
filtering and a 15 A fuse is included for protection.

The line voltage regulator guarantees an isolated and completely constant AC
voltage, as the line voltage coming from the outlet may fluctuate slightly. This isolation is
only necessary because the DC power supply used to control the generator for turbine

| emulation is connected to the same supply. In a practical situation this additional isolation is
not needed since an actual turbine will be driving the generator. The vatiac provides an
adjustable 0-140 V voltage, giving the system flexibility to operate at lower power levels
during testing. Lastly, a large inductor is placed between the grid AC voltage supply and the
switching voltage of the inverter. This is performed to minimize both the supply cutrent
ripple and the rate of change in the current due to possible inverter and grid voltage
differences. The 15 A fuse is used simply as added circuit and inverter protection from any
possible damaging overcurrent conditions. This concludes the overall wind energy test rig

construction, leaving just the power electronic controller design.

20mH 15A
© " Y o~
i | L Fuse
Single-Ph ! p
Poer Outlet <3 g) <X> 120V AC
I
o k4
Voltage . l
Regulator Variac
N A
DC-Link Inverter
Center Tap Out

Figure 5.7: Gnd Connection Circuit Schematic
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5.5 Proposed Converter Controller

The power electronic converter control is implemented through LabView Real-Time
software. This software allows for communication between a host computer and the PXI
(PCI extenstons for Instrumentation) chassis, used for measurement and automation of the
variables within the experimental setup. The PXI chassis contains an FPGA data acquisition
module that is primarily used for inputting and outputting control signals. The control
algorithms for both the flyback converter and inverter are created through the LabView

graphical user interface.

5.5.1 Generator Speed Measurement

Maintaining a minimum overall system cost is incredibly important, therefore using
the encoder to obtain the generator speed as a control input is unacceptable. Practically, the
use of a speed encoder is extremely expensive relative to the cost of power electronic
converter. Instead, a circuit can be designed to accept the generator output line-to-line
voltage and extract the frequency of this signal. The designed circuit, shown in Figure 5.8,
includes an initial resistor divider network for voltage magnitude reduction before enteting
the instrumentation amplifier. This resistor divider network ensures that the peak of the
variable input voltage does not exceed the 15V power supply at the maximum wind speed.

The amplifier is set up to apply a unity gain and provides excellent input noise filtering.

15V 15V 15V 135V LabView 3V Supply
AN PaN PaN
—iNve N/C | Vit vee
PMG ! ! 10nF Z536kQ 2 5 36kQ 1550 § "
Linca 800kQ 53¢kQ
N v+ <+ ‘ 15V — Va- A
Tnstrumentation 4 Isolated Digital To LabView
Amplifier Optc-Coupler Digital 1;O
AMF 0z 53¢kQ HCLEF-2531
+IN out AN —IN/C N/C
Comparator
PMG B00KE LM311
Line & V- REF —IN/C GND
10nF
AM\-
90 9kQ
1000F T T 364Q

= = = = = LabView MIO Digital Ground
-15V

Figure 5.8: Pulse Generation Circuit for Voltage to Frequency Measutement of PMG
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The digital optocoupler used for isolation has a maximum reverse breakdown voltage
of 5.0V. This specification requires that a single-rail comparator circuit drive the
optocoupler, rather than a dual-rail comparator since it will create a reverse input of 15V.
The comparator is a special type of op-amp that compares the voltages at the two input pins.
The comparator circuit, expanded upon in Figure 5.9, receives the instrumentation amplifier
output signal after it has been given a positive offset of 7.5 V. The resistor-divider network
of R, and R, are set to identical 5.36kS2 values to create this voltage offset at exactly half of .
the 15 V positive supply, shown in equation 5.9. Using the same equation, R;and R, are also
set to 5.36 kQ, creating the reference voltage at the positive terminal of the op-amp to be 7.5
V. The comparator must also source enough current to turn on the photo diode within the
optocoupler. Equation 5.10 shows that for a supply of 15V, bsettjng R, to 1.5 kQ creates a

suffictent source current of 10 mA.

15V 15V 15V
AN PN 28
5.36kQ2 § R, R § 5.36kQ2 15V 1.5k § R¢
PAN
Instrumentation 5 %/9\1/{@ _
Amp. Output R
! Comparator ., Optocoupler
LM311 Input
+
R:
: A
Figure 5.9: Single-Rail Comparator Circuit Design
]7m* = V])o_r = 15 RZ (5’9)
* R, +R,
1517
I S R (5.10
69
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The resistances R,-R control the width of a hysteresis band that hovers above and
below the reference voltage of 7.5 V. Selecting a 90.90 kQ resistor for R;, the threshold
voltages are found to be 7.71 V and 7.29 V, respectively. These values are obtained from
equations 5.11 and 5.12. This hysteresis band further nullifies the effect of any noise present
on the comparators input pin. This inverting comparator outputs a square wave voltage that
is high (15 V) whenever the input voltage is below the low threshold voltage and is low (0 V)
whenever it is above the high threshold voltage. Finally, this output is relayed to the

optocoupler for isolation purposes to protect the control equipment from the power system.

RZ

V., =15 5.11
i R1(R3+R4)+R ( )
2
R,+R,+R,
VI'HL =15 R, (5.12)
R,R;+K, (Rz +R3)

5.5.2 Flyback Control and Driver Citcuitry

Flyback Fixed Relationship Controller

The theoretical calculation for a flyback converter duty ratio is relatively simple as it only
depends on the presumed constant output voltage, set by the inverter, and the input voltage.
Since the input voltage is variable due to the changing wind speed, the theoretical results for
the optimal input DC-link voltage found in Figure 4.6 are used instead. The output voltage is
fixed at 353.55 V by the inverter switching and constant modulation index of 0.96, evaluated
through equation 5.13. Using the theoretical ideal input and output voltages, the duty ratio is
calculated at each wind speed using equation 5.14. These calculated duty ratio values, Figure
5.10, became the starting point in evaluating the experimental test rig and determining the

actual experimental optimal duty ratio values.

_ 22

Ve, (5.13)

d= sl (5.14)
”(VDC,i ) + VDC,o
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Figure 5.10: Theotretical Duty Ratio vs. Electrical Frequency Fixed Relationship

Using the actual duty ratios found in Chapter 6, a final fixed relationship is found
and used i the LabView Real-Time control code. The flyback control code simply takes the
generator speed as the sole control input and calculates the optimal duty ratio based on the
predetermined fixed relationship. The duty ratio is used to set the pulse width of the 10 kHz
square wave switching of the flyback MOSFET.

Flyback Driver Circuitry

In order to operate the flyback MOSFET safely, a proper dtiver circuit with cortect isolation
from the LabView control circuitry is developed. The isolation is performed through the use
of a digital optocoupler and a dedicated gate driver chip, which ‘forced the MOSFET to turn
on and off. The dniver circuit also contains a current sensing function that is provided by the
gate driver chip. The current sensing circuit allows the chip to identify high cutrent situations
that may cause damage to the flyback MOSFET module. High cutrent situations are
identified by instances of increased voltage across the MOSFET. Both the entire driver
circuit and an expanded look at the current sensing circuit are shown in Figures 5.11 and

5.12 respectively.
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Figure 5.11: Flyback MOSFET Gate Driver Circuit with Current Sensing

22kQ Ultrafast Diode
—AVCC VCC P
Rq
4999
— 1IN ouT AN |
Raax

MOSFETY Driver R; § 33kQ2 Gat

_ lprg R2IZIPBE - @
WPT R;% 1.36kQ

—COM Vs

Figure 5.12: Flyback Driver Chip Current Sensing Circuit

Protection of the MOSFET is extremely important; therefore the cutrent sensing
design circuitry is an important step in the driver circuit construction process. First, R, is
chosen to be 22 k€2 since the driver chip provides a 15 V gate-source voltage. Setting R, to

- 33 kQ2 simplifies the design leaving just one unknown resistance. The circuit is designed for a
peak switch current of 50 A, well above the expected value. It is determined that a drain-
source voltage of 4.6 V will occur at this maximum curtent level. Since the ultrafast diode
on-state voltage is 1.2 V (the voltage at point x’ in Figure 5.12) is 5.8 V, which is shown by
equation 5.15. The IR2121 driver chip has a rated current sensing voltage of 230 mV
experienced at point ‘y’. Therefore with the known values above, equaﬁon 5.16 results in a

final R, resistance value of 1.36 kQ, completing the cutrent sensing circuit design.
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V=V + Vs (5.15)

VR,

ST

3

(5.16)

The gate resistance design is also important, as the value affects the MOSFET turn
on time, and 1t 1s critical to ensure a fast switching time. Using the MOSFET specification
sheet, it 1s determined that a gate charge of 300 nC is necessary for guaranteeing a fast
switching device supplied by a 15 V gate-source voltage. A desired switching on time of 1 ps
1s chosen as a reasonable amount since the flyback switching period is established as 100 Us.
At the specified gate charge and desired switch turn-on time, equation 5.17 results in a

required gate current of 300 mA.

= Low (5.17)
14

on

IGafe

The gate resistance can then be calculated to be 50 Q for the provided 15 V gate-
source voltage, shown by equation 5.18. The closest standard value of 49.9 Q is chosen for

the experimental circuit, concluding the flyback driver circuitry design.

VGX

Gate

RGa/e =

(5.18)

5.5.3 Inverter Control and Algorithm

Inverter Theoretical Control

The purpose of the inverter control is to maintain optimal power injection into the grid. This
inverter control uses a theoretically defined association involving the generated power,
mverter output voltage, grid voltage and the output voltage phase angle. This phase angle, 8,
represents the angle difference between the inverter output voltage and grid line voltage. A
phasor diagram depicting the magnitudes and directions of the inverter output variables is

illustrated in Figure 5.13.
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Figure 5.13: Inverter and Grid Output Circuit Diagram
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Figure 5.14: Inverter Output Phasor Diagram

From the phasor diagram, the formulas for the power factor angle, 6, and voltage

phase angle (3) are defined as follows

cos(@)ziji}—gLL (5.19)
IGXLI
sin(6) :%  520)

Loy

Combining equations 5.19 and 5.20 results m an equation that relates the power factor angle

to the inverter voltage phase angle:

_sin(8)V,

cos(0)1,. % . (5.21)
1

-5
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The output real power for the single phase grid i1s calculated using the well known
tormula shown by equation 5.22. Assuming negligible losses through the converter a

relatibnship for the power factor angle to the input DC power is established.

ont

P =Dy =V_I . cos(6) (5.22)

Substituting equation 5.22 into equation 5.21 gives the final equation used to determine the
theoretical inverter voltage phase angle needed. This is the angle needed to achieve optimal

power flow from the wind turbine, equation 5.23.

o= B 52
G

Iny

It 1s once again noted that these values are employed as an experimental starting
poimnt. The actual relationship between phase angle and electrical frequency is found
experimentally. The theoretical relationship between the inverter voltage phase angle and

generator electrical frequency is depicted in Figure 5.14.
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Figure 5.15: Theoretical Phase Angle vs. Electrical Frequency Fixed Relationship
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Inverter LabView Control Algorithm

The LabView inverter control algorithm, Figure 5.15, receives the single control
mput of the instantaneous generator electrical speed. Using this speed input, the algorithm
then computes the required optimal phase angle. Since the required phase angle data is
obtained experimentally at various wind speeds, a simple second ordér polynomial curve fit
is performed on the data. The computer control employs this polynomial equation during its
computation for the required phase angle at the current generator speed. It is noted that the
FPGA 1s used for convenience since it is readily available. In a practical system the controller

hardware may be simpler and more cost effective than the FPGA.
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Figure 5.16: LabView Inverter Phase Angle and Switching Algorithm
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Simultaneously, the LabView code accepts an analog input voltage as the pulse width
modulation reference voltage from the single-phase grid. Applying zero-crossing detection, a
60Hz sine wave 1s synchronized to the grid voltage at the instance the grid voltage changes
from a negative to a positive value. Utilizing a LabView sine wave generation block, the
amplitude, hence modulatic/)n index, phase shift and DC offset are controllable. The phase
shift is controlled using the calculated phase angle that is achieved through the experimental
fixed relationship discussed above.

The FPGA implemented PWM generation block uses ticks to control the switching
period. In this case 4000 ticks represent 100 ps while using the 40 MHz internal FPGA
clock. The on-time of the inverter switches are determined by the instantaneous amplitude
of the reference signal. The signal 1s first scaled in a manner that assures the maximum
amplitude will not exceed 2000 for a modulation index of one. The signal is than shifted
upwards creating a DC offset that centers the signal at 2000, making the maximum no larger
than 4000. The complete transition of the refetence voltage is shown in Figure 5.16, Where
in this case a modulation index of 0.96 is employed.

When the reference signal reaches its maximum value, the FPGA cottelates this
value as the high switch on-time in ticks and distributes the switching signals for both
inverter transistors accordingly. Since the reference amplitude is sampled at an extremely fast
rate, the FPGA outputs appropriate switching signals throughout the sinusoidal transition of
the reference signal. For protectjoﬁ of the inverter transistors, a 2 ps dead-time is included
during all state transitions ensuring that both transistors are never on at the same time.
Having both switches on together will create a path of zero resistance across the DC-link
capacitors. This path will endure a sudden ramp up in current and will undoubtedly destroy
the nverter IGBT module. The inverter IGBT’s are driven by digital outputs controlled by
the LabView real-time FPGA code.

x2000

Figure 5.17: Sinusoidal Reference Transition For LabView FPGA PWM Switching
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5.6 Chapter Summary

In this chapter the details of the construction of a small scale grid connected wind energy
test rig are identified. A controllable DC power supply and permanent magnet DC motor are
used for emulation of a wind turbine driving the permanent magnet synchronous generatot.
The complete design of the flyback converter, including snubber and transformer
construction, s also provided. Using the LabView PXI chassis and minimal analog circuitry,
control signals for the wind turbine emulation, flyback converter and invetter are easily
created. The control algorithms for both the flyback converter and single-phase inverter are
given and are later used to produce the experimental results. Chapter six outlines the

experiments carried out and the results obtained for verification of the wind turbine control.

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6

Experimental Results

The experimental results of the proposed grid connected wind turbine are presented in this
+ chapter. The first results provided verification that LabView indeed controls fhe'phase angle
of the inverter PWM sinusoidal reference signal. Actual experimental fixed relationships for
the duty ratio and phase angle are created and compared to their ideal fixed relationships
described in Chapter 5. The controller results for the injection of the variable wind speed
profile are shown, including the resulting TSR throughout the changing wind. Lastly the
system is subjected to 1 m/s and 2 m/s wind speed step changes and the resulting conttolle'r

step response results are given.

6.1 Measurement Equipment

Validation of LabView inverter switching and voltage phase angle control is obtained
through an oscilloscope. In other experiments, to obtain the dynamic wind speed results,
two Yokogawa pbwer meters are used. These meters are inserted into the generator circuit,
high DC-link circuit and grid circuit. Each Yokogawa contains three measurement elements
allowing for three separate single phase connections or a typical three phase connection. The
PXI chassis allows for the connection of both these meters through a single GPIB port. The
dynamic results are obtained instantaneously through the LabView computer control for
further analysis.

In order to measure the generator 3-phase voltages and cutrents, the first meter is
inserted between the generator output terminals and the input of the 3-phase diode rectifier.
The Yokogawa meter requires a three-phase three-wire connection for this particular
generator since the generator does not have a neutral connection required for the four-wire
connection type. The addition of the power meter is depicted in Figure 6.1, as only two of

the three measurement elements on the Yokogawa power meter are needed.
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Figure 6.1: Generator Side Connection of YokogaWa PoWer Meter

It 1s extremely important to obtain the resulting currents and voltages through the
high-side DC-link. Determining the power at this stage gives an accurate distincdon between
flyback converter losses, and single-phase inverter losses. Since the flyback transformer has a
center tapped secondary that is connected at the mid point of two large DC-link capacitors,
two separate current measurements are required. The two current loops measured are shown
in Figure 6.2, and are used in conjunction with each capacitor voltage to obtain the high-side
DC—link power. The final measurement element on the power meter is used for grid power
measurement, as both grid voltage and current are obtained. Figure 6.3 outlines how each
element is connected to the corresponding portion of the circuit, between the flyback

secondary and inverter connections.
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Figure 6.2: High DC-Link and Grid Measurement Circuit
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Figure 6.3: Yokogawa Connection for High DC-Link and Grid Measurement

6.2 Controller Verification

Controller verification is completed for both the flyback and inverter stage of the electronic
converter. The LabView inverter control is first verified since the sinusoidal PWM switching
technique involves the need for a precise phase angle control. It is extremely important that
the commanded angle matches the actual produced angle at the output of the inverter.
Having the angles match allow the inverter to achieve optimal power flow. Once the inverter
control is verified, the calculated ideal flyback duty ratio and inverter phése angle control
relationships are investigated.

The experimental fixed relationship are found by stepping the experimental system
through steady wind speeds of increasing value and changing both the duty ratio and inverter
angle until the optimal TSR is reached. The calculated theoretical optimal values are used as
a starting point before performing the aforementioned experiment. From the experimental
verification, actual fixed relationships between the control outputs and input generator
frequency are created. Using these fixed relationships allows for a simple open-loop control
that requires just the mechanical speed as the single control input. This control technique is
simpler than the current controller investigated during system simulation vetification and

thus more cost effective.
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6.2.1 Inverter Phase Angle Control

Initially the PWM switching, without phase angle control, is tested by executing the LabView
‘PWM switching control. The inverter output voltage and supply voltage are measured
through an oscilloscope. It is expected that the inverter output voltage will resemble a 10
kHz pulsed frequency signal with a peak to peak voltage equalling the DC-link voltage.
During sinusoidal PWM switching, the top level H-bridge inverter switch is on a
majority of the time when the reference signal reaches a positive peak. Likewise durting the
negative peak of the sinusoidal reference signal the low side switch becomes activated for a
larger portion of the switching period than the high side switch. This affect can be shown by
looking at the inverter output voltage during the period at which the sinusoidal reference
voltage 1s at the positive and negative peak periods. This high-side and low-side switching
theory is proven as it is shown in Figure 6.4 and 6.5 respectively. The figure time scales are
limited to a shortened period to capture the high switching pattern of the inverter output
waveform. This reduced time scale better shows the disparity in switching period between
the high and low switch of the inverter. For this particular case 2 modulation index of 0.6 is
used with the DC power supply commanding a DC-link voltage of approximately 300 V,

evident in both figures.
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Figure 6.4: Inverter PWM Switching at Positive Peak of Reference Signal

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200

=== Inverter Output Voltage
150 - 1 7 f 1 ) q P 1 N
100 -

50 -

0 - ;
0.023( (0.0255 0260
-50 -

Voltage (V)

-100 -
-150*JML\,,JMLMJL~JWL,JM;JW

-200 -

Time (s)
Figure 6.5: Inverter PWM Switching at Negative Peak of Reference Signal

To determine the phase angle produced at the output of the inverter, the grid
voltage, grid current, output inductor voltage, power factor angle, and output inverter
voltage are simultaneously measured. The 60 Hz fundamental magnitude of each variable 1s
needed and therefore, a Fourier transform is performed on the recorded datar using Matlab.
It 1s noted that the commanded angle for this test experiment is set to 26° and the grid
voltage is set arbitrarily (not necessarily 120 V) through a single phase variac. Through
measurement of the grid current, a 3.1° power factor angle, 8, between grid voltage and
current is observed. ‘

The Fourter results, shown in Figure 6.6, display the magnitude of the variables at
frequencies ranging from 60 Hz to 500 Hz. The results show that that the dominant
magnitude of each tested voltage occurs at the fundamental frequency of 60 Hz. The
magnitudes of each of the measured voltages are given in Figure 6.7. The magnitude of the
inverter output voltage and gri(‘l voltage are 112.06 V and 102.86 V respectively. By applying

~these voltage results to equatfons 6.1 and 6.2, the actual phase angle is calculated to be
26.67°. The LabView commanded reference angle shift and actual resulting angle are

extremely close, showing that the inverter angle control performs excellently.
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Figure 6.6: Fourier Transform Results for Inverter Angle Verification
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6.2.2 Fixed Relationship Control

In leading up to the implementation of the simple open-loop controller for the conversion
system, the theoretical fixed relationships for the duty ratio and angle are first verified. In
doing so, the experimental test rig is stepped through a range of wind speeds. At each wind
speed the duty ratio and inverter angle are changed until the optimal TSR is reached. The
theoretical values, defined in Chapter 5, are used as a starting point in the search for the
perfect operating point.

The experimentally defined ideal duty ratio is ;hown m Figure 6.8 along with the
commanded duty ratio and aforementioned theoretical relai:ionshjp. The experimental
optimal duty ratio and commanded duty ratié are almost identical since a 5™ order
polynomial is used to curve fit the results. This polynomial command relationship is used
during the dynamic wind speed control. The large variation between the theoretical and
experimental profiles is attributed to assumptions made in the theotretical flyback
calculations. The theoretical calculations assume the use of an ideal transformer, and do not
account for the snubber circuit added in the test rig. The duty ratio levels off at the end,
indicating the need for a much larger MOSFET on-time to cope with the increasing

converter losses at the higher power levels.

0.58 ¢ Experimental Ideal Duty Ratio
0.55- s Theoretical Ideal Duty Ratio
A — Commanded Duty Ratio
0.52 a
S 049
&
- 0.40
Q 0.43-
0.40+
0.37- Tl
0-34 T T T T .
100 150 200 250 300 350

Electrical Frequency (rad/s)
Figure 6.&: Comparison of Optimal Duty Ratio Relationships
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Similarly the inverter phase angle relationships are plotted 1n Figure 6.9. In this case a

2" order polynomial is used for the commanded phase angle during dynamic control. The

discrepancies occur at the higher power range since the theoretical calculations do not take

" into account any inverter losses. A lower inverter phase angle directly results in an increase in

the flyback output voltage and therefore, counters the effect of these inverter losses.

Together the two commanded relationships result in optimal power control of the test rig.
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Figure 6.9: Comparison of Optimal Inverter Angle Relationships
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Figure 6.11: Optimal Power Curves at Various System Stages

During the controller verification, the optimal flyback input voltage is also recorded,
depicted in Figure 6.10. The plots shown are similar since the theoretical calculations
account for the experimental diode rectifier voltage drops and commutation overlap. Figure
6.11 shows that the predicted turbine power, resulting flyback input and grid output powet
tollow the anticipated relationship with generator speed. The evident flyback and inverter

losses are further investigated during the controlled variable wind operation.

6.3 Variable Wind Profile Response

The experimental test rig is tested under the conditions of a variable wind profile to
determine the performance of the converter open-loop control. Before operating the system
under any condition, an initial start up procedure is first implemented. The start-up allows
the system to enter steady state before the converter control and wind profile can be

activated. The start-up procedure is listed as follows:

1. Ensure all power supplies, grid components and cooling fans are plugged in.
2. Activate LabView code and enable the inverter switching.

3. Set grid RMS supply voltage to 120 V using the single phase vatiac.

4. Enable the flyback switching with an initial duty ratio of 0.6.
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5. Turn on the wind emulator control at an initial constant low wind speed.

6. Activate the power electronic converter duty ratio and ahgle control.

A variable wind profile that begins at 3.75 m/s and reaches a2 maximum of 10 m/s is

applied to the experimental test tig via equation 6.3.
. ! . !
v, =|545sin| — |+ 0.8sin| — |+3.75 (6.3)
36 4

Through the control verification it is identified that the controller cut-in wind speed is 3.75
m/s. Due to losses within the power electronic converter the test rig requires a higher than
optimal geﬁer‘ator speed at wind speeds below 3.75 m/s. Therefore, at these lower wind
speeds, an uncontrolled case is ideal. Verification of the open-loop control is of the utmost
importance and therefore, wind speeds below 3.75 m/s ate distegarded.

The LabView code records the TSR, mechanical speed, generator line-to-line output
voltage, and grid output power (Figure 6.12) over two wind cycles. Figure 6.13 shows the

controller angle and duty ratio outputs, along with the high-side DC-link voltage.
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Figure 6.12: Dynamic System Results with a Variable Wind Speed
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Figure 6.13: Vpco. Commanded Angle and Duty Ratio with a Variable Wind Speed

The controller performance is shown to be excellent since the TSR value remains
near the optimal value of 7.8. Although the TSR appears to almost reach 8, this is of little
concern since the coefficient of performance (C;) does not deviate significantly enough to
result in a noticeable reduction in power capture. The TSR does slightly decrease at low wind
speeds. However, the converter continues to draw power and high wind speed performance
is more important. As expected, the generator output voltage and mechanical speed follow a
similar form as the wind speed during system control. The converter captures power
throughout the entire wind profile, reaching a maximum of approximately 520 W.

The high-side DC-link voltage varies slightly since it is influenced by both the
commanded duty ratio and angle. The large output capacitance allows for a relatively

_ constant output DC-link. The slight dip in the DC-link voltage is attributed to the less than
optimal generator speed and low TSR at low wind speeds. The commanded controller
outputs are smooth, and show the ability of the controller to quickly find the next optimal
operating point. The power levels at multiple stages of the test ng are recorded, and are

shown in Figure 6.14.
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Figure 6.14: Various System Power Results with a Variable Wind Speed

This figure shows and compares the power levels ranging from the expected turbine
power, generator output power, flyback output power and finally the grid output power. The
results show that the flyback convetter contributes most of the loss within the system. The
generator efficiency 1s faitly high during the majority of the wind range, with a slight drop off
at the peak power. On the other hand, the inverter proves to perform at the highest
efficiency with minimal losses throughout the entire wind profile. The losses shown for the
flyback converter also include any losses produced by the three phase diode rectifier, though
they are assumed to be minimal. »

Figure 6.15 depicts the generator and flyback efficiencies and energy transferred by

' the flyback converter. The efﬁcieﬁcy of the ﬂyback converter reaches a maximum of
approximately 80% during high wind speeds. The diminished flyback efﬁciency may be
caused by the MOSFET switching losses and snubber losses due to transformer leakage
reactance. The flyback converter receives about 72.53 kJ of energy and is only able to

transfer 56.21 kJ of energy, resulting in an overall flyback efficiency of 77%.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- WMMM
e |
E< 50
ad
25-
— Generator Efficiency
~— Flyback Effeciency
0 : : : :
0 50 100 150 200
80
60 -

20 -
— Captured E.
0 — Tifnlslggrredn}ie,flge},rgy
0 50 100 150 200

Time (s)

Figure 6.15: Flyback Efficiency and Enetgy Capture with a Variable Wind Speed

A powdered iron core is used for the transformer since it is readily available. It has
been discovered that powdered iron cores are of greater use at higher frequency above 100
kHz and operate at a relatively low permeability. Alloy metal cores have the highest
saturation flux density and permeability among fetrites and powder cores. Alloy metal cores
are limited to applications with switching frequencies below 30 kHz [37]. The flyback
transformer requires a large amount of energy to be transferred at a switching frequency of
10 kHz. The alloy core is a formidable choice in improving the flyback transformer

performance under these experimental conditions.

6.4 Controller Step Response

The open-loop controller step response is tested by applyinga 1 m/s and 2 m/s step change
m wind speed. A rate hmit is placed upon the controlled flyback duty ratio and inverter
phase angle. This rate limit is implemented for protection of the output DC-link capacitors
that are rated at 450 V. Since a slight decrease in the flyback duty ratio heavily affects the

DC-link voltage, it 1s important to not allow this change to occur mnstantaneously. An
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instantaneous change could cause an over-voltage situation to occur. A rate limit of 0.015/s
is placed on the duty ratio, and a 5°/s rate limit is placed on the inverter phase angle change.

The system 1s initiated using the startup steps previously mentioned in order to set
the steady étate condition. The wind speed 1s manually controlled and slowly increased to a
starting wind speed of 6 m/s. Recording of the data is enabled and a step change of 1 m/s
(from 6 m/s to 7 m/s) is fotced manually through LabView. The system and controller step
response are depicted n Figure 6.16.

The system tesponse is swift after the 1 m/s (3.6 km/h) step change is applied. The
TSR quickly drops as the wind speed is stepped up, and the controller responds by altering
the angle and duty ratio until the optimalvpoint 1s reached. The TSR, generator output
voltage and mechanical speed settle back to their optimal values. In a similar manner, a step
down of 1 m/s is also applied. The system responds similarly however, in this case the TSR
suffers a sudden increase. This increase is once again mitigated by the controller action until

the optimal value 1s reached.
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Figure 6.16: Dynamic System Results with 2 1 m/s Wind Step Change
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Figure 6.17: Vpcz, Commanded Angle and Duty Ratio with a 1 m/s Wind Step Change

The resulting controller action is also recorded. As shown, the duty ratio and angle
both under go changes once the step change is employed. A 0.0231 change in duty ratio 1s
required, which, with the rate limit, requires 1.54 s of elapsed time. This change in duty ratio
is depicted in the ramp decline and incline shown in Figure 6.17. The angle change requires
just 0.638 s, and i1s a much faster change as expected. An increase in angle will normally
decrease the DC-link voltage, and a decrease in duty ratio causes an increase in the same
voltage. Although the duty ratio is changed at a much slower rate, it still had a greater affect
on the DC-link voltage since voltage increase is observed during the step change.

To further verify the ability of the controller to handle a step change in wind speed, a
2 m/s step change is also applied. In this case the wind speed is stepped from 5 m/s to 7
m/s instantaneously. This is the equivalent to a 7.2 km/h instantaneous wind gust. The
system response and control command signals are displayed in Figure 6.18 and Figure 6.19

respectively.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—~ 8
2L
~E o | \ 1
4 ) 1 1 \ 1 \ )
3 0 10 20 30 40 50 60 70
1% 750 l ¥ ¥ ¥ ¥ ¥ ¥
£ 7 _
45 500 — -
..;40 250 1 L L L [ 1 L
P 0 10 20 30 40 50 60 70
10 Y ¥ ¥ T T T ¥
i M
0 8
g 6 i i L Vv ] L ] (] L ]
0 10 20 30 40 50 60 70
45 ¥ ¥ T 1 T T T
—
6] E 30F Yl L i
> 15 i L L L I 1 ]
0 10 20 30 40 50 60 70
E 400 L) T ¥ ] ¥ ¥ ¥
S5 200f Y .
"g 0 ] i ] ) ) i 1
O

0 10 20 30 40 50 60 70
Time (s) .

Figure 6.18: Dynamic System Results with a 2 m/s Wind Step Change
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Figure 6.19: Vpco. Commanded Angle and Duty Ratio with a 2 m/s Wind Step Change
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The controller shows an excellent response to the change in wind speed. The
deviation in TSR during the step changes is again rectified back to the optimal value. The
optimal values of mechanical speed, generator voltage and grid power are also achieved, both
during step-up and step-down of the wind speed. The angle and duty ratio also change
according to the controller command, and are once again rate limited for protection. This
rate limit is clearly evident in the figure, which displays a slight ramp in the commanded duty
ratio and angle. The DC-link voltage expetiences a slightly higher peak duting the inctrease in
wind speed. Although it does not reach the maximum of 450 V, this rise is again due to the
effect of quickly changing the duty ratio.
| A larger step change, for example 3 m/s, may have caused this voltage to exceed the
450 V causing LabView to abruptly shut the system down. Similarly, a step change at higher
wind speeds will also cause a larger increase in DC-link voltage. For example, the 2 m/s step
change results in an output power change of 124 W. If the change occurs from 8 m/s to 10
m/s, a power change of 240 W would have been experienced. This larger change in power

may result in the output DC-link voltage exceeding the 450 V limut.

6.5 Chapter Summary

This chapter provides the experimental results for the wind energy converter test rig. The
variable wind dynamic system results are provided, and the validity of the open-loop
continual controller is verified. The controller response to a subjected 1 m/s and 2 m/s wind

speed step change have also been proven acceptable.
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Chapter 7

Conclusions and Future Work

Wind energy continues to grow with, téchnological advances in power electronic devices
leading the way. Wind energy has become a viable source of energy throughout the world,
and competes with traditional means of energy production. The goal of this research is to
design a cost efficient power electronic convertér, for a small-scale grid connected wind
turbine. The converter control is designed to achieve maximum power transfer from the
wind turbine over a wide speed range. The converter is also low in cost as it only requires the
generator speed as an input in controlling the flyback duty ratio and inverter phase angle.
The proposed system keeps the cost to a minimum, with just three power electronic switches
and a simple open-loop control scheme. In addition it adds the desirable electrical isolation
through the flyback high frequency transformer.

Typically, grid connected wind energy systems are comprised of back-to-back
controllable converters. However, this configuration causes an increase in cost even though
controllability is enhanced. The method of MPPT control has been widely researched, and
has proven to provide reasonable performance. However, MPPT encounters issues in
reaching the optimal operating point during situations in which the wind speed changes
quickly. Other systems employ a constant DC-link voltage, usually set for maximum
performance at the site average wind speed. At wind speeds above and below the site
average, these systems do not operate at the most ideal point.

The proposed system employs a diode rectifier for the initial AC-DC conversion, an
immediate benefit to the overall cost of the system. The system also includes a flyback DC-
DC converter in the DC-link. This converter provides the necessary torque control of the
generator. The torque control is performed through the manipulation of the commanded
flyback duty ratio, which forces an optimal DC-link voltage. The alteration of this voltage, in
turn, alters the generator mechanical speed and operation of the wind turbine. In addition,
the flyback transformer is designed and constructed to transfer the captured energy, and
boost the DC-link voltage for inverter conversion. The flyback transformer also provides

isolation between the generator and grid. Other systems require the added cost of a separate
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transformer since their converters do not provide the desirable electrical isolation. For
flyback MOSFET protection, a snubber circuit is designed to handle large voltage spikes
during switch turn off. Finally, the converter is concluded by a single phase inverter that uses
phase angle control to provide maximum power transfer to the grid.

The flyback converter control follows a fixed relationship between the optimal duty
ratio and generator electrical frequency. Likewise, the inverter control tracks a fixed
relationship between the voltage phase angle and electrical frequency. This open-loop
method of control proves to follow the optimal turbine TSR excellently for wind speeds
ranging from 3.75 m/s to 10 m/s. The controller response to wind step changes of 1 m/s
and 2 m/s is exceptional. In both cases the system retutns to the optimum point after a brief
transient. |

The benefits of a controlled system are verified in simulations, with a current
controller providing increased power capture over results using a fixed DC-link. The
proposed system is experimentally designed and constructed with the wind tutbine emulated
by a DC power supply and DC motor. The wind emulation is controlled through LabView
real-time control. The open-loop control is preferred over the simulated current control due
to a reduction in complexity. The control relationships may be easily modified for different
wind turbines having different coefficient of performance profiles. LabView real-time
control also provides the means to controlling boﬂl the flyback and inverter switching. The
entire system is extremely cost effective, with a total of only 3 switches used in combination
with a simple open-loop control.

The proposed test rig and control operate well throughout the applied wind speed
range. Some improvements may be made by first examining other design methods for the
flyback transforfner. Due to time constraints, and other design obligations, the flyback
transformer design is not the main focus of this research. Placing more emphasis on the
transformer design may improve the flyback converter performance. Over voltage concerns
for the DC-link capacitors hindered the response of the controller. An increase in capacitor
voltage limit may allow the controller to shift operating points during wind gusts at a faster
rate, if needed.

The use of open-loop control on the inverter and flyback wete a means to verifying
the ability of using the flyback converter as an option for a DC-DC boost stage. This control

option results in a simple control algorithm at a reduced cost. If the cost of current and
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voltage sensors are not an issue than future work may entail the use of a current control.
Current control may a]loxﬁv for a reduction in the‘ output inductor size and offers more
protection as over cutrent situations can be easily monitored. Future work involving the use
of a current control may also require a phase lock loop (PLL) in order to accurately match
the phase of the grid reference. The PLL will help achieve an accurately controlled PWM
switching technique for the current control. Finally, a non-computer control, possibly
through analog components or a PIC (Peripheral Interface Controller), is an ideal choice for

system practicality and future testing on a real wind turbine.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bibliography

[1]
[2]
[3]

Global Wind Energy Council. Global Wind 2005 Report. April 7, 2006.
P. Fairly. Steady as she blows. IEEE Spectrum, 40(8):35-39, August 2003.

J. Christensen, F. Denton, A. Garg, S. Kamel, R. Pacudan, and E. Usher. Changing
Climates — A role of renewable energy in a carbon-constrained world. The United

Nations Environment Programme, December 2005.

[4]

[9)

[10]

[11]

[12]

American Wind Energy Association. “How much does wind energy cost?”
Washington, D.C., USA; http://www.awea.otg, accessed February 22, 2006.

H. R. Zamot, E. O’Neill-Carrillo, and A. Irizarry-Rivera. Analysis of wind projects
consideting public petception and environmental impact. In Proceedings of the 37"
Annual North American Power Symposiunm, Pages 591-596, October 23-25, 2005.
IEEE. :

E. Martinot. Renewables 2005 Global Status Report. Bey'z'nglm‘ematz'om/ Renewable
Energy Conference 2005, November 6, 2005.

A. Sayigh. Wortld renewable energy. In Proceedings of 3 World Conference on Photovoltasc
Energy Conversion, volume 3, pages 2556-2561, May 12-16, 2003. IEEE.

S. Al-Hallaj. More than enviro-friendly: renewable energy is also good for the
bottom line. In IEEE Power and Energy Magazine, 2(3), Pages 1622, May—June 2004.
IEEE.

Bergey Windpower Company. Turbine Product and Prices Information Available at:
http:// www.bergey.com

Z. Chen and E. Spooner. Cutrent source thyristor inverter and its active
compensation system. In Proceedings on Generation, Transmission and Distribution,
volume 150, pages 447454, July 2003. IEE.

N. Yamamura, M. Ishida, and T. Hori. A simple wind power generating system with
permanent . magnet type synchronous generator. In Proceedings of the IEEE
International Conference on Power Electronics and Drive Systems, volume 2, pages 849854,
July 27 — July 29, 1999.

M.G. Smmoes, B.K. Bose, and R J. Spiegel. Fuzzy logic based intelligent control of a

variable speed cage machine wind generation system. IEEE Transactions on Power
Electronics, 12(1):87-95, January 1997.

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.awea.org
http://www.bergey.com

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(201

[21]

[22]

S. Mueller, M. Deicke, and Rik W. De Doncker. Double fed induction generator
system for wind turbines. IEEE Industry Applications Magazine, 8(3):26-33, May—June
2002.

S. Bhowmik, R. Spee, and J.H.R. Enslin. Performance optimization for doubly fed
wind power generation systems. IEEE Transactions on Industry Applications, 35(4):949—
958, July—August 1999. '

I. Schiemenz, M. Stiebler. Control of a permanent magnet synchronous generator
used in a variable speed wind energy system. In IEEE International Machines and
Drives Conference, pages 872— 877, June 2001.

S. Bhowmik and R. Spee. Wind speed estimation based variable speed wind power
generation. In Proceedings of the 24" Annual Conference of the IEEE Industrial Electronics
Society, volume 2, pages 596601, Aug. 31 — Sept. 4 1998.

L. Zhang, C. Wathanasarn, and W. Shepherd. Application of a matrix converter for
the power control of a variable-speed wind-turbine driving a doubly-fed induction

generator. In 23" Annnal International Conference on Industrial Electronics, Control and
Implementation, volume 2, pages 906-911, Nov. 1997. IEEE.

L. Vogel. 1987, The North Dakota wind energy handbook. North Dakota Energy
Extension Service Program and North Dakota Office of Intergovernmental
Assistance State Energy Program, 1987.

The Weather Network, Regional Monthly Statistical Information Available at:
http:/ /www.theweathernetwork.com/weather/stats/index.htm, accessed July 5,
2006.

R.D. Richardson and G.M. McNerney. Wind energy systems. In Proceedings of the
IEEE, volume 81, pages 378-389, US Windpower, Livermore, CA, USA, March
1993.

G.L. Johnson. Wind Energy Systems. Prentice—Hall Inc., January 1985.

Intermediate Technology Development Group. Wind for electricity generation.
Boutton on Dunsmote Rugby, United Kingdom; http://www.itdg.otg, accessed
March 10, 2006. '

K. Tan and S. Islam. Optimum control strategies in enetrgy conversion of PMSG
wind turbine system without mechanical sensors. IEEE Transactions on Energy

Conversion, 19(2):392-399, June 2004.

P. Ledesma and J. Usaola. Doubly fed induction generator model for transient
stability analysis. IEEE Transactions on Energy Conversion, 20(2):388-397, June 2005.

S.J. Chapman. Electric Machines Fundamentals — 3" Edition. McGraw—Hill, August 21,
1998.

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.theweathernetwork.com/weather/stats/index.htm
http://www.itdg.org

[26]

27]

28]

29]

130)
B1)
B2
53]

[34]

[35]

36]

1371

R.L. Ames. AC Generator: Design and Application. John Wiley and Sons, 1990.

Chen and E. Spooner. Grid interface options for variable-speed permanent-magnet
generators. In Proceedings on Electric Power Applications, volume 145, July 1998. IEE.

P. Wolfgang. The Challenge of Renewable Energy Market Deployment. The World Council
for Renewable Energy, March 2006.

M.R. Patel. Wind and Solar Power Systems. CRC Press LLC, 1999.

R.S. Pena, R.J. Cardenas, J.C. Clare, and G.M. Asher. Control strategies for voltage
control of a boost type PWM converter. In 32 _Annual Power Electronics Specialists
Conference, volume 2, pages 730-735, June 2001. IEEE.

Dr. John Salmon. EE 437 Power Electronics. Electrical Engineering, University of
Alberta, 2™ Floor ECERF, May 2006.

AM. Knight and G.E. Peters. Simple wind energy controller for an expanded
operating range. [EEE Transactions on Energy Conversion, 20(1):459-466, June 2005.

S. Jiao, G. Hunter, V. Ramsden, and D. Patterson. Control system design for a
20kW wind tutbine generator with a boost converter and battery bank load. In 321
Apnnual Power Electronics Specialists Conference, volume 4, pages 22032206, June 2001.
IEEE.

A.M. De Broe, S. Drouilhet, and V. Gevorgian. A peak power tracker for small wind
turbines in battery charging applications. IEEE Transactions on Energy Conversion,
14(4):1630-1635, December 1999.

Micrometals Iron Powder Cores. PC: General Material Properties Information
Available at: http://www.micrometals.com/materials_index.html.

A. Hren, J. Korelic, and M. Milanovic. RC-RCD clamp circuit for ringing losses
reduction in flyback converter, IEEE Transactions on Circuits and Systems 1I: Express
Briefs, 53(5): 369-373, May 2006.

H. L. Chan, K. W. E. Cheng, T. K. Cheung and C. K. Cheung. Study on magnetic
matetials used in power transformer and inductor. In 2" International Conference on
Power Electronics Systems and Applications, pages 165—169, November 2006.

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.micrometals.com/materials_index.html

