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Abstract

Wind power energy conversion is growing rapidly in the world. There are two main
wind farm types, namely ac grid-based and dc grid-based wind farms. The dc grid-
based approach reduces the size and weight of the magnetic components and cables.
In the dc system, the step-up dc/dc converter is the key component when interfacing
the wind turbine to the ac grid, via its low/medium voltage generator. This thesis
focuses on the control and design of a wind energy conversion system based on dc/dc
current source converters. An optimized One-Power-Point method for maximum
power tracking is proposed. It incorporates One-Power-Point control and Maximum
Power Differential Voltage control to allow the wind turbine to extract more energy
during rapid wind speed changes. A current output hard-switched full bridge
converter and serial-parallel resonant converter with an intermediate high frequency
transformer are investigated for interfacing wind turbines to a local dc grid. These
converters are assessed and compared in terms of semiconductor stresses and losses.
A new modified One-Power-Point control method is proposed for the dc/dc converter,
which tracks the maximum power during wind speed changes. A design procedure
for the serial-parallel resonant converter is presented, based on its characteristics
specific to a wind energy conversion system (WECS). A current source dc/dc
converter based multi-terminal dc WECS is presented, investigated, and simulated. A
practical multi-terminal dc WECS verifies its feasibility and stability, using two dc
current output wind turbine units. Furthermore, a coordinated de-loading control
scheme for the current sourcing based WECS is proposed, to cater for ac grid
demand changes. It combines pitch control, dc dumping chopper control, and dc/dc
converter control, to safely and quickly establish de-loading control. Both simulation

and experimental results verify the de-loading scheme.
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Preface

Wind energy conversion system (WECS) technology has been developing fast in
many countries around the world. But there are challenges in terms of efficiency,
stability and system cost. The goal of this thesis is to investigate a possible solution

for the wind farm collection and transmission system.

Chapter one presents the characteristics of wind power, which involves its variability,
intermittency and economics. The different collection and transmission technologies

for wind farms are investigated.

Chapter two investigates each component used in a wind energy conversion system.
Different types of wind turbine generators, power converters and inverters are

compared in terms of their advantages and disadvantages.

Chapter three introduces an optimization scheme based on One-Power-Point control
for a boost converter based wind energy conversion system, which improves energy

conversion efficiency without additional mechanical sensors and measurements.

Chapter four investigates a wind energy conversion system, which uses a current
source full bridge dc/dc converter with an intermediate high frequency transformer.
The boost and H-Bridge converters are compared in terms of switch stresses. New
modified One-Power-Point control is presented. The test rig with a constructed wind
turbine emulator verifies the performance of the proposed system and control method.

Chapter five proposes a series-parallel resonant converter for interfacing the wind
energy electrical source to the grid. The design procedures and analysis of the series-
parallel converter are presented based on the Fundamental Mode Approximation. It
compares the hard-switch full-bridge converter in terms of switch stress and
efficiency. Simulation and experimental results demonstrate the feasibility of

utilizing an LCC resonant converter for wind energy conversion systems.

vii



Chapter six introduce a current source dc/dc converter based multi-terminal DC wind
energy conversion system. The proposed WECS is based on a star connected system.
The simulation and experimental results demonstrate the stability of the proposed

WECS with three different operation cases.

Chapter seven proposes a coordinated de-loading control scheme for the proposed
WECS under ac grid power demand changes. The proposed control scheme
combines dc/dc converter control, dc dumping chopper control, and turbine pitch
control. Simulation and experimental results are analysed and confirm the validity of

the propose control scheme.

Finally, chapter eight presents the thesis general conclusions, the author’s

contribution, and suggestions for future research.
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Chapter 1

Introduction

Recently, wind energy has grown rapidly in the world since it is a free, clean,
renewable fuel (wind), mature technology and because of the rising prices of fossil
fuel. It is considered one of the promising alternative sources of electrical power.
Wind power technology has also been rapidly developed in areas of power
conversion, collection, and transmission technology, which make wind power more

competitive than other energy sources.
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1.1  Wind Energy

Nowadays, wind power as an alternative renewable energy source receives much
more attention due to global warming and the energy crisis. It is known that fossil
fuels such as coal, oil, and gas produce carbon dioxide which results in the
greenhouse effect; also they are non-renewable and limited in supply. Windmills
have been used for at least 3000 years [1.1], mainly for pumping water or grinding
grain. The use of windmills (or wind turbines) to generate electricity can be traced
back to the late nineteenth century. The 12 kW dc windmill generator was
constructed by Brush in the USA, 1888, and the research was taken by LaCour in
Denmark in the 1890°s. The development of wind energy was excited by the price of
oil and concern about limited fossil fuel resources in 1973. The use of wind power is
being promoted in many countries. In the European Union (EU), 32 GW of
renewable power capacity was installed during 2011, which accounts for 71.3% of
new power capacity installation (45 GW), while 9.6 GW of wind power capacity
(worth some €12.6 billion) was installed in the EU in 2011. Wind power accounted
for 21.4% of the total 2011 power capacity installation. A total of 94 GW wind
power capacity is now installed in the EU, which is an increase of 11% on the

previous year [1.2].

The total installed global wind energy capacity was 197 GW at the end of 2010,
which increased by 24.1% during the year. China now has 44.7 GW of wind power,
which is the largest installed wind power capacity country in the world. Figure 1.1
shows the top ten countries for installed wind power capacity up to December 2010
[1.3].
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Figure 1.1 Top 10 cumulative installed wind capacity December 2010

1.1.1 Variability and Intermittency

The amount of wind power captured by a wind turbine depends on the wind speed.
The wind speed is constantly varying. Sometimes the wind power plant stands idle
when there is no wind. Thus wind power is variable and intermittent, which cannot
be readily despatched. Because electrical generation and consumption must remain
instantaneously in balance to maintain grid stability, it is a challenge to incorporate
large amounts of wind power onto the grid due to its variability and intermittency.
Also the intermittency and non-dispatchable nature of wind power increases costs for
regulation and incremental operating reserve. An electricity system with large wind
capacity requires more spinning reserve (plants operating at less than full-load) to

regulate for variability of the wind power.

1.1.2 Penetration

Wind power penetration is the amount of energy produced by wind power as a
percentage of the total available energy used. As the installed wind power capacity
increases, large amounts of wind power can be incorporated onto the grid. There is
no generally accepted maximum level of wind power penetration. The constraint on

increasing wind power penetration is not inherently a technical problem with wind
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technology. It depends on the existing generating plants, pricing mechanisms,
capacity for storage or demand management, and other factors [1.4].

Wind power penetration can be specified for different durations of time (years or
days). A number of countries are beginning to achieve relatively high levels of wind
power penetration in their electricity grids. On an annual basis, wind power is
estimated to be capable of supplying the equivalent of approximately 26% of
Denmark’s electricity demand, Portugal-17%, Spain-15%, Ireland-14%, and
Germany-9%. In the United States in 2011, wind power penetration was a small
percentage, which was estimated at 2.9%. For shorter durations (days), the
penetration levels can be much higher. Portugal has had a penetration level of 61%
[1.5].

1.1.3 Economics

Wind power that is incorporated into the grid is economical. The cost of generating
electricity comprises capital cost, running cost, and the cost of financing. Wind
power has a moderate capital cost which accounts for 75% to 90% of the total cost
for onshore projects. The capital cost consists of the cost of construction of the
turbine and transmission facilities, etc. Figure 1.2 shows the capital cost breakdown
of a typical 5 MW onshore project [1.6].

B Wind turbines(64%)

M Civil works(13%)

M Electrical
infrastructure(8%)

M Grid connection(6%)

M Project management(1%)

M Installation(1%)

M Insurance(1%)

1 Legel costs(2%)

Bank fees(1%)

M Interest during
construction(2%)

Figure 1.2 The capital cost breakdown of a typical 5 MW onshore project
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While wind power has lower running costs than fossil fuels (such as coal, natural gas,
and oil), since the wind is a free, clean and a renewable fuel, the price of fossil fuels
has risen due to their non-renewability and limited supply.

Although wind power costs vary among the different countries, the cost trend is that
wind energy is becoming cheaper as technology improves, which includes more
economically made components and new designs. The cost of financing is also
falling as lenders gain more confidence in wind technology. According to the 2011
report from the American Wind Energy Association, the cost of wind power has
dropped to 5 to 6 cents per kilowatt-hour over the past two years, which is 2 cents
cheaper than coal-fired electricity. In addition, wind power emits no air pollution
unlike fossil fuel power plant. Considering the cost of pollution and rising fossil fuel

prices, wind power is becoming more competitive than fossil fuel power.

1.2 Wind energy in the UK

Wind resources are rich in the UK which is estimated to have over a third of
Europe’s total offshore wind resource. The available offshore wind resource is
equivalent to three times the electricity needs of the nation at current electricity

consumption rates when the wind blows [1.7].

The first wind farm in the UK was built at Delabole in Cornwall in 1991. It consists
of 10 turbines each with a 400kW maximum capacity. Renewable wind energy
contributes 2.2% of the UK’s electricity supply, which was the largest renewable
generation source after hydropower in 2007 [1.8]. Currently, there are 311
operational onshore wind farms in the UK with a total capacity of 4.5 GW and 16
offshore wind farms with a total capacity of 1.8 GW. The detailed wind energy
statistics regarding quantity and capacity of wind farm in the different UK countries
are summarized in Table 1.1. A further 3.88 GW of capacity which involves 1.5 GW
onshore and 2.36 GW offshore is being constructed, while 5.2 GW of projects (3.99
GW onshore plus 1.22 GW offshore) have consent and 11.47 GW (7.99 GW onshore
plus 3.48 GW offshore) is in planning [1.9]. The installed capacity of wind power in
the UK is increasing every year. Figure 1.3 shows the graph of UK installed wind
power capacity from 1990-2011. The UK is ranked as the world’s eighth largest
producer of wind power [1.10]. The target is to generate 15% of all the UK’s energy
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from renewable sources by 2020. Onshore and offshore wind together can deliver
30% of the UK’s electricity supply by 2020 and be part of the radical
decarbonisation economy by 2030 [1.11].

Table 1.1 Operational wind farms statistics in the UK

Onshore Capacity (MW) Offshore Capacity (MW)
England 117 926.96 13 1698.20
Northern Ireland 31 387.33 N/A N/A
Scotland 127 2770.73 1 10.00
Wales 36 413.55 2 150.00
Total 311 4498.57 16 1858.2
7000
§ 6000
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0;) 4000 -
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Figure 1.3 UK installed wind power capacity 1990-2011 (operational)
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1.3 Wind power collection and transmission technologies

Electric power generated by wind turbine generators is required to be transmitted to
the utility grid that services customers. The whole wind farm electrical system
consists of a medium voltage electrical collection grid within the wind farm and a
high voltage electrical transmission system to deliver the power to the grid. Different

layouts exist for onshore and offshore wind farms.

1.3.1 Wind farm collection systems
From the collection system point of view, a wind farm can be divided into ac and dc
wind farms. The choice of ac and dc depends on many factors such as wind turbine

types (PMSG or DFIG), system control stability, system cost, etc.
i.  AC wind farm system

Since wind turbine power is generated as an alternating current (ac) and the utility
grid is ac, conventional wind farms use an ac system to facilitate connection. For ac
systems, the collection grid begins with a transformer at each wind turbine, which is
usually located in the base of the tower, to step up the generation voltage level
(typically 690 volts) to a medium voltage, typically 25 to 40 kV. The collection grids
are always medium voltage, because standardized equipment is available at
competitive prices and higher voltage. 50Hz/60Hz transformers are too big to fit into
the tower cross section. For wind farms, they are always located long distances from
the transmission grid, thus the collection grid voltage is stepped up to a transmission
voltage of 130-150 kV to improve transmission efficiency. An additional bulky
50Hz/60Hz transformer is used in the offshore substation to step up the voltage to the

transmission voltage level.
ii. DC wind farm system

In a dc wind farm system the internal ac collection grid is replaced with a dc
collection grid. For both the wind farm topologies, an ac/dc rectifier, which could
either be an uncontrolled rectifier (diode rectifier) or a controlled rectifier (IGBT
rectifier), is used to convert ac power to dc power. A three-phase inverter and a
50/60Hz transformer are needed to step up the generation voltage level to the

collection grid level for the ac wind farm system, while a dc/dc converter is used to
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boost the generation voltage level for the dc wind farm system. A dc/dc converter is
the key component to realize internal dc grid connection. Some of the dc/dc
converter topologies used in dc wind farms are the boost converter, full bridge
converter, and resonant converter. They readily step up voltage with an intermediate
transformer. Compared to the three-phase inverter, the dc/dc converter has a simple
topology and is easy to control. The traditional 50/60Hz bulky transformer used in
the ac collection grid can be replaced with a medium or high frequency small volume
transformer. For wind farms, especially offshore wind farms, component weight and
volume are key issues. Higher component weight and volume increases the space,
and tower and offshore platform costs. The dc wind farm topology may become the

preferred wind farm configuration choice.

1.3.2  Wind power transmission systems
For the wind power transmission system, there are two available technology options:
high-voltage ac (HVAC) and high-voltage dc (HVDC). The selection is related to the

system cost, transmission distance, etc.
i. HVAC transmission system

HVAC transmission is preferable for large wind farms due to its mature operational
and protection technologies [1.12-13]. HVAC systems are considered the most
economical option for distances shorter than 50 km [1.10][1.14-16]. HVAC and
HVDC have similar costs between 50 and 80 km. While unlike air insulated
overhead lines and HVDC insulated cable, there are limits on HVAC cable lengths
due to capacitance distributed along the entire cable length. The longer the cable, the
larger the capacitance. Larger capacitance causes higher charging current to flow
along the cable length. The charging current is given by the formula [1.17].

I. = 2nfCE (1.1)

where f is frequency, C is cable capacitance which is a function of cable geometry
and insulation type (XLPE insulation has the lowest C of the most commonly used

insulation alternatives in HVAC cables), and E is voltage.
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From equation (1.1), the charging current is increased due to the larger cable
capacitance and high voltage level. The charging current accounts for part of the
cable rated capacity, which reduces the cable load carrying capability. The cable
capacitance can also cause over-voltages, high harmonic currents and undesirable
resonances, and may require special circuit breakers with high capacitance current
switching capability which must be considered in the design of the terminal
substation equipment. As the cable length increases (longer than 80 km), an HVAC
system becomes more challenging and costly compared to an HVDC system. Thus

HVDC is the preferred technology for longer distances.
ii. HVDC transmission system

Electric power transmission was originally developed with direct current. The first
commercial electricity generated (by Thomas Alva Edison) was direct current
electrical power in the 1880’s [1.18]. The first electricity transmission systems were
also direct current systems. A major problem was that dc power could not be
transmitted over long distances at low voltage levels, thus ac transmission systems
pioneered by Nikola Tesla were used due to the availability of ac transformers and
the development and improvement of induction motors at the beginning of the 20"
century. The transformer can readily step up ac voltage to a high-voltage level, which
allows efficient long distant power transmission. Nevertheless, it was possible to
transmit dc power at high voltages and over long distance when high voltage valve
technology was developed. High-voltage direct current (HVDC) technology began.
In 1950, a 116 km experimental HVDC transmission line was commissioned from
Moscow to Kasira at 200 kV [1.19]. The first commercial HVDC line was built in
1954, which was a 98 km submarine cable with ground return between the island of
Gotland and the Swedish mainland [1.20]. Subsequently, HVDC transmission system
installations have increased rapidly around the world due to HVDC transmission
system advantages. The advantages of HVDC compared to HVAC are summarised

as.

1) DC power can be transmitted over long distances with lower capital costs and
lower losses than HVAC transmission systems. From equation (1.1), the charging
current I is zero in the steady state in dc circuits since frequency f = 0. This



CHAPTER 1:Introduction

increases transmission capacity with the same conductor for long distance

transmission.

2) For ac system connection, the two interconnected ac systems must operate
synchronously, while dc transmission does not have such a limitation. It can be
used to interconnect asynchronous systems. In Japan, half the country is a 60Hz
network, the other is 50 Hz. With HVAC, it is impossible to connect two
asynchronous systems directly. There are many back-to-back HVDC links built
around the world [1.21-23].

3) In order to improve power system stability, HVDC links can be used within
synchronous ac systems. Larger interconnected ac systems have increased system
complexity from the operational point of view, which has consequences such as
large blackouts. There have been large blackouts in the USA and Europe [1.24].
HVDC links can control power flow from one part of the system to another,
thereby it has a ‘firewall’ function in preventing cascading ac system failures or

even blackouts in the grid.

Currently, HVDC transmission technology can be classified into three types,
depending on the converter configuration and power semiconductor type. For the
first type, HVDC transmission using Line-Commutated Current-Source Converters
(LCC) based on mercury arc valves, was introduced in the USSR in 1950 (Kashira to
Moscow) and in Sweden in 1954 (Gotland). The first HVDC project based on
thyristor valves was the Eel River scheme in New Brunswick, Canada [1.25]. The
installed capacity of HVDC systems based on the thyristor has increased rapidly due
to the superior reliability of thyristor technology. Thyristors can be rated up to 8.5kV,
4KA. LCC-HVDC is a mature technology that provides efficient, reliable and cost
effective power transmission for many applications. Generally, most large wind
farms especially offshore wind farms are located long distances from population
centres. The wind power is collected locally and bulk transmitted to the ac grid. Two
LCC-HVDC topologies have been proposed for doubly-fed induction generator
(DFIG)-based wind farms [1.26-27]. However, LCC-HVDC technology suffers from

several inherent weaknesses:

10
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1) The active and reactive power control are coupled due to the thyristor-based
converter which cannot be self-commutated, thereby independent reactive power
support to the grid cannot be achieved. In addition, the converter station always
consumes reactive power due to existing passive components, thus reactive
power compensation such as with large ac capacitors at the converter station are

required, which increases converter station system cost and space.

2) Commutation failure is possible due to ac system disturbance, especially with a

weak ac system connection.

The second type of HVDC transmission uses force-commutated voltage-source
converters and is attractive as a relatively new technology. The first commercial
VSC-based HVDC transmission system for wind power was installed in 1999
(Gotland HVDC Light project, Sweden, +80kV, 2*70km submarine cables) [1.28].
Subsequently, the installed VSC-HVDC system capacity has been increasing
worldwide [1.29-31]. Compared to the natural commutated thyristor based converters,
voltage source converters utilise forced commutated switches, such as gate turn-off
thyristors (GTOs) or insulated-gate bipolar transistors (IGBTs), which have one more
freedom of control. Thus VSC-based HVDC technology can provide flexible reactive
power to the grid during normal and fault conditions [1.32]. As wind power
penetration levels increase, HVDC with flexible reactive power control capability is
appreciated by utility grid controllers [1.33]. It is especially attractive for the wind
power transmission to ac systems. VSC-based HVDC for connecting wind farms to
the grid is described in [1.32][1.34-37]. However, VSC-based HVDC has several
inherent drawbacks regarding power loss, capacity, cost, and dc link short circuit
recovery [1.38].

A new hybrid HVDC topology for large DFIG-based offshore wind farms is
proposed in reference [1.39]. The rectifier is based on a line-commutated-converter
with a static synchronous compensator (STATCOM), while the inverter is a current
source inverter, which uses forced-commutated devices such as gate turn-off
thyristors (GTOs) or integrated gate-commutated thyristors (IGCTSs). It combines the
advantages of the two mentioned HVDC technologies. The thyristor rectifier is

expected to reduce costs and power losses. Compared with a VSC-HVDC scheme for

11
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high power rating, the rectifier a with STATCOM-LCC scheme is still likely to have
lower costs and power losses [1.40]. Compared with a conventional LCC-HVDC
scheme, the CSI using forced-commutated devices can provide flexible reactive
power control to the utility grid. In addition, the proposed CSI scheme provides

excellent short circuit protection, in contrast to the voltage source inverter.

In this chapter, wind power characteristics and collection and transmission
technologies are investigated. Most wind farms (onshore and offshore) are located a
long distance from an ac grid. It is important to collect energy locally and bulk
transmit it to the ac grid. A conventional ac grid is used in most wind farms due to
the mature ac grid operational and protection technologies. As transmission cable
lengths increase, however, this approach is problematic in terms of system volume,
cost and cable losses. A VSC-based dc transmission WECS is more attractive than a
ac grid-based WECS due to its decoupled active and reactive power
control. However the capacitor used on the high voltage side has disadvantages
associated with lifetime, volume and cost. Further, during a dc link short circuit fault,
capacitor current rating may be exceeded. Conventional ac breakers are not
applicable due to the lack of a zero current crossing point and slow switching time. A
dc breaker is more expensive and has a small capacity. The objective of research
reported in this the thesis is to develop a current source dc/dc converter based multi-
terminal dc WECS, which has advantages in terms of system volume, cost, losses,

control and protection.
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Chapter 2

Wind Energy Conversion Systems

This chapter introduces the electrical components of a wind energy conversion
system, which include the wind turbine generator, dc/dc converter, and grid inverter.
Three different wind turbine generator concepts are described. The topologies and
control algorithms of the voltage source inverter (VSI) and current source inverter
(CSI) are studied.
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2.1  Wind turbine generator concepts

According to the rotation speed, the wind turbine generator concept can be classified
as fixed speed, limited speed, and variable speed. The three have different topologies
and generator types. A variable speed wind turbine generator can be classified into
two types based on the rating of the power converter connected to the generator. One
Is a wind turbine generator with a partial-scale power converter (DFIG system). The
other is a wind turbine generator with full-scale power converter (PMSG system and
SCIG system).

2.1.1 Fixed speed WECS

A fixed speed wind turbine generator system consists of a wind turbine, multiple-
stage gearbox and a squirrel cage induction generator (SCIG), which is directly
connected to the ac grid through a transformer. The SCIG can only operate in a
narrow range around synchronous speed. Figure 2.1 shows the wind energy
conversion system (WECS) for a fixed speed scheme. Since the SCIG always
absorbs reactive power from the grid, a capacitor bank is installed to provide reactive
power compensation as shown in Figure 2.1. This conventional concept was applied
by many Danish wind turbine manufacturers during the 1980s and 1990s [2.1], thus
it is known as the ‘Danish concept’. This WECS concept has advantages of
mechanical simplicity and cheap construction [2.2]. In addition, there is no need for
synchronization devices. The power at higher wind speed can be limited through stall
control, active stall control, and pitch control [2.3]. The disadvantages of the fixed

speed WECS concept can be summarized as follows [2.4-6]:

® The rotation speed is not controllable from the electrical perspective. A SCIG
can only operate over a narrow range, almost at constant speed. Thus wind speed
fluctuations directly lead to electromechanical torque variations, which cause
high mechanical and fatigue stresses on the mechanical system (turbine blades,

gearbox, and generator).

® A three-stage gearbox in the drive train is necessary for the fixed-speed concept.
The gearbox is one of the most expensive WECS components. The higher-than-

expected failure rates add to the cost of wind energy.
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® A stiff power grid is required to enable stable system operation.

® |t cannot provide reactive power support without an additional parallel capacitor
bank.

Grid

Gearbox | SCIG

Capacitor

Figure 2.1 Scheme of fixed speed WECS.

2.1.2 Limited speed system
The limited speed system has been applied by the Danish manufacturer Vestas since
the mid 1990’s [2.7], and is known as the OptiSlip concept. Figure 2.2 shows the

scheme of a WECS with a limited speed system.

Gearbox

t Converter

Figure 2.2 Scheme of limited speed WECS.

The system uses a wound rotor inductor generator (WRIG) with rotor resistors which
are connected in series with the rotor winding through a power electronic converter
mounted on the rotor shaft. The rotor resistance can be changed by controlling the
power electronic converter, which allows the WRIG to operate with variable speed.

A typical limited variable speed range is less than 10% above synchronous speed
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[2.8]. A higher slip denotes more power is dissipated in the rotor resistor. The stator
of the WRIG is directly connected to the ac grid, thus a reactive power compensation
device and a soft-starter are also required.

2.1.3 Variable speed WECS

The variable speed wind generator concept has been applied to most wind turbines
over 1.5 MW output power since the late 1990’s. A fixed speed WG cannot be
operated at its highest efficiency with a wide range of wind speeds, while a variable
speed WG can achieve maximum power tracking with variable wind speeds
[2.6][2.9]. In addition, low mechanical stress is imposed on the shaft and drive train

due to variable speed operation during wind gusts.

Variable speed WGs can be divided into three types based on the type of generator,
namely the SCIG system, DFIG system and PMSG system respectively.

i.  Squirrel cage induction generator system

The variable speed SCIG system is shown in Figure 2.3. Compared to the fixed
speed SCIG system, a full power converter replaces the capacitor bank and soft
starter, which connects the generator to the grid. The advantage of the variable
speed SCIG WECS is that the wind turbine is can operate with variable speed as
a result of the full power converter. The capacity of the converter should be
approximately 120% of the nominal generator power, which increases WECS
cost. This disadvantage means high cost when compared to a fixed speed SCIG

system.

Grid

Gearbox Converter

Figure 2.3 Variable SCIG WECS.
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ii. Doubly fed induction generator system

The doubly-fed induction generator (DFIG) is widely used for the large wind
turbines, which is an important generator for WECS [2.10-11]. This topology
accounts for 50% of the wind energy market. The scheme of the variable DFIG
WECS is shown in Figure 2.4. The gearbox is still required because a multi-pole low
speed DFIG is not technically feasible [2.12]. The DFIG stator is directly connected
to the grid, while the three-phase winding rotor is connected to the grid by a power
electronic converter through slip rings. The power electronic converter is a back-to-
back converter, which allows bidirectional power flow. One end is connected to the
rotor and the other to the grid. The wind energy is delivered to the grid through the
generator at both super-synchronous and sub-synchronous speeds. The rotor active
power is controlled by the rotor side converter current. Generally 25% to 30% of
nominal generator power is fed into the grid through the rotor power converter [2.13],
which saves on the cost of the power converter. By controlling the rotor active power

flow direction, the rotor speed can be varied by approximately +30% of nominal

speed.

For the DFIG, since the grid-side converter is connected to the grid, the stator active
power and reactive power can be controlled independently by controlling the rotor
current provided by power converter. The grid-side converter can provide flexible
reactive power from zero to a value within the converter’s rating, which is
independent of generator operation. Thus it can provide voltage support to the grid.
Because of the partial-scale power converter and voltage support mentioned, the
DFIG with a partial-scale power converter is attractive and popular. However, the

DFIG system has some disadvantages [2.14]:

e A multi-stage step-up gearbox is required, which has drawback such as cost,

higher-than-expected failure rates, and noise.

e slip rings are also needed for the rotor-side converter, which decreases

reliability and increases maintenance.

e It is sensitive and mechanically fragile to grid disturbances and fault

conditions, since the generator stator is directly connected to the grid [2.15].
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In the case of grid disturbances, a complicated control strategy is required for
DFIG ride-through capability. Under grid fault conditions, large rotor
currents occur as a result of the large stator currents. Thus high torques are
imposed on the wind turbine drive train. The power converter must be

protected from these large currents.

Grid

1]
T

Gearbox

<

Converter  |mm—

Figure 2.4 Scheme of variable DFIG WECS.

iii. Permanent magnet synchronous generator system

The PMSG is an alternative generator and is integrated to the grid via a full-scale

power converter as shown in Figure 2.5.

In terms of the drive train system, a PMSG system can be classified into two types.
One type is the gear drive type, which has a gearbox. This system has been used by
Spanish company Gamesa and in the GE multi-megawatt series. The other type is
direct drive without a gearbox, which Harakosan and Mitsubishi are using in their
2MW wind turbines. The most important difference between the generator types is
the rotational speed of the generator. The geared generator can rotate at high speed
with a gearbox, while the direct-drive generator rotates at low speed. For a given
power, higher torque is produced at low speed in the direct-drive generator. The high
torque increases the size and weight of the direct-drive generator, but the direct-drive
PMSG WECS has high efficiency, reliability and availability due to the absence of a
gearbox. Compared to a DFIG system, a PMSG system uses a full-scale power
converter connected to the grid, which decouples generator and grid interaction. Thus

the grid-fault ride-through control strategy is less complex. It also can provide
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flexible reactive power to support a grid voltage dip. Based on considerations of
system reliability and stability, the direct-drive PMSG system becomes an attractive

and powerful configuration. Therefore it is employed in this research.

L Grid
| Gearbox Converter
|

Figure 2.5 Scheme of variable PMSG WECS.

2.2 Permanent magnet synchronous generator

The PMSG has good performance, high efficiency, and is smaller in size when
compared to other types of generators, resulting in it receiving much attention in
wind energy applications [2.16]. According to the direction of generator flux, PM
machines can be classified into three types: radial flux, axial flux and transverse flux.
There is no additional power supply for the magnetic field excitation for the PMSG.
The permanent magnet on the PMSG rotor produces the magnet field excitation,
which avoids magnetizing current through the stator for a constant air-gap flux. The
PMSG operates at a higher power factor. Mechanical components such as slip rings
are absent, improving reliability.

The electrical model of the PMSG is expressed in the rotor reference frame (g-d

frame):
d. 1 R . Lq .
ale = - Va1l + 1, P@iq (2.1)
d. 1 R . Lg , Apw
la = L Vg L g+ Lo pwiy L (2.2)

Equations (2.1) and (2.2) show the relationship between q and d axis currents and

voltages. Electrical torque is described by:

T, = 1.5p[Aig + (La — Lq)iaig] (2.3)
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where (all quantities in the rotor reference frame are referred to the stator)

Lo, Ld g and d axis inductances

R resistance of the stator windings

Ig, g g and d axis currents

Vg, Vd q and d axis voltages

@ angular velocity of the rotor

A amplitude of the flux in the stator phases induced by the

permanent magnets in the rotor
p number of pole pairs
Te electromagnetic torque

The mechanical model equations of the PMSG are given by

S0 =1 (T, = Ty — Fw) (2.4)
T=w (2.5)
where
J combined inertia of rotor and load
F combined viscous friction of rotor and load
0 rotor angular position
Tm input mechanical torque

The PMSG dynamics are modelled in MATLAB/Simulink based on electrical model
equations (2.1)-(2.3) and mechanical model equations (2.4), (2.5). The PMSG input
is the mechanical torque signal from the wind turbine. The outputs of PMSG are
phase voltages and currents. Figure 2.6 shows the schematic diagram of the

MATLAB PMSG block.
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Figure 2.6 The schematic diagram of PMSG block.

2.3 Power converter system

The power electronic converters used in the WECS are receiving more attention due
to their flexible controllability and maturing technology. For a wind turbine
generator with a full-scale power converter for grid connection, the output voltage
(amplitude, frequency, phase angle) is variable as the wind speed changes. It cannot
be directly connected to the grid. Thus the ac power should be rectified to dc, then
converted to ac power which meets the grid requirement. This process has two
conversion stages: ac/dc and dc/ac, as shown in Figure 2.7(a). Due to the low
generator voltage, a bulky 50/60Hz transformer is required to step up voltage after
the dc/ac stage. In order to avoid the use of a bulky transformer, a configuration
which incorporates a dc/dc stage between the ac/dc and dc/ac stages is shown in
Figure 2.7(b). The dc/dc stage boosts the dc voltage using dc/dc converters. The
possibility of using a matrix converter is not considered because of the low generator

voltage being incompatible with transformerless grid level voltages.

(@) (b)

Figure 2.7 the power converter configuration for grid connection (a) ac/dc-dc/ac
(b) ac/dc-dc/dc-dc/ac.
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For the configuration shown in Figure 2.7(a), the basic topology uses back-to-back
converters, which could be either PWM voltage source converters [2.17] or current
source converters [2.18]. The rotor speed and reactive power can be controlled
independently by the generator-side converter, while the grid-side inverter controls
the dc link voltage and reactive power. High power factor is achieved on the
generator side and good performance on grid side. But its cost is high and control is
complicated. In order to reduce system cost and control complexity of low-power
wind turbines, a diode rectifier can replace the ac/dc PWM converter, while the grid
side inverter can be VSI or CSI. Maximum power point tracking (MPPT) can still be

achieved.

For the configuration shown in Figure 2.7(b), the dc/dc converter can be controlled to
maintain the dc link voltage constant or to achieve MPPT depending on the type of
ac/dc converter used. A controlled ac/dc rectifier is connected to the generator to
track the MPP and regulate constant the dc/dc converter input voltage, while the
dc/dc converter is used to regulate its output voltage constant [2.19]. Using a diode
rectifier as an ac/dc converter, the dc/dc converter usually tracks the MPP, and the
output voltage is regulated by the subsequent dc/ac converter [2.20-21]. There are
different dc/dc topologies used in WECS. A boost converter is used for MPPT
control and dc link voltage regulation [2.22]. In [2.23], the voltage-output full-bridge
dc/dc converter with a VVSI inverter is used for WECS grid connection.

Considering system cost, control complexity, and wind farm topology, for low-power
turbines a diode rectifier based ac/dc-dc/dc-dc/ac configuration is used in this

research. Figure 2.8 shows the wind energy conversion system configuration.
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Diode o
Rectifier DC/DC Converter Inverter

D
PMSG> = % HG
DC

Figure 2.8 The wind energy conversion system configuration used in this research.

2.3.1 Diode bridge rectifier
The diode bridge rectifier consists of six naturally commutated power electronic
devices (diodes), which are connected in the full bridge configuration shown in

Figure 2.9. It is an ac/dc converter, which converts ac power to dc power.

Idc

3

tt 1t -

Figure 2.9 Three-phase diode bridge rectifier.

For a three-phase diode bridge rectifier, the mean dc output voltage is calculated by
[28]

Ve = %f_gg\/EVLL cos wt dwt = %\/EVLL (2.6)
6

where V|| max IS the maximum line-to-line voltage
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Assuming that no power is lost within the diode bridge rectifier circuit, the electrical

power (Pe) is

Pe ES 3Va1a = VdCIdC (27)

where V,, la, Vg and Iy are the rms phase voltage and phase current, and dc side

voltage and current respectively. From (2.6) and (2.7), the dc side current Iy is

Igc = %Ia (2.8)

Using equations (2.6)-(2.8), the voltage and current between the ac and dc sides of

the three-phase diode bridge rectifier can be examined.

2.3.2 Boost converter

The boost converter is a voltage step-up converter, consisting of two semiconductor
switches (a diode and a power transistor) and two energy storage elements (an
inductor and a dc smoothing capacitor). Figure 2.10 shows the boost converter
topology. As the name implies, the output voltage is always greater than the input
voltage. When the power transistor is on, the diode is reversed biased, thus isolating
the output stage. The input supplies energy to the inductor. When the switch is off,

the output stage receives energy from the inductor as well as from the dc input.

dc NV TN N o}

Ve 4\} T " [] -

Figure 2.10 The boost converter topology.

In a continuous inductor conduction mode, the relationship between the output V,

and input Vj, voltages can be derived as

Yo - L (2.9)

Vin 1-6

where 8 is the switch on-state duty cycle.
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2.3.3 Full-bridge converter

The current-output, full-bridge converter used in this research is shown in Figure
2.11. Compared to the conventional boost converter, it can readily step up the low
input voltage with a high-frequency intermediate transformer, and also isolate the
generator side and dc link. Each wind turbine using a generator and full-bridge
converter can be considered as a dc current source due to the converter output
inductor L,. A wind energy conversion system based on the current-source full-

bridge converter is investigated and studied in Chapter 4.

Sﬂ Dy Sﬂg} Ds Dj% D,
i
e e 4

Figure 2.11 The current output full-bridge isolated converter.

2.3.4 Resonant converter

The series-parallel resonant LCC converter is shown in Figure 2.12. It allows high
frequency operation with reasonable efficiency, which reduces magnetic component
size. Three resonant converters, including series, parallel, and series parallel resonant
converters, are explained and investigated in detail and a WECS based on the LCC

resonant converter is designed and analyzed in Chapter 5.

Qpx s sz D,A
|

Figure 2.12 Series parallel resonant LCC converter.
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2.4 Grid-side inverter
The grid-side inverter interfaces the dc source to the grid. The grid-side inverter has
been used widely in renewable energy systems for grid connection. Generally, it can

be classified into two types according to the topology: VSI and CSI.

2.4.1 Voltage source inverter

Figure 2.13 shows a simplified schematic of the grid converter, which consists of a
three-phase PWM inverter, a dc side capacitor, and series impedances connecting the
output of the inverter to the utility grid. Generally, VSI control is based on a

synchronously rotating dq reference frame, where the d-axis is orientated to the grid

T

voltage vector.

al Rs LS ia V
AN NW\_<_ga0
Vbe — o1 «/I\?/SV flv‘im IL Vb
Va Rs L Ic Ve
———— MA— -
- - .
Q2 | l\% Q4 l\% Q6] l\%
™ ot ™
Figure 2.13 A simplified configuration of the grid converter.
The voltage equations from Figure 2.13 according to KVL are:
iq 1 0 0][iq Voa = Var
d|. Rs 1
E [lb] == _L_ [0 1 O Lb + L_ ng - Vbl (210)
i *lo o ulic] “|v.-vy

The voltage equation (2.10) can be transformed to the d-q axis by applying dq

transformations:

[ ] le + wgyigLs (2.11)

dat Lq] Rs — wylgLs

where Vgq is the grid voltage magnitude.
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From equation (2.11), the plant of the d and q axis current control loop is given by:

R = M0 = B0 1 212

where
Vi = —v'q + (wgLsiqg + Vyq) (2.13)
V' = —v'q — (wyLsiq) (2.14)

Vg and Vg are the reference values for the output of the converter, and the terms in

brackets are for voltage compensation.

Figure 2.14 shows the inner loop design for the VSI system.

IR

DC-link |+
V*a,b,c —_—
2/3 » PWM —— @ VS
Voltage angle |-
calculation
Vi,
=l 23 |«
isa,ﬂ
iq g0 |« 2/3 =—D

Figure 2.14 Inner loop design for the VVSI system.

Compared to a conventional HVDC LCC, the VSI can provide flexible reactive
power independent of active power. The outer loop design of the VSI is shown in
Figure 2.15.
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* -
Vdc ld
Pl -
i *
Ve Voltage Control mode d
* - *
P Id
PI -0 >
=) Inner loop control of
Power Control mode the VSI subsystem
* * o
Q Iq
Pl
Q Reactive power Control

Figure 2.15 Outer loop design for VSI system.

The active power reference is determined by the grid power demand. Normally, the
reactive power reference is set to zero to maintain high power factor, but is adjusted

to support the grid ac voltage during a grid fault condition.

2.4.2 Current source inverter

Traditionally, the current source inverter is based on naturally-commutated thyristors
due to their high power capability, low cost and low loss. It has been widely used in
the HVDC technology. The drawback of the thyristor-based CSI is that the active
and reactive power controls are coupled, thus it cannot achieve independent reactive
power control. As power electronic devices and control technologies have developed,
the CSI, using forced-commutated devices such as gate turn-off thyristors (GTOs),
integrated gate-commutated thyristors (IGCTs) or insulated-gate bipolar transistors
(IGBTSs), has received much attention. Compared to the thyristor based CSI, the
forced-commutated CSI can provide flexible reactive power to the grid due to one
more control degree of freedom, and hence can meet grid code requirements. Figure
2.16 shows the two CSI topologies based on different switching devices. As shown
in Figure 2.16 (a), a diode is in series connection with the IGBT to block reverse
voltage, while for the GTO and IGCT based CSI, the diode can be omitted since
these devices are capable of blocking reverse voltage. Both configurations
incorporate a dc link inductor and an ac side second-order output filter, and have

similar control.
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Figure 2.16 CSI topologies based on IGBTs and GTO (IGCT): (a) IGBT based

(b) GTO (IGCT) based.

Figure 2.17 shows the equivalent circuit of the CSI system.

DC-Link
rvl:fgm R liva Uiva lga Liv
: |
Udi+ Uivb g>b
Uive lgc
vicavicb icc
Inverter(CSI) | | | Cc
LC Filter

Figure 2.17 Equivalent circuit of the CSI system.

Like the VSI system, the CSI system uses the dq reference frame, which is

synchronised to the grid voltage. After a dq axis transform, the averaged model is

given by:
CedUipg . .
at Liva — lga + Wy Ccuivq
Ccduivq . i
at liva — lgq — Wy Ccuivd
Livdigd _

vl —Riplga + Uippg — Ugg + WgLipigq
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Liydigg _

at “Riyigq t Uivg — Ugq — WgLlivigq (2.18)
Ug; = 3/2(Mpalivg + MivgUivg) (2.19)
liva = Mipala (2.20)

livg = Mivgla (2.21)

where wq is the angular frequency of the grid voltage, myq and m;, are the
modulating indices, u;, is 3-phase voltages of the inverter output filter, i, is the 3-
phase inverter output currents. iq is the 3-phase grid input currents. Cc is inverter
output filters capacitance. R;, and L;, are the equivalent parameters of the inverter

transformer and cables. ug; is the inverter side dc link voltage.

The CSI system control includes active and reactive power control. The active and
reactive powers are proportional to the active current igg and reactive current igg
respectively. The active power control can regulate the dc link voltage ug; or current
ig depending on the operational mode (current control mode and voltage control

mode). Figure 2.18 shows the outer loop design for the CSI.

. * 2
(ia)" +
Pl >
- 2 .
Ig~ Current control mode ;
. N L
Iq >
*
udi + PI i L a®)
- Ugd | Inner loop control of
the CSI system
Ugi Voltage control mode
- *
> |
+ gq
Q*aT—> Pl > '
Q Reactive power control

Figure 2.18 Quter loop design for CSI system.

According to the equations (2.15)-(2.21), the feedback compensator is designed as:
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My = ig (Vi + Kxppy + Lug) (2.22)
where Viy=[Vivd, Vivg] is the compensated plant input, Xi,=[Uivd, Uivg, Igd, igq]T.
The decoupling matrix is

- 0 2w,C. 14 w;?LyCe  wy?LiC,
2w4C, 0 —wy?LiyC 14 wy?Ly,C,

The compensation matrix is

0 wyCe

L=l—w,c. 0

Thus the inner loop for the CSI system is design as shown in Figure 2.19. The
reference values for the active current igs and reactive current igs are derived from
the output of the outer loop as shown in Figure 2.18. The modulation indices mj,4 and

Mivq Used to control the CSI are obtained from equation (2.22).

Ugd »Ugg
L -
P N Y lgd lgq
gd »lgq Vivd +Vivg ylivd liv Csl >
o> Pl , %O: ik subsystem >
1 1 uivd,uivq
K

Figure 2.19 Inner loop design for the CSI system.

2.5 Summary

Three types of wind turbine generator have been briefly compared, highlighting their
advantages and disadvantages. The different power electronic converter systems used
in WECS were presented. A diode rectifier based WECS configuration was chosen
for this research, since it was assessed as applicable at low power levels. Several
types of dc/dc converters were briefly introduced. Finally different VSI and CSI

control strategies for grid connection were outlined.
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Chapter 3

MPPT Scheme for a Variable Speed Wind Turbine

This chapter presents an optimized One-Power-Point method for maximum power
tracking in a variable speed wind energy conversion system that uses a boost
converter. Different MPPT schemes are illustrated. One-Power-Point maximum
power tracking is preferable due to its ease of implementation and fast tracking
ability. Its drawback is that power coefficient C, deteriorates during wind speed
drops. An optimization method based on One-Power-Point is developed to improve
the system performance and energy conversion efficiency. There is no additional
equipment, mechanical sensors or measurements. Simulation results confirm the

functionality and feasibility of the method.
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3.1  Background

Clean renewable energy sources, such as wind and solar are developing rapidly,
especially wind energy. The installed wind power capacity in the world has been
growing by more than 30% per year over the past decade [3.1]. Maximum power
point tracking (MPPT) is an active research topic, and is essential for extracting the
maximum power from a wind turbine. For a variable-speed wind energy conversion
system (WECS), better efficiency at a lower cost is a key objective. Many MPPT
schemes have been developed for variable speed wind energy conversion. MPPT
schemes can be classified into two types, depending on whether the turbine
characteristics are known or not. For the first type, predictive control, the wind
generator (WG) characteristics and accurate mechanical sensors (e.g. anemometer
and speed sensor) are required, which increase control system complexity and cost
[3.2-6]. The second type, Perturbation & Observation (P&Q) is mostly used, due to
its ease of implementation and the lack of any requirement for mechanical sensors
[3.7-9]. Reference [3.10] proposes an on-line training MPPT method using a hill
climbing technique. After the training mode, the reference variables are stored and
directly applied in the control mode. The problem with this on-line training method

is the P1 parameters cannot be adjusted in the control mode online.

3.2 Wind turbine aerodynamic characteristics

In a wind generation system, a wind turbine is used to extract power from the wind.
The output mechanical power of the turbine captured from the wind is expressed as
[3.11]:

P =3 pSC,V? (3.1)

where p is air density (kg/m%), S is swept area (m?), C, is the wind turbine power

coefficient, and V is the wind speed (m/s).

The C, power coefficient is related to the pitch angle £ and tip speed ratio (TSR) 4 .
TSR is defined as:

=28 (3.2)
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where w is the wind generator rotor speed of rotation (rad/s) and R is the blade radius

(m).

Figure 3.1 gives the power coefficient C, (1) curve, which can be obtained from
field-test data [3.10][3.12]; here £5=0°. From Figure 3.1, the point (6, 0.398) is the

maximum value corresponding to the maximum power point at different wind speeds.
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: (6; 0.398)
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Tip speed ratio (TSR)

Figure 3.1 Power coefficient versus tip speed ratio.

3.3  Existing MPPT schemes
Several MPPT schemes are introduced in this chapter. They are tip speed ratio (TSR)
control, power signal feedback (PSF) control, perturbation & observation, and One-

Power-Point MPPT respectively. Each has its own advantages and disadvantages.

3.3.1 TSR and PSF control

TSR [3.13] and PSF [3.14-15] control both need the WG characteristics and accurate
mechanical sensors (e.g. anemometer or speed sensor). TSR control regulates the
generator speed to maintain an optimal tip speed ratio, but the instantaneous TSR
values need to be calculated on-line according to the measured wind and generator
speeds. The curve of the power coefficient versus TSR is required to be constructed
before setting an optimal TSR value in practice. The problem of TSR control is the
wind speed measurement, which increases system cost due to the use of an
anemometer and presents difficulties in practical implementation. The block diagram

for TSR control is shown in Figure 3.2.
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+ PWM
TSRer > Pl > Wind Energy

Z Conversion system
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Figure 3.2 Block diagram of TSR control.

PSF control requires knowledge of the wind turbine’s maximum power curve versus
WG rotating speed, as illustrated in Figure 3.3. The WG rotating speed is measured,
then the optimal output power is calculated from the power curve and compared to
the actual WG output power. The resulting error is used to control a power converter.

P Pret + PWM
Pl > Wind Energy
Conversion system

\/

Figure 3.3 Block diagram of PSF control.
3.3.2 Perturbation & observation (P&O)
P&O control effort climbs the power curve in the direction of increasing output
power. It is independent of the turbine and generator. The sign of the next
perturbation is decided by the increase or decrease in measured output power due to

the previous perturbation. The control law is shown as follow:
Dy = Dy—1 + Dstep X sign(APy—1/ADy_1) (3:3)

where Dy and Dy are the duty cycle values at iterations k and k-1, respectively; 4Py.
/4Dy 1s the wind turbine output power gradient at iteration k-1; D is the constant

duty cycle step change.

The function sign(x) is defined as:
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sign(x) = {_1 ll];); i ?) (3.4)

The flow chart is as shown in Figure 3.4:

Program Variables Initialization

D(K -1) =D, AD=d,,_ State=1

ni step

v

Read V (K -1), 1 (K -1)

Compute P (K -1) =V (K -1)x | (K -1)
y

D(K)=D(K-1)+AD

=

Read v (K ), I, (K)
Compute P (K) =V (K)x I (K

State=—1x State
D(K +1) = D(K) + Statex AD D(k +1) = D(k) + State x AD

D(K +1) > 0.9 or~_ NO

D(K +1) <0.1

D(K+1)=0.9o0r
D(K+1)=0.1

: :

Read V, (K +1), 1, (K +1)
Compute P (K+1) =V, (K+1)x|, (K +1)

Figure 3.4 P&O control MPPT process flow chart.
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The value of step change affects the maximum power tracking speed. A large D will
increase the tracking speed but causes bigger oscillation at the maximum power point.
A smaller D will improve the system stability but loses its tracking speed.

Besides the step change value, the interval time of P&O is determined by the system
inertia which also affects the tracking speed. P&O is mostly used in small scale wind
turbine systems. The drawback of P&O is that it loses tracking when the wind speed
changes rapidly. Several P&O improvements prevent the wind turbine from stalling
at a sudden wind speed drop [3.16], but methods slow down the tracking speed and

lower the efficiency during changing wind speeds.

3.3.3 One-Power-Point MPPT tracking

The one-power-point control scheme is a new maximum power tracking method for
variable speed wind energy systems [3.17], which is different from other control
schemes. It is quicker than an online training method for maximum power tracking
[3.18]. It avoids wind turbine stalling during wind speed drops and also yields fast
tracking maximum power ability by changing the boost converter duty ratio, which is
calculated via the boost converter input voltage and current. As the name suggests,
only one maximum power status point of the WECS for any specific wind speed in
the working range needs to be acquired. Once obtained, the WECS can extract
maximum power from the wind according to the maximum power point Ppase (Vbase,
inase). IN OPP control, the variable duty ratio (D) is changed every sampling time,
which allows OPP control to track the maximum power fast. The duty cycle ratio can

be calculated by the input voltage and current and maximum power point Ppase (Vbase,

Ibase):
D=1-1[V;, - ((Vi/Vbase)Z X ipase — 1i) X L/T1/V, (3.5)

where L is the inductor inductance, V, is dc link voltage, and T is the sampling time,

V; and ij are the input voltage and current of boost converter.

A drawback of the OPP MPPT technique is that C, tracking deteriorates during wind
speed decreases, which the wind turbine cannot quickly track following the wind
speed change. The rate of rotational speed is determined not only by the WECS

inertia but also by the difference between the mechanical power and the

44



CHAPTER 3: MPPT Scheme for a Variable Speed Wind Turbine

electromagnetic power. OPP directly controls the duty cycle ratio due to changes in
the input voltage. When the wind speed drops, the generator speed should decrease
as the wind speed changes. From an energy balance view, the energy stored in the
shaft mechanical system will be released to the WECS as the generator speed
decreases. While the input voltage decreases rapidly as wind speed drops, the input
current calculated by OPP control is reduced. This results in less energy available for
released into the grid. The energy stored in the shaft system cannot be transferred
quickly, and this determines the maximum power tracking speed. Thus the worse C,

occurs during wind speed drops.

3.4  Proposed optimized MPPT algorithm

To improve the Cp value and energy efficiency during wind speed drops, an
optimization scheme based on OPP control with maximum-power differential
voltage (MPDV) control is proposed. The proposed algorithm combines maximum-
power differential voltage (MPDV) control and OPP control. This combined control
allows the wind turbine to extract more energy during rapid wind speed changes. The
flowchart for the optimized OPP algorithm is depicted in Figure 3.5.
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Figure 3.5 The flowchart for the optimized OPP algorithm.

With the proposed MPDV control, this problem is resolved by providing an auxiliary
duty cycle term to increase the input current. The energy stored in the shaft system
can then be released quickly to the grid. The control variable (Duppy) is related to the

product of input voltage and differential input voltage and is expressed as:

0 AV =0
DMPDV = f(VllAVl) = {—K1VAV AV <0 (36)

where Kj is a positive constant, and the value of Dypps depends on the product of the
input voltage and the differential input voltage Vi(nT)(AV/At)(nT).

For WECS applications, assuming rotor friction can be ignored, the mechanical
model equations of the permanent magnet synchronous generator (PMSG) are:

. d
T — T :]d_C: (3-7)

.d
P,—P, = w]d—(: (3.8)
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where J is the moment of inertia, Ty, is wind turbine mechanical torque, Te is
electromagnetic torque, Pn is wind turbine mechanical power and Pe is electrical
power. From equations (3.7) and (3.8), rate of speed changes are determined by the
moment of inertia and the difference between the mechanical and electromagnetic

torque.

The input voltage V; is linearly proportional to the rotor speed, assuming negligible

voltage drop across the stator impedance [3.17].
V, « w (3.9)
AV;/At < Aw/At (3.10)

From equations (3.8), (3.9), and (3.10)
P,(nT) — P,(nT) = w(nT) ]i—‘: o« V,(nT)(AV/At)(nT) (3.11)
(AV/AE)(nT) = (V(nT) = V((n — DT))/T (3.12)

From equation (3.11), the variable Vi(4V/At) is proportional to the difference
between the mechanical and electromagnetic powers. Thus for a given sampling
period, Vi4V denotes the distance between the wind turbine and generator operating
points, and also indicates the distance between the wind turbine actual operating

point and the optimal point for the corresponding wind speed.

When the wind speed drops, the rotor speed decreases due to the lagging electrical
control. The differential rotor speed Aw and input voltage AV are negative. Hence the
MPDV control variable Dyppy is positive, from equation (3.6). The input current is
larger than without MPDV control. Consequently the electromagnetic torque
increases. The rotor speed decreases faster, effectively reducing the time to reach the
maximum power point. C, is improved during the wind speed decrease. When the
wind speed rises, the differential rotor speed Aw and input voltage AV are positive,
but Dvppv is clamped to zero. When the wind speed is constant, the system reaches
steady state, where AV and Dyppy both equal zero. The two cases mean MPDV

control idles during constant wind speed and increasing wind speed.
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For MPDV control, the differential of the input voltage AV is an important variable.
In this study, the sampling frequency is 10 kHz. The input voltage to the rectifier
bridge varies, with ripple at six times the frequency of the voltage at the generator
stator terminal (with respect to different rotor speeds). This ripple will lead to control
system error because of the high sampling frequency (10 kHz). This problem can be
solved with a digital low pass filter. The OPP algorithm with MPDV control can
optimize C, performance during wind speed drop, meaning wind turbines can extract
more energy with the proposed algorithm, without additional measurements. The

effectiveness of the proposed algorithm is demonstrated by simulation.

3.5  Simulation results

The WECS simulation is performed in Matlab/simulink, where the grid converter is
replaced by a chopped resistor circuit that maintains the DC link voltage constant.
The block diagram of the proposed system is depicted in Figure 3.6. It consists of a
wind turbine, a permanent magnet synchronous generator (PMSG), diode rectifier,

boost converter, and an inverter for the grid connection. The time delay is Z™.

Diode ;
recifir V, 1, Boost Converter Inverter rid

‘- - Lo I P

PWM Signal
A

y v

QPP Control
-1
Z +

—
!V + MPDV Control
AV MPDV

Figure 3.6 Block diagram of the proposed system.

Table 3.1 and Table 3.2 show the wind turbine and control system simulation

specifications.
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Table 3.1 Wind turbine specifications.

Items Specification
Air density 1.220 kg/m®
Turbine blade radius 2.75m
Swept area 23.8m°
Turbine inertia J 6kg.m°
Maximum power at 11m/s 7.68kW

Generator Direct drive 3 phase PMSG
Stator resistance R, 1.4Q
Stator inductance (Lg, L) 5.8mH, 5.8mH
Flux induced by magnets 2.6Wb
Pole pairs 6

Table 3.2 Control parameters.

Items Specifications
Switching frequency 10kHz
Capacitance (Cy, Cy) 2000 F

Inductance (L) 12mH
dc link voltage (Vo) 690V

To validate the proposed algorithm, the same system is also implemented with a
traditional control algorithm. Two-wind speed profiles are used in the comparative
analysis. One is a linear change of wind speed; the other is a realistic wind profile.
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The latter is constructed with gust and noise wind components according to reference
[3.19].

In order to assess the merit of the proposed algorithm, the values of C,, energy
captured by the wind turbine, and energy conversion efficiency during wind speed

change, are the important parameters in the comparative analysis.

The energy conversion efficiency 7 is the ratio of the energy captured by the wind
turbine using MPPT to the ideal energy extracted from the wind. It is defined as
follows:

t
AE [ 0.5pAC,V3
n%(t) = 1

AEMax fttlz 0.5pAC)maxV?

x100% (t,<t<t,)  (3.13)

where AE and AEnax represent the energy captured by the wind turbine and ideal

energy extracted during the time intervals t; to t and t; to t,, respectively.

Scenario 3.5.1 compares optimized OPP and OPP, with a linear wind speed. Scenario
3.5.2 shows the results with a realistic wind profile. In each case, power coefficient
and energy conversion efficiency are the important parameters in the comparative

analysis.

In the simulation results, the maximum power point Ppase (Vbases Ibase) 1S Used with
Vhase =484V and ipase =5.6A, Which can be obtained by a conventional method (e.g.
hill climbing searching control) or manual adjustment in Matlab/simulink. Choosing
a different maximum power point Ppase (Vbase, Ibase) @S @ reference point will result in a
different energy conversion efficiency. The closer the reference and actual maximum

power points, the higher the energy conversion efficiency.
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3.5.1 Simulation results with linear wind speed changes
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Figure 3.7 Comparison of OPP and Optimized OPP operation during linear changes
of wind speed. (a) OPP operation. (b) Optimized OPP operation.

Figure 3.7 (a) and (b) show power coefficient C,, mechanical power Py, input
voltage Vi, and input current I; respectively with different control algorithms during
the same wind speed. The wind speed is 8 m/s during the initial 2s, then rises to 11
m/s at time t=3s. It begins to decrease at t=4s, and finally is maintained constant at 6
m/s during t=5 to 8s. The system is in a stable state at t=0s. From Figure 3.7 b.(Il),
during wind speed increases, the WECS maintains a higher power coefficient (Cp) at
t=0~4s, while a poorer C, performance is observed during the wind speed decrease
from t=4 to 6s. This means the WECS extracts less energy from the wind as the wind

speed decreases. The reason why C, deteriorates is related to system inertia and the
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location of the tip speed ratio (TSR) corresponding to the chosen maximum power
POINt Phase (Vbase, Ibase) at the bend of TSR versus C, curve. For the presented WECS,
generally the TSR corresponding to the chosen maximum power point Ppase (Vbase,
Inase) USING the conventional method, is located to the right of the optimized (TSRqp,
Cpmax), because this is the region where the WECS operates in a stable state. The
generator speed corresponding to the chosen maximum power point is slightly
greater than the actual optimal speed. Although the generator speed lags the rising
velocity of the wind speed, C, can be around the maximum value. Thus a poor C,
often results during wind speed decreases. The case can be improved by using an
optimized OPP with MPDV control. Figure 3.8 compares power coefficient C, for
optimized OPP and OPP control and the improvement in C, with optimized OPP

control. The improvement is defined as:

Cp_oPPy,—CP oPP
Ne, =

x 100% (3.14)

Cpmax

where Cp oppopt and Cp opp are the power coefficients for optimized OPP and OPP,
respectively. Cpmax is 0.398. In both cases, C, decreases to a certain extent during
wind speed decreases. The C, decreases to approximately 0.24 with OPP control,
while it only reduces to approximately 0.3 with optimized OPP control. The worse
case C, occurs at t=5s, at same time, the improvement in C, can reach approximately

15% with MPDV control, hence more wind energy can be converted.

The comparison of instantaneous extracted energy and improvement in energy
conversion efficiency for optimized OPP and OPP MPPT, is presented in Figure 3.9,
where the integrated time is from t=3 to 5 s. The improvement in energy conversion
efficiency represents the difference between AEo oppand AEopp compared to AEmay,
where AEnax represents the ideal energy extractable during the linear changes of
wind speed at t=3 to 5s and 4Eo opp and AEopp denote the energy captured with
optimized OPP and OPP MPPT at the same wind speed respectively. It can be

expressed as:

AE —AE
Nim = % X 100% = 1o opp — Norp (3.15)
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where AEmax is 5095J during t=3 to 5s. At t=5s, 4Eq opp is 4587J and AEopp is 4290J.
Using equation (3.13), the energy conversion efficiencies with optimized OPP and

OPP control are: 7%¢0 opp=90%, n%opp =84.2%. According to (3.15), the energy

conversion efficiency can be increased by 5.8 % at t=5s with MPDV control.
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Figure 3.8 Compared power coefficient for OPP and optimized OPP control with
linear wind profiles.
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Figure 3.9 Compared extracted energy for OPP and optimized OPP control with
linear wind profiles.
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3.5.2 Simulation results with a Realistic Wind Profile
In this scenario, a realistic wind profile is generated, which contains gust and noise
wind components. This makes the system close to an actual situation, which is better

for validating optimized OPP operation.

Like Figure 3.7 (a) and (b), corresponding Figure 3.10 (a) and Figure 3.10 (b) show
WECS performance with OPP and optimized OPP control, during realistic wind
profiles. The wind speed starts at 6m/s, with a noise component. Two 2-second wind
gusts exist in the wind profiles, with the peak gust speed of approximately 11m/s. At
time t=0s, the WECS operates in the maximum power point tracking state. C, is
maintained at a high value, close to 0.4, as shown in Figure 3.10a.(ll) and Figure
3.10B.(g). C,, decreases when the gust occurs, especially when the gust speed drops,
which is same situation with C, during linear wind speed changes. In Figure
3.10a.(I1), the worst C, occurs at t=3s, while C, is better with MPDV control in
Figure 3.10b.(11).

Comparison of the C, curve with optimized OPP and OPP control and improvement
in C, are shown in Figure 3.11. Unavoidable dips occur when the gust speed drops,
because of shaft inertia in the WECS. There is a need to respond to and track the
wind speed changes, thus C, cannot be maintained at the optimized value. C, can
however be improved, so as to approach the optimized value. The worst C, is
approximately 0.26 with optimized OPP control at t=2.8s and t=5.8s, while the worst
C, is approximately 0.2 with OPP control. C, can be improved by approximately
20% with MPDV control.

54



CHAPTER 3: MPPT Scheme for a Variable Speed Wind Turbine

3 12 3 12
g 10 Rg 10
o E o E
£~ £~

2 5 2

5

= -

£ 0.4 5 0.4
= o

:

8 8

g 5

:

& 5

S 2

o o

Q o

= =

S S

c c

[] ©

c ey

[5} [5}

[} Q

s >

Input voltage

Input voltage

E g 10
< EL s
g g T T
o 1 2 3 4 5 6 7 8
V) Time(s)
(b)

Figure 3.10 Comparison of OPP and Optimized OPP operation with realistic wind
profiles (a) OPP operation. (b) Optimized OPP operation.

The comparison of extracted energy with realistic wind profiles for optimization of
OPP and OPP MPPT and improvement in energy conversion efficiency, are
presented in Figure 3.12. The energy is integrated from t=2 to 8s. AEmax is 16238J.
At t=8s, AEq opp is 15272) and AEqpp is 14788J. The energy conversion efficiency
with optimized OPP and OPP control can be calculated from (3.13), respectively:
n%o opp =94.05%, 7%copp =91.07%. With MPDV control, the improvement in

energy conversion efficiency reaches 3% at t=8s.
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3.6

Summary

realistic wind profiles.

In this chapter, optimized OPP is presented, which incorporates OPP control and

MPDV control. These are implemented without extra mechanical sensors. This not

only reduces the cost of building the wind energy conversion system but also
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improves the energy conversion efficiency. A higher energy conversion efficiency
means more energy can be extracted from the wind, which is the objective of all
maximum power point tracking methods. The simulation results of the proposed
control scheme indicate that the WECS energy extractable from the wind during

wind speed drops is increased by more than 2%, compared to non-optimized OPP

approaches.
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Chapter 4

Design and Control of a WECS based on a hard-switched H-Bridge
DC/DC Converter

This chapter presents a current output hard-switched full-bridge with an intermediate
high frequency transformer for a wind energy conversion system. The wind turbine
simulator, based on an induction machine driving a three-phase permanent magnet
synchronous generator, is built to simulate the real wind turbine characteristics. The
mathematical model of a hard-switched full-bridge (HSFB) is analysed, and the
design and control of the HSFB is described. The dynamic response of the combined
mechanical and electrical system of the WECS is investigated with wind speed step
changes. Simulation and experimental results demonstrate the feasibility and stability
of an HSFB based WECS.
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4.1  Background

The dc/dc converter is widely used in industry, and in renewable energy source
systems (wind energy and photovoltaic) and with fuel cells, batteries, etc. It is the
preferred first stage in the integration of renewable energy sources, in order to
achieve multi-terminal dc transmission needed for interfacing multiple wind turbines.
However, most dc/dc topologies have disadvantages. The conventional single-switch
boost converter is one type of dc/dc converter which cannot achieve high voltage
gain or handle higher power due to the output diode high current and its recovery
[4.1-2]. Additionally there is no electrical isolation between the generator side and
the common dc link side. Comparative analysis of switch stress in the boost
converter and the current output HSFB is studied in Section 4.3. For the voltage
source converter (VSC) HVDC link based ac collection grid wind farm [4.3-6], to get
a high transmission level dc voltage, the VSC input ac voltage should be stepped up
to a high level due to the relationship between low ac input voltage and high dc
voltage [4.7]. Thus a 50Hz/60Hz bulky and high cost ac transformer is needed to step
the low generator voltage to a high level voltage. The full-bridge (FB) dc-dc
converter with an intermediate high-frequency transformer handles the issue of
higher voltage gain and power. The transformer used in the dc-dc converter operates
at a high switching frequency, which leads to dramatic reductions in volume and
weight in contrast to a bulky 50Hz/60Hz transformer. In [4.8], FB dc-dc converter
loss is considered with phase shift control, but there is no mention of the wind
turbine associated characteristics or inverter information. A FB dc-dc converter is
adopted for an offshore dc-based wind farm for hvdc interconnection in [4.2]. The
generator—side converter, which is located in the front of the dc-dc converter,
controls the active power to make the wind turbine track the maximum power point
and reactive power, while the FB dc-dc converter is used to maintain the offshore
hvdc station voltage at the desired level. The VSI is used for grid connection.
Reference [4.9] presents the control method and snubber selection of a single active
bridge (SAB) dc-dc converter for a 5MW wind turbine. Compared to the hard-
switched FB topology shown in Figure 4.1, the SAB converter shown in Figure 4.2
does not have an output inductor, thus has a voltage stiff output. Large capacitance is

required to stabilise the high dc link voltage level, which increases WECS volume
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and cost. In this chapter, a current output HSFB converter is presented for the
parallel connection of converters in WECS. Figure 4.3 shows the topology of the
current output HSFB. Each wind turbine has a current output HSFB configured as a

current source, which is beneficial in stabilising the WECS.
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Figure 4.3 Current output HSFB.
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4.2  Three-phase PMSG based wind turbine emulator system

The wind turbine generator is the WECS component that converts Kinetic energy to
electrical power. In order to demonstrate the current output HSFB based WECS, a
wind turbine emulator system is built to simulate a real wind turbine according to its
mathematic equation. The scheme consists of a DSP (TRICORE TC1796), variable
speed drive, induction machine and gearbox, and a three-phase PMSG. Figure 4.4
shows the emulator system configuration. A vector controlled induction motor drive,
driving a three phase PMSG though a step-down gearbox, is controlled by an
Infineon DSP. The wind profile is programmed by mathematical functions. The DSP
generates a torque command for the variable speed motor drive. The variable speed
motor drive is configured in a torque mode/vector control mode. It converts the DSP
torque command into a torque signal which is supplied to the induction machine. The
induction machine converts the electrical torque into mechanical rotation torque on
the motor shaft. A step-down gearbox converts the induction machine high speed to a
lower PMSG-compatible speed. The mechanical power from the induction machine,

via the gearbox, is converted to electrical power by the PMSG.

Variable speed
drive SP1405 | |Gear Box [ Load

TIT] UJ'
'

Data acquistion interface

Digital Signal Processor
(Tri-Core 1796B) <:> —
and user interface

o =

Figure 4.4 Hardware structure of the wind turbine emulator system.

Wind turbine aerodynamic characteristics are illustrated in Section 3.2. In the wind

turbine emulator system, a generic equation is used to model power coefficient Cy(,
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p), which is based on the modelled turbine characteristics of [4.10-12]. It is

expressed as a function of the tip speed ratio (4) and pitch angle (5) as follow:
C, = 0.22(116/1; — 0.4 — 5)e~ 125/ (4.1)

where 4; is defined as:

1

Ai = ——oos (4.2)

2+0.088 B3+1

Assuming a pitch angle p=0< the power coefficient C, (1) curve versus tip speed

ratio is shown in Figure 4.5.
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Figure 4.5 Power coefficient C, versus tip speed ratio relation in turbine simulator.

The wind turbine output power given in equation (3.1) can be rewritten by

substituting equation (3.2):

Py =2pSC, (2)3 e (4.3)
From Figure 4.5, (TSR, C,) = (6.335, 0.4382) corresponds to the maximum power
point at different wind speeds. For the variable speed WECS, the wind turbine is
always controlled to operate at maximum power during wind speed changes via a
subsequent dc/dc converter. The maximum wind power can be obtained if C, can be
maintained at its maximum value Cpmax corresponding to the optimal tip speed ratio
for different wind speeds. The maximum power at different wind speeds can be

written as:
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Py = kw3 (4.4)
where k is a constant, k=1/225Cpmax(R/Aops)°.

According to equations (3.1) and (4.4), Figure 4.6 gives the wind turbine output
power and optimum power versus turbine speed curves at different wind speeds in
per-unit values. As seen, the optimum power for different wind speeds is a cubic
function of turbine speed.
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Figure 4.6 Wind turbine power characteristic with different wind speed for pitch
angle =0°.

The control flow chart (for torque command generation) is shown in Figure 4.7.
Initially, C, is calculated according to the wind speed, blade radius and rotor speed.
The wind speed profile and blade radius are pre-installed in DSP RAM, while the
rotor speed signal is obtained from the motor drive. Pitch control is not considered in
this chapter, thus pitch angle £ is set to a minimum value, 0°. The mechanical power
Pn is determined from the wind turbine output power formula equation (4.4). The
target torque reference is calculated and applied to the PMSG. The whole wind
emulator system produces real wind turbine characteristics via the control flow

process in Figure 4.7.
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Figure 4.7 Control flow for the wind turbine emulator system.

The wind turbine emulator, is based on a 2.5kW axial-flux three-phase PMSG
developed during a collaborative project with the UK company Proven Energy, and
has the specifications shown in Table 4.1. The emulator does not account for the

mechanical system.
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Table 4.1 Proven 2.5 kW PMSG specifications.

Parameter Proven Engrgy Wind Turbine_Generators
(Axial- Gap PM Machines)
Power, KW 2.5
Phase Resistance, Q 3.989
Inductance, mH 16.72
Back emf constant (v/rpm) 543.5/400
Rated Power, kW 2.5
Rated Speed, RPM 300
RMS Current Rating, A 7.4
Cut In Speed, RPM 200
Cut Out Speed, RPM NA

Voltage Power Profile

260Vvdc = 0 kW,260 - 300Vdc = 0.4 kW,
300 - 320Vvdc = 1.25 kW,<320Vdc = 2.5 kW

Tip Speed, m/s 60
Number of Magnets per Plate 8
Magnet dimensions, 10010025
Magnet Plate OD, mm 470
Back Plate, mm 10
Shaft OD, mm 45
Voltages, V 48
Turns 57
Windings 1.6mm wire, 24 segments in 3 layers
Number of parallel paths 1

The turbine emulator is tested with specification shown in Table 4.2.

Table 4.2 Wind turbine parameter.

Parameter Wind Turbine Parameters
Air density p=1.220kg/m"
Blade radius r=1.893m
Cpmax 0.4382
TSRp 6.335
Gear ratio

3.08
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4.3  Analysis of the H-Bridge converter

4.3.1 H-bridge converter modelling

As shown in Figure 4.3, the hard-switched full-bridge dc/dc converter contains four
switches, a high-frequency (HF) transformer, a diode rectifier and an output inductor.
The hard-switched H-bridge converts dc input voltage to an ac square wave voltage
which is impressed across a HF transformer winding. Thus ac voltage is stepped up
through the HF transformer. The dc output voltage can be obtained via a diode
rectifier. The dc output voltage is stepped up through the dc/ac/dc conversion process.
For a continuous conduction mode, the relationship between the input and output

voltage is expressed as:
Vout = VIN X D X N (45)

where Vi, is the input voltage of dc/dc converter, Vo is the output voltage, N is

transformer turn ratio, and D is switch duty cycle.

The switch duty cycle can be defined as:

p="tm (4.6)

Ts
where t,, is the on-duration of the switches and 1/Ts is switching frequency.

Figure 4.8 shows the waveforms of the input current and input voltage to the HF

transformer.
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Figure 4.8 Input current and input voltage to the HF transformer (a) Full duty cycle
(b) Partial duty cycle.
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For a variable-speed wind energy conversion system, the dc/dc converter is
controlled to keep the dc link voltage constant or to track the maximum power during
wind changes, and the control depends on the dc/ac rectifier type connected to the
generator. A controlled dc/ac rectifier gives a constant output voltage and maximum
power tracking, but increases the system cost and control complexity, with higher
loss [4.13]. The uncontrolled dc/ac rectifier (diode rectifier) has an output voltage
proportional to the generator speed, assuming negligible stator impedance and diode
forward voltage drop. Considering the simplicity and low cost of a diode rectifier, a

full-wave diode rectifier is used in the proposed low power WECS.

4.3.2 Comparative study of the boost converter and the H bridge converter

The boost converters and H-bridge converters used in WECS are controlled to
maintain the wind turbine at the maximum power point in the steady state at different
wind speeds. The average and peak switch currents are compared at the maximum

power point corresponding to the different wind speeds:

If the power conversion efficiency of the turbine/generator is 7, then the maximum

output electrical power P at each wind speed can be expressed as:
P, = NPy = nkw? = k03 4.7
where ky=nk.

The electrical power is transferred to the grid by the intermediate converters. The

input electrical power at the boost converter side is:
Pe =v; X ii (48)

In order to simplify the expression, all the quantities are expressed using the per unit
system. It is assumed that the variables at rated wind speed are 1pu and the common
dc link voltage is k; pu (k2>1). Thus equations (4.7) and (4.8) can be normalized, in

the pu system, and expressed as:

Pe = Vi pu X ii_pu = (Upug (49)

where V; p, is rated pu input voltage, i; p is rated pu input current, and Pe_p, is rated

pu electrical power, each at rated wind speed.
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The maximum pu mechanical power Py, p, is:

1
Pm_pu = ;a)pu3 (410)

The output voltage transfer function of the boost converter is [4.14]:

Yopu _ k2 _ 1 (4.11)

Vi pu Vi pu 1-6
where ¢ is the duty cycle.

The output voltage is maintained constant by the subsequent inverter, thus equation
(4.11) can be rewritten as:

Ui pu BT = k,(1—6) (4.12)

For the HSFB converter, the input voltage is derived according to equation (4.5).

k
Vi puHB = 5o (4.13)

Substituting (4.12) and (4.13) into (4.9) respectively, and eliminating v; gives:

3

. Wpy

li_pu_BT = ko, (Z_g) (414)
. wpy DN

li pu HB = Pa (4.15)

Equations 4.14 and 4.15 show the average input current of the boost converter and

H-bridge in terms of rotor speed, duty cycle, and transformer ratio.

For a synchronous generator with a diode rectifier bridge, the rectifier output voltage

can be expressed as:

v, = ig) Xw (4.16)

The flux y is constant for permanent magnet generators. Thus ¢ is only related to the
generator current ig and . Assuming the generator stator impedance voltage drop
caused by iq can be ignored, the term ¢(y, ig) can be considered as a constant value.

Hence v; is proportional to ® which can be expressed in pu as:
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Vi = W (4.17)
Equations (4.12) and (4.17) give:
Wpu BT = k,(1—6) (4.18)
Equations (4.13) and (4.17) give:
Wpuiip = (4.19)

Substituting (4.18) and (4.19) into (4.14) and (4.15) respectively, and eliminating 3,

gives:
. I o — 2
Lipu = lipu BT = lipuHB = Wpy (4.20)

Equation 4.20 shows the average input current of the boost converter and H-bridge
converter in terms of rotor speed ®. From this equation, the boost converter and H-
bridge average currents are independent of duty cycle and transformer ratio. They are

proportional to the square of rotor speed.

Figure 4.9 shows the average input current versus rotor speed with variable wind
speed. The thick black curve represents the relationship between average input

current and rotor speed at the maximum power point at different wind speeds.
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Figure 4.9 Average input current of boost converter and H-bridge versus rotor speed
(pu) at different wind speeds.

The boost converter average switch current can be derived as:
iav_pu_BT = Sii_pu = Swpuz (4.21)

The H-bridge converter average switch current is half of the average input current

due to the symmetric circuit, that is:

iav_pu_HB = ii_pu/z = wpuz/z (4.22)

The switch peak current is determined by the average switch current and the duty

cycle. The peak switch currents of the two converters can be expressed as:
ipk_pu_BT = ii_pu = wpuz (4.23)
ipk_pu_HB = iipu/D = (‘)puz/D (4.24)

For a variable-speed wind energy conversion system, due to the use of an
uncontrolled diode rectifier, the dc/dc converter is controlled to track the maximum
power point. In order to achieve MPPT, the dc/dc converter needs to provide
sufficient dc gain when the wind speed changes, otherwise the wind turbine may

only operate on the right hand side of the power characteristics curve. The input
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voltage of the HSFB converter varies as wind speed changes, which is proportional
to the generator speed. The dc output voltage of the dc/dc converter is regulated by
the subsequent inverter. In order to achieve a high voltage level, the transformer
turns ratio should be considered. Thus the typical transformer turns ratio for the
HSFB converter is based on the minimum input voltage at low wind speed. When the
wind speeds up, the duty cycle of the FB converter is reduced in order to reduce the
transformer gain for voltage regulation. Consequently, a higher peak current occurs

due to a small duty cycle at high wind power.

For the variable speed WECS, it is assumed that the cut-in wind speed (Vcyt in) is ks
pu. Thus the maximum power Py, p, corresponding to the wind speed from k3 pu to
1pu is from ks*/5 pu to 1pu. The converter input voltage (Vin_pu) ranges from ks pu to
1pu, when neglecting stator impedance and rectifier diodes voltage drops. For the
HSFB converter, the transformer turns ratio is designed for the minimum input
voltage and maximum output voltage, to ensure the converter output voltage reaches
the dc link voltage. Thus the transformer turns ratio is 1:ko/ks. The transformer
secondary voltage Vs py at rated input voltage is ko/ks pu. For the HSFB, the bridge
diode rectifier on the high-voltage side experiences severe voltage overshoot and
oscillation due to transformer leakage inductance and the output filter inductor [4.15],
causing rectifier peak voltages larger than the transformer secondary voltage V. In
order to reduce the rectifier side voltage spike, a conventional resistor-capacitor-
diode (RCD) snubber circuit is used [4.16]. The use of several energy recovery

clamp circuits (ERCC) [4.17-19] has also been proposed.

Assuming a lossless converter, and that the output voltage and average output current

I, of the boost converter and H-Bridge converter are the same,

io_pu_BT = iOPuHB =iy = % (4.25)
The average output diode currents of the two converters are:
iD_pu_BT =1, (4.26)

iD_pu_HB = L;O (4.27)
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The peak output diode currents of the two converters can be expressed as:
ID_pk_pu_BT = 11—_06 (4.28)

ID_pk_pu_HB:io (4.29)

From equations (4.20) and (4.25), the average input and output currents of the two
converters are related to the rotor speed and output voltage, and are independent of
duty cycle and transformer turns ratio. Equations (4.21) and (4.23) show that the
boost converter switch average current is related to the duty cycle and rotor speed
while switch peak current is only related to the rotor speed. According to equations
(4.22) and (4.24), the H-Bridge average and peak diode currents are the opposite of
the boost converter currents. From equations (4.25)-(4.29), the average diode current
in the two converters and the H-Bridge converter diode peak current are only related
to the rotor speed and dc voltage. The H-Bridge average diode current is half that of
the boost converter diode current, while the peak diode current in the boost converter
is inversely related to 1-5, which means higher voltage gain and larger diode current.

Assuming a cut-in wind speed V¢, in=1/3 pu, the transformer turns ratio for the H-
Bridge converter should be 1:3k,. Figure 4.10 and Figure 4.11 compare average and
peak switch currents for the boost converter and H-Bridge converter. The dashed
lines represent the boost converter switch currents, while the solid lines represent the
H-Bridge converter switch currents. Figure 4.10 (a) and Figure 4.11 (a) show the
switch currents of the two converters corresponding to different rotor speeds, at wind
speeds v; and v, respectively. The switch currents of the two converters at maximum
power point with different wind speeds are shown in Figure 4.10 (b) and Figure 4.11
(b). Note that the maximum average current does not occur at the maximum power
point at a certain wind speed, while the maximum peak current occurs at the
maximum power point, as shown in Figure 4.10 (a) and Figure 4.11 (a). From Figure
4.10 (b) and Figure 4.11 (b), the H-Bridge average switch current at the MPP is
smaller than for the boost converter with k,=2 and k,=6. The boost converter average
switch current is close to 1pu at ws=1 as the dc link voltage k; increases, while the H-
Bridge peak switch current at the MPP is larger than the boost converter current at
the MPP.
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Figure 4.10 Compared average switch currents for boost converter and H-Bridge
converter (a) at different wind speed (b) at maximum power point.
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Figure 4.11 Compared peak switch currents for boost converter and H-Bridge
converter (a) at different wind speed (b) at maximum power point.

The switch and diode currents in the boost converter and H-Bridge converter have
been compared. A high voltage gain cannot be achieved with the boost converter due
to practical components characteristics and high output diode current. The compared

results form a basis for designing the H-Bridge converter.
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4.4  Control of the HSFB

For the HSFB converter, both push-pull duty cycle and phase shift control have been
studied [4.1]. The HSFB input voltage is varied as wind speed varies due to the
uncontrolled diode rectifier characteristics. The losses using duty cycle control and
phase shift control are compared in [4.20]. Duty cycle control results in lower
conduction losses but higher switching losses, while the converse applies to phase
shift control. The power losses with duty cycle control are lower than phase shift

control, thus the duty cycle control is used for the HSFB.

Several types of MPPT schemes are illustrated in Chapter 3. TSR and PSF control
both need the WG characteristics and accurate mechanical sensors (e.g. anemometer
or speed sensor), which increases control system complexity and system cost. P&O
control results in slow tracking speed and oscillation at the maximum power point,
although there is no need for WG characteristics and accurate mechanical sensors.
Since the HSFB converter topology is different from that of the boost converter, the
OPP control method used with the boost converter is not applicable to the HSFB
converter. A new modified OPP control method is presented in this chapter. From

equations (4.17) and (4.20), the average input current at the MPP can be expressed as:

Isw_pu = vi_puz (4.30)

The average input current is proportional to the input voltage. Once one maximum
power status point of the WECS for any specific wind speed in the working range is
obtained, the curve of input current at MPP versus input voltage can be derived. The
wind turbine utilises the curve to track the maximum power point. Like OPP control,
there is also no need for sensors. It has fast tracking speed with a Pl controller,
compared to P&Q control. Figure 4.12 shows the control diagram of modified OPP
control. The input voltage is measured, and then the corresponding input current is
calculated using equation (4.30). The PI controller is used to produce the PWM

signals.
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Figure 4.12 Control diagram of modified OPP control.

45  Simulation and experimental results

To verify the functionality and feasibility of the proposed system, the WECS is
simulated in MATLAB/Simulink with specific wind changes. The current source
grid inverter is modelled by a dc-chopper circuit in parallel with a shorting switch
that maintains the average dc link voltage constant by controlling the duty cycle of
the two switches. The two switches are controlled with complementary gate signals
with overlap. Figure 4.13 shows the WECS schematic. The details of the calculation
block shown in Figure 4.13 are depicted in Figure 4.12. The wind turbine parameters
used in the simulation and experimentation are the same as shown in Table 4.2. The

electrical system parameters are summarized in Table 4.3.
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Figure 4.13 Schematic of the WECS.
Table 4.3 Electrical system parameters.
Parameters Specification
Input capacitance 3000 F
Transformer turns ratio 10:14
Output inductor 5 mH
Output capacitance 1 F
Resistor 50 0
Switching frequency 38.8 kHz

Figure 4.14 shows simulation results of the mechanical system dynamic response,
which includes wind speed profile, power coefficient C,, rotor speed, and mechanical
power. A step wind speed change is used in the simulation and experiment in order
to determine the system dynamic characteristic limits. As shown in Figure 4.14, the

wind speed is 5.8 m/s during the initial 1s, and steps up to 6.2 m/s at 4s, after which
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the wind speed is stepped down to 5.8 m/s. The power coefficient C, is maintained
around the maximum value 0.4382, which means the wind turbine tracks maximum
power from the wind during wind speed step changes. The rotor speed is also
regulated to a value corresponding to the maximum power point. The practical
results of the mechanical system dynamic response based wind turbine simulator are
shown in Figure 4.15. The same wind speed change as in the simulation is applied.
The rotor speed is changed to track the maximum power, which assures the power

coefficient is around the maximum value.
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Figure 4.14 Simulation results of mechanical system dynamical response.

The dynamic response of the electrical system is shown in Figure 4.16, including dc
link voltage and output current. The dc power produced by the PMSG is to be
transmitted to the ac grid side. Thus inverter dc side voltage should be kept constant

to stabilize the whole WECS. As shown in Figure 4.16, the dc link voltage is
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maintained constant during a wind speed step change, thus the output current is
changed as power extracted by the wind turbine changes.
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Figure 4.15 Practical results of mechanical system dynamical response.
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Figure 4.16 Dynamic response of electrical system.
4.6 Summary
In this chapter, a current source based Hard-Switched H-Bridge converter with an

intermediate high frequency transformer is proposed for interfacing the wind turbine
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and inverter. It tracks the maximum power of the wind energy and steps up the low
generator voltage to a high voltage level. The wind turbine simulator based on 3-
phase PMSG is built to simulate the real wind turbine characteristics. The switch and
diode average and peak currents in the boost and H-Bridge converters are compared.
The H-Bridge dc/dc converter is better than the boost converter in terms of high
voltage gain and low peak diode current. The penalty is more semiconductors and
associated control circuitry. Modified OPP control is also proposed for WECS
without sensors, which tracks the maximum power point quickly. The proposed

WECS dynamic performance was verified by the simulation and experimental results.
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Chapter 5

Design and Control of a WECS based on the Resonant Converter

Recent wind energy harvesting technology development has focused on using a dc
collection grid due to its high energy efficiency and possible smaller passive
components in the converter system. This chapter evaluates and compares the hard-
switched H-bridge dc-dc converter and the series-parallel LCC resonant dc-dc
converter in terms of efficiency, switch stresses, etc.: both are suitable for wind
energy conversion systems. Experimental results substantiate their merits and
drawbacks in variable wind speed conditions. The unique, previously unexploited
feature of the LCC resonant converter is high gain at low output power, low speed,
and low input voltage. A hardware wind turbine simulator based on a five-phase
PMSG emulating an actual wind turbine is used. Its design and control are briefly
highlighted. This chapter demonstrates the feasibility of utilizing an LCC resonant
converter for wind energy conversion systems through simulation and experimental

results, both at the same power level.
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51 Background

Wind power generation is developing fast globally, however most wind farms are
located far from their grid connection point, making HVDC the preferred method for
grid connection. For conventional HVAC systems, large, heavy, and bulky 50/60Hz
transformers in the wind generator towers and converter station are still required to
step up voltage [5.1]. An alternative solution is a dc grid, which uses dc/dc
converters with a high frequency transformer. The hard-switched full-bridge (FB) dc-
dc converter with an intermediate high-frequency transformer can be used in high-
voltage, high-power applications. Compared to a 50/60Hz transformer, a high-
frequency transformer has the advantages of smaller volume and lighter weight. High
switching frequency causes significant switching loss in semiconductor devices.
Thus there is a trade-off between switching frequency and device losses. In [5.2-3],
simulation based loss evaluation of three dc/dc converter topologies (full bridge
converter, single active bridge converter, and series parallel LCC resonant converter)
has been performed. However, stresses and component selection were not studied.
Moreover, dynamic WECS performance with a dc/dc converter was not
demonstrated experimentally. For the hard-switched FB converter, there is voltage
overshoot and oscillation across the diode rectifier on the high-voltage side, due to
transformer leakage inductance and the output filter inductor [5.4]. This increases the
number of series diodes for higher voltage sharing and also introduces EMI problems.
Higher power loss and voltage overshoot occur due to the poor reverse recovery
characteristics of high-voltage diodes. Reference [5.5] presents a new step-up dc-dc
converter with variable frequency control, without transformer isolation, for the
integration of renewable sources. Variable frequency control complicates resonant

component and output filter design.

Resonant converters have been demonstrated as a feasible option for high-voltage
power converters [5.6]. They allow high-frequency operation which results in

magnetic component size reduction without decreasing converter efficiency.

5.2  Afive phase PMSG based wind turbine emulator system
The wind turbine emulator system consists of a DSP (TRICORE TC1796), a variable

speed drive, an induction machine and gearbox, and a five-phase PMSG.
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Traditionally electrical energy has been generated by three-phase generators. The
performance of three and five-phase PMSGs feeding a diode rectifier system are
compared for small-scale wind generator systems [5.7]. It has been established that a
five-phase PMSG can offer improved performance in the renewable energy
applications such as wind turbine generators. The benefit includes improved torque
density, efficiency and fault tolerance, and reduced torque ripple and dc-link energy

storage.

For a wind turbine emulator system based on a five-phase PMSG, the power
coefficient C, curve is stored in the DSP and the control flow diagram is the same as
that for the three-phase wind turbine emulator system presented in Chapter 4. Table
5.1 shows the parameters for the five-phase PMSG based wind turbine emulator

system.

Table 5.1 The parameters for the five-phase PMSG.

Parameter Five-Phase PMSG
Power 2.5 kKW
Phase resistance 2Q
Phase inductance 35.42 mH
Number of pole pairs 8
Gear ratio 4.88
Blade radius 2.86 m

5.3 Resonant converter
The three resonant converters to be discussed, when selecting the dc/dc converter for
the wind energy conversion system, are series-resonant, parallel-resonant, and a

combination of series-parallel resonant converters.

The basic converter operating concept for the three resonant converters involves an
H-bridge producing a square wave of voltage which is applied to the resonant tank. A

sine wave current will flow through the resonant circuit due to the filtering effect of
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the resonant circuit. The current lags the voltage when it operates above the resonant
frequency, which allows power devices to achieve zero voltage switching, ZVS.
Thus there are no turn-on switching losses in the IGBTs. Also the inverse conducting
diode with ZVS turn off ceases conduction before the inverse voltage is applied to
the diode. Thus there is no reverse recovery current to causes diode losses. Also the
diode can be a medium speed type. However, converters operating above the
resonant frequency cannot turn off the device with zero current switching, ZCS. If
switching frequency is slightly higher than the resonant frequency, turn-off loss will
be small due to switching off at a small current. If necessary, a lossless capacitor
snubber can be placed across the IGBT. The capacitors only discharged when the
opposite IGBT in the same leg turns off. Thus energy stored in the capacitors will be
returned to the dc side. For the converter operating below the resonant frequency,
power devices turn on with switching losses and diode switching losses (high-speed
diodes are needed). Although ZCS turn off occurs in the IGBT when operating below
resonance, its paralleled diode has reverse recovery loss because the inverse voltage
is applied across the conducting diodes. Thus operation above resonance is a better

choice for a resonant converter operating at high frequency.

In the following section, classical ac analysis techniques are used, and the
characteristics of each of the three resonant converters above and below resonance
are described and compared, which will highlight the unique feature of the LCC

resonant converter topology suitable for WECS.

5.3.1 Series resonant converter

Figure 5.1 shows the series resonant converter circuit diagram, where the rectifier-
load network is placed in series with the L-C resonant tank, thus the output is a
current source. In order to simplify the circuit, the rectifier circuit in the secondary
side can be replaced with an equivalent load resistance which is different from the

actual load resistance.
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Qi } Qs } D} D3%

Dzzr D4f

Figure 5.1 Circuit diagram of a series resonant converter.

Figure 5.2 shows the derivation of the equivalent ac resistance. For the series LC
resonant converter, a capacitive output filter is used and therefore a square wave
voltage and a sinusoidal current appear at the input to the rectifier. Fundamental
mode approximation (FMA) analysis is used for brevity.

|
ae 7d B}
1 = S sinN t
] . = 5 sin(et)

Vsec \/ — %Sin(w‘t)
e | —— VO F JT

Figure 5.2 Derivation of the equivalent ac resistance.

The fundamental component of V is given as:
VF =Z2sin wgt (5.1)

The equivalent ac load resistance can be calculated as:
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vF 8

Rac_sec = E =R, (5-2)

T2

Considering the transformer turns ratio N, the equivalent load resistance on the

primary side is expressed as:

=8 r (5.3)

ac T2N2 L

By using the equivalent load resistance, the ac equivalent circuit resonant tank is

obtained, as shown in Figure 5.3.
Ein = =2 sin gt (5.4)

E, = %sin wgt (5.5)

EIN

‘/ /| YN

A I
Vin -1 X XL
L

E = Mosin(at) =i Rac
VA

IN

a, .
E, = M\? sin(wt)

Figure 5.3 Ac equivalent circuit for series resonant converter.
From Figure 5.3, by using the voltage divider equation, the ac gain of the series
resonant circuit can be obtained as:

Eo _ 1

i XL Xc
Fin 14 Ger)

(5.6)

where Ej, and E, are the fundamental components of the driving voltage Vi, and the

reflected output voltage.

Substituting equations (5.3-5.5) into (5.6), the dc gain of the series resonant

converter is:
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Vo N

= (5.7)
Vil ie(@E-200?
-1
Q=% (5.9)

The gain magnitude of equation (5.7) is plotted in Figure 5.4 for different Q_ with a

transformer turns ratio N=1.

DC Gain
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Switch frequency(fs)/resonant frequency (f,)

Figure 5.4 DC gain characteristic of series resonant converter.

It is known that the series-resonant converter has the main disadvantage that the

output voltage cannot be regulated for the no-load case, as seen in the dc

characteristics curve of the resonant converter in Figure 5.4. The peak dc voltage

gain is equal to 1 at the resonant frequency. For smaller Q, the dc gain is less

sensitive to switching frequency. Another disadvantage of this converter is that the

output filter capacitor has to carry high ripple current to maintain the output voltage

constant. Larger capacitance is needed for a voltage stiff output.

5.3.2 Parallel resonant converter

The schematic of the parallel resonant converter is shown in Figure 5.5. The series L-

C resonant tank is the same as for the series resonant converter, but the voltage
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rectifier-load network is parallel to an L-C resonant tank component. The output is
therefore a voltage source. Unlike the series resonant converter’s capacitive output
filter, the parallel resonant converter uses a series inductor output filter. A square

wave voltage and a sinusoidal current appear at the input to the rectifier.

ik Bk Dl% ng

NI C IR D% D%

Figure 5.5 The circuit diagram of a parallel resonant converter.

The derivation of the equivalent ac resistance is shown in Figure 5.6.

R |

/ |ac
lscc :L 1. = 41, sin(wt)
b a— lo 7T
N

ac V = "—"——=sin( ot
[\ Vv w > ( )

Figure 5.6 Derivation of the equivalent ac resistance for the parallel resonant
converter.

The fundamental component of V is given as:

Vi = %sin wst (5.10)
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From Figure 5.6, considering the transformer turns ratio N, the equivalent load

resistance on the primary side is expressed as:

2
Ry = —R, (5.11)

8N?2

With the equivalent load resistance obtained in Equation (5.11), the ac equivalent
circuit of the parallel resonant converter is obtained, as illustrated in Figure 5.7,

where

E;,, = 4V%sin wgt (5.12)

E, = Z—‘Ssin wst (5.13)

/4

Vin JXL

E ZMSin(a)t) En “Xep Rac Eo
T

IN

E = ~, sin(wt)
2N

o

Figure 5.7 The ac equivalent circuit of parallel resonant converter.

Using the ac equivalent circuit of Figure 5.7, the ac gain of the series resonant circuit
can be obtained as:
2= (5.14)

XL . X
Ein 1Lyl
Xc ]Rac

Substituting the equations (5.12) and (5.13) into (5.14), the dc gain of the parallel

resonant converter is:

Vo

Vin

i (5.15)

m [-E2)2+ (2

where:
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1

wWwo = L_Cp (516)
QL = j_oL (5.17)

Figure 5.8 shows the dc gain characteristic of the parallel resonant converter.

DC Gain

0 i i i i i i i
04 06 08 1 12 14 16 18 2
Switch frequency(fs)/resonant frequency (f,)

Figure 5.8 DC gain characteristic of the parallel resonant converter.

From Figure 5.8, the peak voltage gain can exceed unity. The dc gain at resonance
increases as load reduces. The main disadvantage of the parallel resonant converter is
that circulating energy is high even at light load, which leads to high conduction
losses. The parallel resonant converter is resilient to short circuit. This property
makes the parallel resonant converter desirable for applications with short circuit

requirements.

5.3.3 Series-parallel resonant converter

The Figure 5.9 shows the circuit diagram of a series-parallel resonant converter. Its
resonant tank consists of three resonant components: L, Cs and C,. Series and parallel
resonant converters have disadvantages and advantages, with the series-parallel
resonant converter having the desirable characteristics of both these resonant
converters. It can operate with a large input voltage variation and a wide load range

(no-load to full-load) at reasonable efficiency [5.8].
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Qpx rs sz D4f

Figure 5.9 The circuit diagram of a series-parallel resonant converter.
Like the parallel resonant converter, the series-parallel resonant converter also uses
an inductor output filter, and the equivalent ac resistance is the same as equation
(5.11). Also the input and output ac voltages Ej, and E, are the same as equations
(5.12) and (5.13). Figure 5.10 shows the ac equivalent circuit of the series parallel

resonant converter.

EIN

Vi Kee X0

_ ol R
£, = sin(at) § Per E,
T

E =" sin(at)
2N

o

Figure 5.10 AC equivalent circuit of series-parallel resonant converter.

Using the ac equivalent circuit of Figure 5.10, the ac gain of the series resonant

circuit is:

Lo =1 (5.18)

- X X
Ein 1Lyl
XC ]RG.C

Substituting the equations (5.12) and (5.13) into (5.18), the dc gain of the parallel

resonant converter is:
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L = 28” (5.19)
in ws L1 wg wpA
1'[2\/(1+A2)(1—(w—0) )? 'QLZX(wg ws(:(l)+A))2

where, N is the transformer turns ratio, «y is the undamped natural frequency of the
tank, A is the ratio of parallel and series capacitances, and Q. is loaded quality factor

at the corner frequency.

The natural frequency is:

1
W = 277.'f0 = \/ﬁ (520)
where
c = &pxCs (5.21)
Cp+Cg

The ratio of the parallel and series capacitances is:

A=% (5.22)
Cs
The loaded quality factor is:
71.2
— R
Q= = - (&) (5.23)

wsLg - JLs/C - N2,/Lg/C

50

40

= 30
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Figure 5.11 DC gain versus fy/fo and Q. with different A=C,/Cs. (a) fs/fo and (b) Q..
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Figure 5.11 (a) shows LCC dc gain with different parallel and series capacitance
ratios, A, at a load quality factor Q_=2. The dc gain increases as A increases. Figure
5.11 (b) shows dc gain versus load quality factor Q. for different A at fi/fo=1. The
figure indicates that the LCC resonant converter can provide a high gain as Q.

increases (load decreases).

The feature of the LCC resonant converter, previously not exploited in this specific

WECS application, is that it has a dc gain determined by the output load.

For a wind energy conversion system, the output power reduces as the wind speed
decreases. In terms of dc link output, the load decreases as the dc link voltage is
regulated constant by the grid connected inverter. The system needs higher gain due
to the input voltage decrease, which is caused by a wind speed reduction. The LCC
resonant converter characteristic inherently fulfils this wind energy conversion
system requirement. It can provide high gain when the wind energy conversion
system (WECS) operates at low output power, low speed, and low input voltage. In
contrast, the hard-switched dc-dc converter and pure series or parallel (and LLC)
resonant converters, lower the dc gain when reducing the duty cycle at high power.
This undesirable characteristic imposes a large electrical stress on the

semiconductors.

5.4  Comparative study between the HSFB converter and the LCC resonant
converter

DC/DC converters used in the WECS, connect the wind turbine to the dc link. They
track the maximum power by controlling the converter duty cycle during wind speed
changes. The dc/dc converter input varies as the wind speed changes. Two dc/dc
converter types, based on H bridge topologies, employed in the wind energy
conversion system, are compared in terms of semiconductor stress and loss, and
transformer loss and size. The first converter is the current-output hard-switched full-
bridge converter; the second is the LCC resonant converter.

The rotor speed of the variable speed wind turbine is controlled by the converter
according to the wind profile. It is assumed that the variables at rated wind speed are
1pu and the common dc link voltage is k pu. The cut-in wind speed is 0.3pu. Thus
the converter input voltage Vi, ranges from 0.3pu to 1pu, when neglecting stator
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impedance and rectifier diodes voltage drops. For both the hard-switched converter
and LCC resonant converter, the peak currents Iy occur at rated wind speed. The
bridge IGBT voltages in both cases are the rated input voltage. For the HSFB
converter, the transformer turns ratio is designed for the minimum input voltage and
maximum output voltage, to ensure the converter output voltage reaches the dc link
voltage. Thus the transformer turns ratio is 1: 3k, while for the LCC resonant
converter, the transformer turns ratio is determined at rated input voltage. Assuming
the LCC resonant converter tank gain G is 1, the transformer turns ratio is 1:k. For
the HSFB the bridge diode rectifier on the high-voltage side experiences severe
voltage overshoot and oscillation, causing rectifier peak voltages larger than the
transformer secondary voltage V. In order to reduce the rectifier side voltage spikes,
a conventional resistor-capacitor-diode (RCD) snubber circuit is used [5.9] or the use
of several energy recovery clamp circuits (ERCC) [5.10-12] has been proposed.
Reference [5.4] shows the rectifier peak voltage is 2.9 times Vg Without the snubber
circuits, but the rectifier peak voltage is still 1.3 times Vg with the proposed ERCC.
Although the rectifier peak voltage and diode reverse losses can be reduced by the
mentioned methods, they introduce extra components on the high-voltage side. The
extra circuitry itself experiences high voltage levels which increases component costs.
For the hard-switched full-bridge converter, the transformer secondary voltage Vs at
rated input voltage is 3k pu. The rectifier diode reverse voltage rating should exceed
3.9k pu with ERCC. For the LCC resonant converter, due to the sinusoidal voltage
waveform at the transformer secondary side, the rectifier peak voltage occurs at the
peak of the sinusoidal waveform, viz., 1.57k pu. There is no need for the snubber
circuit to reduce the overshoot, hence snubber losses are not incurred. This also
means, for a given transformer core area and flux level, more primary turns, 11%, are
needed for the LCC case (V'=4.44Nof:V=4Ngpf), but due to the voltage gain, the
number of output winding turns is in fact reduced.

The transformer dimensions for both topologies can be derived by calculating the

required area product. The area product is defined by [5.13]:

_ _ Pyx10* 4
Ap = A, XA = KoK }BBX 7] (cm”) (5.24)
where Aw = transformer core window area (cm?)

98



CHAPTER 5: Design and Control of a WECS based on the Resonant Converter

Ae = transformer cross-sectional area (cm?)

P = total apparent power (W),

Ky = window utilization factor,

K = 4 for square wave, 4.44 for sine wave,

AB = flux density swing (T),

fr = transformer operating frequency (Hz), and

J = current density (A/cm?).
Equation (5.24) shows that the area product for a hard-switched full-bridge and LCC
resonant converter transformer is determined by the K; factor when all other
parameters are constant. The LCC gives a smaller Ay, than the HSFB: specifically a
10% reduction in the winding area for a given transformer cross-sectional area is
achieved with the LCC topology. This allows a smaller transformer core for the LCC
resonant converter.
The voltages across the full-bridge rectifier and resonant converter output inductor
range from —k to k and —k to 0.57k, respectively. The current through the inductor
and the output voltage are the same for both. The LCC resonant converter has short
circuit protection capability due to the tank inductance. The series capacitor, acting
as a dc blocking capacitor, in the resonant tank helps prevent transformer saturation.
Table 5.2 shown the comparative results based on a wind speed range of 0.3 pu to 1

pu.
Table 5.2 HSFB and LCC resonant converter comparative results.

Standard full LCC resonant
bridge converter

IGBT Voltage 1 pu 1 pu
IGBT peak current 3 pu 1.57 pu
Transformer ratio 1:3k 1:k
Transformer winding area 1pu 0.9 pu (10% reduction)
Transfqrmer saturation No Yes
protection
Diode bridge voltage high low
Diode bridge current same same
Short circuit protection No Yes
capability
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Figure 5.12 Duty cycle of LCC resonant converter (at full load Qr=4) and H-bridge
at the MPPT.
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Figure 5.13 Converter measured efficiency at the MPP with different wind speeds.

Figure 5.12 shows the duty cycle of the LCC resonant converter and the hard-
switched H-Bridge based on the MPP at different wind speeds. The H-bridge duty
cycle is inversely proportional to power, while the LCC resonant converter duty
cycle depends on Qr and fi/f,, When the switching frequency f; is close to fo, the duty
cycle changes over a wide range, from power 0.125 pu to 1 pu.

Figure 5.13 shows the measured efficiency of the two converters at the MPP with
different wind speeds. The LCC resonant converter attains highest efficiency at full-
load. Since the switching frequency is near resonance, the peak resonant current
decrease is not drastic for larger Qg, which means decreased efficiency at light load.
For the HSFB converter, the inverter peak current decreases as the load current
decreases: it therefore has better light load efficiency. But due to the lower duty cycle
at full-load power, larger peak current and lower efficiency occur. Figure 5.13 shows
the LCC resonant converter has the better efficiency above 0.45pu power, with the
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HSFB converter having better efficiency at light load. Although currently, the wind
farms in operation have a capacity factor of less than 50% on average, the future
development trend aims to greatly increase this, which is achievable by either
improving the primary energy available - more accurate wind speed prediction and
site location, or proposing optimal conversion technologies - better turbine
characteristics and MPPT algorithms and control. The LCC resonant converter
should be a promising option in such future applications.

55  Control and design method
Conventional phase-shifted PWM at a constant frequency [5.14] is utilised to control
the LCC resonant converter, which then allows simple output filter and transformer

design.

5.5.1 MPPT tracking
For a variable-speed WECS, it is essential to extract and convert maximum power
from the wind turbine. In order to achieve MPPT, the LCC resonant converter must
provide high dc gain when the wind speed changes, otherwise the wind turbine may
only operate on the right side of the power characteristics curve shown in Figure 4.6.
In Figure 5.11, the LCC dc gain becomes insensitive when the switching frequency is
not near the resonant frequency, where the LCC resonant converter cannot operate at
the MPP. Thus the switching frequency should be near the resonant frequency.
The overall gain of the LCC dc/dc resonant converter G, can be derived as a
combination of the resonant tank gain G; and transformer gain, viz., the turns ratio N:
G, =G XN (5.25)

Figure 4.6 shows two maximum power points, A; and Ay, at different wind speeds.
Gu, Q1, Vi, P1 and Gy, Q2, V2 P, represent the resonant tank gain, loaded quality
factor, LCC input voltage and wind power corresponding to A; and A,. The LCC

resonant converter voltage equations are:

Vl X th X N - VdC (526)

Vz X GtZ X N - VdC (527)
So

Gra =V1/V2 X Gy (5.28)

101



CHAPTER 5: Design and Control of a WECS based on the Resonant Converter

From (3.1) and (4.17)
%4 P 3 P :
Vi_o1_ [Py = (P12
L= =@ (5.29)

£

If the LCC resonant converter efficiency is#:

2
Vac

p, = Vi 5.31
2= R, n (5.31)

Substituting equations (5.30) and (5.31) into (5.29) gives:

3 3
Vi_ ¢ |Rizy — (Ri2y2
V2 ( RLl) (RLI) (532)
Substituting (5.23) into (5.32) gives:
3 3

The resonant tank gain at the maximum power point, with different wind speed, can

be obtained from:
Q 3 Q >
G = G x ([ =G x () (5.34)

Figure 5.14 shows a 3D plot of the dc gain at different switching frequencies and Q.
with A=1. Figure 5.14 (a) and Figure 5.14 (b) compare the resonant tank gains at the
MPP with different wind speeds, and LCC resonant converter dc gain at different Q.
values (full-load), respectively. The lower surface (red) represents the resonant tank
gain at the MPP, while the upper surface (blue) represents the LCC resonant
converter dc gain that can be produced. When the resonant tank gain at the MPP is
larger than the maximum dc gain at the corresponding load, then the wind turbine
cannot operate at the MPP. Thus the LCC resonant converter must develop gain to
enable the wind turbine to operate at the specified MPP. Both figures indicated that a
wide switching frequency range is allowable when a full-load small Q. is used.
Figure 5.14 (a) shows the Q is between 2 and 20, while Figure 5.14 (b) shows the
QL is between 8 and 80, both from 10% full-load to 100% full-load. The switching

frequency can be between 1lpu and 1.03pu with small Q.. For larger Q., the
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switching frequency which can achieve MPP wind turbine operation should be close

to the resonant frequency.
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Figure 5.14 The 3D plot of dc gain at different switching frequencies and Q..

5.5.2 LCC resonant converter design

Fundamental Mode Approximately (FMA) analysis is used for converter design,
where the author in [5.15] verified that FMA analysis gives a reasonably accurate
LCC resonant converter design procedure. When designing the resonant tank
parameters, transformer leakage inductance is ignored due to its low value.

As shown in Figure 5.11, working in the positive slope region of the dc versus
frequency characteristic results in zero current switching (ZCS), while zero voltage
switching (ZVS) occurs in the negative slope region.

In [5.16], it is established that operation at the resonant frequency is preferable,
minimizing the resonant current and thus reducing electrical stresses. In this study,
the LCC switching frequency is slightly above the resonant frequency, which
maintains a high dc gain with zero voltage switching.

The FMA analysis equations for the LCC current-output are derived in [5.15][5.17].
Reference [5.18] establishes the necessity for Q. > 2.5 in order to provide near
sinusoidal waveforms for accurate FMA analysis. It also shows the relationship
between the minimum A value and a given G; (resonant tank gain), which gives the

basis for choosing the resonant tank parameters. For convenience, the ratio of
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parallel to series capacitance A is often chosen as 1 as a good compromise between
bandwidth, component sizing, electrical stresses, and impedance matching [5.19].
Typically, the transformer turns ratio in hard-switched inverters is based on the
minimum input voltage, whereas the LCC resonant converter topology uses the
maximum input voltage to determine the transformer turns ratio, which minimizes
transformer copper loss. In a hard-switched inverter or boost converter topology, the
duty cycle variation is inversely proportional to the wind speed. A higher wind speed
change results in a duty cycle reduction in order to reduce the converter gain for
output voltage regulation. As a result, switching devices sustain a higher peak current
during conduction. The LCC resonant converter increases its duty cycle during
higher wind speed conditions. The LCC resonant converter characteristics reduce the
converter gain at a large output load. With an automatic gain reduction during
increased loading, the duty cycle will need to be increased for output voltage
regulation. A smaller peak current will be conducted by the switches, compared to
the hard-switched inverter.

The design procedure is summarised as follows:

1)  Calculate the overall gain and minimum load resistance of the LCC resonant

converter at rated power

G, = —Lac_ (5.35)
Vrated
Vdcz
RL_min - Prated (536)

where Vg is the dc link voltage, Viaweq IS the rated diode rectifier voltage, and
Prated 1S the rated electrical power.
2)  Determine the resonant tank parameters
Selecting A=1, the LCC dc characteristic with A=1 is shown in Figure 5.11, where
the dc gain increases as Q. increases. For a given Q, which corresponds to the
minimum load resistance, using equation (5.19), the resonant tank gain G; and
switching frequency fs (pu) can be obtained. Figure 5.11 (a) and (b) is a design guide
for the switching frequency fs and LCC tank gain G;. Then from equations (5.25) and
(5.35), the transformer turns ratio is obtained.

Substituting equation (5.36) into equation (5.23) gives:
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s (5.37)

C N2Qy

After choosing a switching frequency fs, the natural frequency can be obtained by

substituting fo into equation (5.20):

-
JLsC = = (5.38)
Ls and C can be obtained by solving (5.37) and (5.38):
_ TRy,
Ls = TN?0LT] (5.39)
_ 4NZ%Qp
= SR (5.40)

By substituting A into equation (5.22), C, and C; are obtained. Reference [5.17] gives
a method which doubles the output voltage without minimum load change. Besides
doubling the transformer turns ratio, the parallel capacitance quadruples and resonant
inductance is quartered, doubling the output voltage while the switching frequency is
unchanged. For the WECS, the LCC resonant converter output minimum load is
varied according to the dc voltage and power. Equations (5.35), (5.36), (5.39), and
(5.40) indicate that the dc link voltage can be changed to a different level, via the
transformer turns ratio without changing the resonant tank parameters or switching
frequency. This is a simple way to boost the output voltage.

3)  Power rating of the switches

The switch power rating is based on the input voltage and resonant current. The
voltage rating can be determined from the generator characteristic reference. The
peak current through the switching devices is the resonant current. The resonant

current can be calculated from (using FMA analysis):

I, = £rated (5.41)

P 70| Zeg|

where |Z¢g| is the equivalent impedance looking into the H-Bridge output terminals.
4)  Output filter inductor, L

The output filter inductor limits the current variation per cycle (ripple) to less than a
specified margin 47 (1 to 5%). The inductance is determined by 47 and the inductor

voltage, according to:
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1 tzTL’
L =— -

=3 (Vye sin(wgq t) — Vg )dt (5.42)

where V. is dc link voltage, t;, t, are the time boundaries of the dc link voltage per
cycle, and ws is angular frequency of the inductor current. Then the output
capacitance is derived from the filter cut-off frequency which is based on the desired

attenuation level of the switching frequency harmonics in the output.

56  System Simulink results and practical experiments

A)  Test system description

To verify the functionality and feasibility of the proposed system, a critical wind
speed step change is applied to the proposed system, both in MATLAB simulations
and using the experimental test rig. The current source grid inverter is modelled by a
dc-chopper circuit in parallel with a shorting switch that maintains the average dc
link voltage constant by controlling the duty cycle of the two switches. The two
switches are controlled by complementary gate signals with overlap. Figure 5.15

shows the WECS schematic, while the experimental WECS is shown in Figure 5.16.
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Figure 5.15 Schematic of the wind energy conversion system.

106



CHAPTER 5: Design and Control of a WECS based on the Resonant Converter

Figure 5.16 Test rig.

The dc/dc resonant converter is designed according to the method described, with
parameters shown in Table 5.3. A ferrite core is used in the 493uH resonant inductor.
The resonant capacitor dielectric material is polypropylene. The isolating high
frequency transformer is designed with a nanocrystalline core due to its high
permeability (ur > 20,000) and high saturation flux density (1.2T), compared to
others materials (ferrite and powder) at >10kHz [5.20].

Table 5.3 LCC resonant converter parameters.

Parameter Value
Parallel capacitor (C,) 73.3 nF (3x220nF series)
Cs 73.3 nF (3x220nF series)
L 493 pH
Transformer ratio 1:1
Resonant frequency (fo) 37.4 kHz
Switching frequency (fs) 38.8 kHz
fs/fo 1.03

B) Simulation Results
Figure 5.17 and Figure 5.18 show the simulated performance of the WECS with a
wind speed step change (a step change is used in order to determine the system
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dynamic characteristic limits). Figure 5.17 shows the dynamic response of the

mechanical system while Figure 5.18 displays the dynamic response of the electrical
system.
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Figure 5.17 Dynamic response of the mechanical system for wind speed changes:
(a) wind speed, (b) power coefficient, (c) rotor speed, and (d) mechanical power.
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Figure 5.18 Dynamic response of the electrical system for wind speed changes:
(a) Rectifier voltage and current (b) dc link voltage and output current.
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The wind speed is 3.5m/s and stable during the initial 1s, and steps up to 4.2m/s at
t=1s. After a 2s interval, the wind speed is stepped down to and maintained constant
at 3.5m/s. The power coefficient C, is maintained around the maximum value of
0.4382. The rotor speed and rectifier output voltage and current are changed to
extract and track the maximum power from wind. The dc link voltage is maintained
constant by controlling the duty cycle of the load side dc chopper. The output current
depends on the power that is extracted by the wind turbine.

C) Experimental results

Figure 5.19 (a) shows the wind profiles, where a step change of the wind speed is
shown. The initial wind speed is maintained at 3.5m/s, then steps instantaneously to
4.2m/s after a 30s interval. It steps down to 3.5m/s at 60s. Figure 5.19 (b) shows the
power coefficient, where C, is maintained at the maximum value, which means the
wind turbine operates at the maximum power point during step wind speed changes.

Figure 5.19 (c) and Figure 5.19 (d) show rotor speed and mechanical power.
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Figure 5.19 Dynamic response of the mechanical system for wind speed changes:
(a) wind speed, (b) power coefficient, (c) rotor speed, and (d) mechanical power.
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Figure 5.20 Dynamic response of the electrical system for wind speed changes:
(a) rectifier voltage and current (b) dc link voltage and output current

The power and rotor speed change as the wind speed changes, indicates input power
variation.

Figure 5.20 (a) shows the voltage and current waveforms of the diode bridge rectifier.
Figure 5.20 (b) shows the dc link voltage and output current. The dc link voltage is
maintained constant with wind speed changes. The output current changes as the
power extracted from wind changes. Figure 5.21 expands the input three-phase
rectifier current waveform shown in Figure 5.20 (a), where the current ripple

frequency is related to the generator stator frequency and rotor speed.

T

Rectifier Current (14 / div-)

s

(20ms / div)

Figure 5.21 Zoom-in waveform of input three-phase rectifier current.

Figure 5.22 shows the voltage across the current source inverter with different wind
speeds. The current source is replaced by a dc-chopper circuit in parallel with a
switch, thus the voltage is a square wave with varying duty cycle. The average
voltage is controlled by changing the duty cycle of the two switches. As is shown,
the duty cycle decreases as the output power increases to maintain the dc link voltage

constant. The peak voltage becomes larger when wind speed increases.
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Figure 5.22 Voltage across the CSI at wind speed: (a) 3.5m/s and (b) 4.2m/s.

5.7  Passive component hardware specification
In this section summarises in the table following tables, the specification of the
passive components, such as the AC inductor, the output DC filtering inductor, and

the power transformer used in the DC/DC converter.
Table 5.4 shows the specification of the AC inductor used in the resonant tank.

Table 5.4 Specification of AC inductor.

Core type Ferrite 9920UC (p type)
Inductance 493.7uH
Number of turns 78 turns
Air gap 8.7 mm

The specification of the output DC filtering inductor is shown in Table 5.5.

Table 5.5 Specification of DC filtering inductor.

Core Type Power Core (Kool Mu)
Inductance 4 mH
Number of turns 240 turns
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Table 5.6 shows the specification of the power transformer in the resonant converter.

Table 5.6 Specification of power transformer

Core Type NANOPERM M-049-02 U7 (oval)
Transformer ratio 11
Primary turns 20 turns
Secondary turns 20 turns

The detailed design process is illustrated in Appendix A.

5.8  LCC resonant converter efficiency analysis

The LCC resonant converter losses mainly occur in the IGBTS, anti-parallel diodes,
resonant inductor, and diode rectifier. The LCC resonant converter is designed for a
full-load condition, operating above the resonant frequency and at full duty cycle. At
full duty cycle, the four converter switches (IGBT) turn on with near zero-current
and zero-voltage switching, while turn off is hard switched. The anti-parallel diode
conducts during the turn-on transition. As the switching frequency is slightly greater
than the resonant frequency, the switches turn off with a small current, thus low turn-
off losses occur. The converter maintains high efficiency around full-load. As the
load decreases, the duty cycle of the voltage across the H-bridge terminals reduces,
resulting in switches S; and S, turning on with zero-current and zero-voltage but
turn-off is hard switched. The switches Sz and S, in other leg turn off with zero-
current and zero-voltage but turn-on is hard switched. Due to phase-shift PWM
control, the inverter leg comprising S; and S, sustains only turn-off switching loss
while Sz and S, in the other inverter leg sustain only turn-on switching loss. Suitable
snubber circuits can limit the losses in the switches. With reference to Figure 5.9,
switches Sz and S, turn on with reverse recovery current in the diodes D4 and D3 of
the same leg, causing an unavoidable short-circuit during the reverse recovery time.
Thus D3 and D4 have to be fast recovery type diodes, whereas, switches S; and S,
turn on at ZVS, taking up the current from their anti-parallel diodes. A fast recovery

requirement for D; and D, is not critical.
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For the hard switched full-bridge, there is a high overshoot voltage and losses in the
high-voltage side rectifier diodes [5.4], due to the step change in voltage across the
transformer which has transformer leakage and rectifier diode junction capacitance.
Viee pk (rectifier peak voltage) is almost 2.9 times that of Vs (rectifier voltage)
without snubbers. Thus conventional RCD snubbers or energy recovery clamp
circuits are needed on the rectifier circuit due to the high voltage overshoot and
reverse recovery loss. For the LCC resonant converter, the voltage across the
transformer is sinusoidal which results in reduced voltage overshoot.

The resonant inductor loss has two components: core loss and winding loss. Design
of the ac resonant inductor is different from the gapped dc filter inductor. Core loss is
an important factor due to the large flux swing. The maximum core operating flux is
limited to give acceptable core losses. Ferrite material is suitable for the high

frequency resonant inductor.

5.9 Summary

The hard-switched FB converter and the series-parallel resonant converter have been
compared in terms of switch stress, efficiency, etc. The series-parallel resonant
converter has a better efficiency than the HSFB converter above half load. The series
parallel resonant converter is proposed as an interface to a wind energy electrical
source. Design procedures and analysis of the series-parallel resonant converter for
WECS have been presented based on FMA. The design process of the passive
hardware components, which include the ac inductor, dc filtering inductor and power
transformer used in the dc/dc converter, are illustrated. The dc/dc resonant converter
is designed at the rated power, but provides increasing dc gain as the wind speed
decreases without having to increases the transformer turns ratio, as is necessary for
other converters topologies. WECS performance was investigated and analyzed,
while the simulation and experimental results demonstrate that the dc/dc resonant
converter allows the wind turbine to operate at the maximum power point. The dc/dc
resonant converter efficiency has been measured at different wind speeds, with an

efficiency of 92% at rated power.
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Chapter 6

Current Source Converter based Multi-terminal DC WECS

This chapter presents a current source dc/dc converter based multi-terminal dc
WECS. The current source dc/dc converter is adopted to connect the wind turbine to
the inverter with maximum power point control. Each turbine is associated with a dc
current source that is capable of parallel connection to a common dc link. After dc
power collection, a current source inverter (CSI) that uses gate turn off components
(GTOs or IGCTs and IGBTS) is used for grid connection due to its flexible reactive
power control and short-circuit protection capabilities. For such a parallel connection
configuration, the CSI should operate in an input voltage control mode, which keeps
the common dc link voltage constant. The dynamic response of the combined
mechanical and electrical system is investigated with three different operation cases.
The simulation and experimental results demonstrate the feasibility and stability of a
current source dc/dc converter based multi-terminal dc WECS.
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6.1  Background

Most onshore and offshore wind farms are located long distances from an ac grid.
The wind farms produce electrical energy that must be collected locally and bulk
transmitted to the grid. Generally, existing electrical collection systems for wind
farms can be divided into two types: ac grid and dc grid as mentioned in Chapter 1.
For an ac collection grid, the variable speed wind generator is connected to the ac
bus using a partial (DFIG) or full rating converter (PMSG), and then a 50Hz
transformer located in the base of the tower steps up the voltage to the collection grid
voltage level. The transformer has a large volume and weight. For a dc collection
grid, the ac voltage from the wind generator is rectified an by ac-dc converter and a
dc/dc converter then steps up the voltage to a high voltage level. The interest in dc
grid based WECS has increased significantly due to the amount of space available
(lower weight of the magnetic components and cables) and the prospect of unlimited

transmission length.

6.2  DC wind farm topology

DC wind farm topologies can be divided into series connected and parallel connected.
Reference [6.1] proposed a new wind farm topology, which uses series connection as
the method of interconnection between the wind turbine units. The series connection

wind farm topology is show in Figure 6.1.

As shown in Figure 6.1, all the wind turbine units with their own thyristor converters
are connected in series, and a common dc link delivers the power to the grid through
a current source inverter (CSI). The wind turbine units are controlled to track
maximum power through their corresponding thyristor converter control angle, while
the dc link current which is calculated according to the wind speed is governed by
controlling the thyristor inverter commutation leading angle. The dc link voltage of
the proposed series connection wind farm is changed as wind speed changes, thus the
insulation design and losses of dc transmission system should be carefully considered.
The increasing thyristor converter control angle results in an increase in system
reactive power, which affects the power factor of the PMSG during wind speed
changes. For such a configuration, a bypass path is required when one of the wind

turbine units fails, which increases the system control complexity and cost. It is
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difficult to incorporate or remove a single turbine unit for system integration or
maintenance. There is no discussion on the wind farm start up or shut down

processes, which still require investigation.

' AC/DC Converter
(Heweg—H— S

. AC/DC Converter Grid

. AC/DC Conve%|
CHosd—H— S

The parallel connection wind farm topology is favoured. Each of wind turbine units

_ Inverter(CSl)

Figure 6.1 Series connection wind farm topology.

is connected in parallel to a common dc link. The collected power is transferred to
the grid through either a voltage source inverter (VSI) or a current source inverter
(CSI). Depending on the connection point to the dc link, there are two different
connections, star and string connection respectively [6.2], as shown in Figure 6.2.
The dotted area in Figure 6.2 (a) and (b) denotes single wind turbine units (WT)

which incorporate a wind turbine, generator, and an ac/dc converter.

For the star connection, each turbine unit has its own collection cable and switchgear
connected to a dc bus. It is easier to incorporate or remove a wind turbine unit from a
star connection system, which enhances system reliability during system failure and
maintenance. The wind turbine units are connected together with similar cable

lengths with the string connection. From Figure 6.2, it can be seen that if a fault
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occurs, the wind turbine units which are located downstream of the fault location

have to be tripped.
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Figure 6.2 DC wind farm parallel connection with switchgear configuration (a) Star
collection (b) String collection.

In this research, a star connection based dc wind farm is adopted for grid connection.

6.3  Proposed WECS and control
A novel current source converter based WECS is proposed. The configuration and

control of this WECS are illustrated in this section.

6.3.1 System configuration description

The types of converters suitable for a star connection based dc wind farm are

considered. Reference [6.3] compares the efficiency of two rectifier topologies used

to implement three control regimes: (a) a rectifier VSC with fixed output voltage, (b)

a rectifier VSC with variable output voltage, and (c) a diode rectifier. The diode
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rectifier method has the lowest loss among the three. In addition, the diode rectifier
has a simple topology and control, and most importantly, low cost. It will, however,
cause harmonic currents and torque pulsation on the generator due to the
uncontrolled circuit. Several methods are given to reduce the torque harmonics in
[6.4]. The rectifier VSC has lower torque harmonics due to a current control loop,
but is more expensive and complex. The two rectifier converters both have
advantages and disadvantages. They are both options for a wind turbine system
depending on the requirements of whole system. As a low-power system (2 to 3kW

turbines) is being investigated, a diode rectifier is used in the proposed system.

In a multi-terminal dc wind farm, dc-dc converters with large output capacitors are
connected in parallel to the common dc link [6.5-6]. The voltage source inverter (\VSI)
is widely used for grid interfacing in WECS due to its flexible control of active
power and reactive power [6.7-8]. VSI controllability can cater for grid-side ac
disturbances using appropriate control and protection methods [6.9-10]. The dc side
short circuit fault is the most severe fault for a voltage source topology due to
uncontrolled currents flowing through the bridge freewheel diodes into the fault, with
a large recovery current to recharge the large dc link capacitor [6.2]. Conventional ac
breakers are not applicable due to the absence of a zero current crossing point and
due to slow switching time. A dc breaker is more expensive than an ac breaker [6.11].
For a high dc link voltage, the lifetime, volume and cost are major capacitor
problems. For the multi-terminal parallel system, the individual wind turbines, via
dc/dc converters, are to be configured as current sources for grid connection, which
is beneficial in stabilizing the WECS.

In order to solve the above problems, the novel current source converter based multi-

terminal dc wind farm configuration is proposed as shown in Figure 6.3.

In the proposed configuration, a current source full-bridge dc/dc converter is used,
with the topology shown in Figure 4.3. Each turbine units is configured as a current
source. The basic difference between the VSI and CSI is on the dc-link side where
the VSI incorporates a dc-link capacitor, while the CSI incorporates a dc-link
inductor. This inductor gives the CSI short circuit properties. For the conventional
line-commutated converter (LCC) hvdc using thyristors, the active and reactive
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power controls are tightly coupled, hence independent reactive power support to the
grid cannot be achieved. Flexible reactive power control capability is required by the
utility grid codes with increasing wind penetration levels. Reference [6.12] proposes
a new CSI scheme using self-commutated devices such as gate turn-off thyristors
(GTCs) or integrated gate-commutated thyristors (IGCTs), which gives the same
control flexibility as the VSI. Two operation modes are illustrated in Chapter 2,
which are voltage mode control and current mode control respectively. Both control
modes can provide flexible reactive power support. Thus the CSI has recently
received attention for use in wind power systems [6.13-15] due to its compact size,
high-power capabilities, excellent short-circuit protection, and flexible power flow
control capabilities.

The DC/DC converter controls the
Diode — power captured by wind turbine.

\

Rectifier Current Source DC/DC
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1 bC

DC link

NN

Figure 6.3 Proposed current source converter based multi-terminal dc wind farm
configuration

6.3.2 Control of the proposed WECS
In the proposed WECS, the diode rectifier is uncontrollable, thus the current source
dc/dc converter either controls the wind turbine to track its MPP or regulates its

output voltage to be constant, depending on the WECS configuration. For the
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proposed WECS, which has one common grid connection inverter, if the dc link
voltage is controlled by the dc/dc converters, the CSI is required to control active
power flow from the turbine units. Control of each turbine at its MPP using the CSI
is both complex and non-trivial. Generally a dc/dc converter is preferred to control
the power captured by the wind turbine, with the control scheme shown in Figure
4.12. Voltage mode control is applied to the CSI, which maintains the average dc

link voltage constant and reactive power at zero (normal operation).

6.4  System simulink results and practical experimentation

To verify the functionality and feasibility of the proposed dc system based on a
current source dc/dc converter, the performance of the proposed dc WECS with two
wind turbines was simulated in Matlab/simulink. Performance was also demonstrated

experimentally. The test rig schematic is shown in Figure 6.4.
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Figure 6.4 Test rig schematic.
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CSI emulator

The two induction machines IM; and IM,, which drive the PMSGs, are each
controlled by variable speed drives to simulate wind turbine characteristics. The
turbine units operating as current sources are parallel connected to the common dc
link. Each dc/dc converter is controlled to make the turbine operate at its maximum
power point with variable wind speed. The wind power is collected and consumed by
the CSI emulator. The CSI emulator maintains the dc link voltage constant, which is
the same as the CSI voltage mode control illustrated in Chapter 2. The CSI side
practical results presented below are from another work package of the collaborative
project supporting the research. The current source inverter test rig shown in Figure

6.5 verifies the voltage mode control for the grid connected CSI.
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Figure 6.5 CSI test rig.

The CSI test rig consists of DC voltage source, resistor, inductor, current source
inverter, filter and transformer. The DC voltage source in series with
resistor/inductor is used as a variable input power source, which feeds the CSI. The
CSI output is connected to the grid through an AC transformer and a variac. The test

rig system parameters are summarized in Table 6.1.

Table 6.1 CSI test rig parameters.

Items Specification
Power rating 1.8 | kW
DC link inductor 10 mH
Filter capacitor 40 F
Grid voltage (rms) 110 \Y
Grid voltage frequency 50 Hz
Switching frequency 4 kHz
DC link resistance 8 Q
Average DC link voltage, Vyc.iink | 200 V

In order to establish CSI voltage control, an input real power change is applied to the

CSl to simulate the variable wind power. Figure 6.6 shows the CSI practical results.
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Figure 6.6 Practical results with active power change: (a) inverter output power,
(b) average DC link voltage, and (c) average DC link current.

As shown in Figure 6.6 (a), the active power increases from 1.1kW to 1.7kW within
2 seconds, which is a reasonable interval considering the large time constant of a
wind turbine. From Figure 6.6 (a) and (b), the average DC link voltage is maintained
at 200 V with zero reactive power in the CSI voltage control mode. Figure 6.6 (c)
shows the average DC link current increases as the input power increase due to the

constant dc link voltage.

From the generator side, the CSI system with average dc link voltage control is same
as CSI emulator with average dc link voltage control. Using a CSI emulator is
justified by the fact that the large dc link inductance decouples the two parts of the

system.

In this section, the stability of the system is investigated. In order to establish its

stability, three scenarios are studied, specifically a wind speed change of one and two
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wind turbines and shutdown of one wind turbine. The performance of the wind

turbines and dc link side are observed.

6.4.1 Simulation results

I. Case 1: Wind speed change of one wind turbine

The wind speed change is applied to WT1, with constant wind speed applied to WT2.
The wind turbine output power changes as the wind speed changes due to maximum
power point control by its associated dc/dc converter. Figure 6.7 shows the dynamic
response of WT1, including wind speed, power coefficient C,, rotor speed and
mechanical power Pm. The dynamic response of WT2 is depicted in Figure 6.8.
From Figure 6.7, the wind speed is initially 3.5 m/s, then stepped up to 4 m/s at t; s,
and stepped down to 3.5 m/s at t, s. As is shown, WT1 power coefficient C, is
maintained around the maximum value 0.4382 during wind speed changes. The rotor
speed and mechanical power also change, tracking the maximum power. For WT2,
the power coefficient C,, rotor speed, and mechanical power are constant with
unchanged wind speed during power changes in WT1, which means there is no
impact on WT2 through the common dc link during wind speed and power change in
WT1. They can operate independently.
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Figure 6.7 Dynamic response of mechanical system of WTL1.
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Figure 6.8 Dynamic response of mechanical system of WT2.

Figure 6.9 shows dc link voltage and the output currents of the dc/dc converters and
total dc link current. During the wind speed changes in WT1, the common dc link
voltage is kept constant by the CSI. WT1 output current changes as the wind speed
changes, while WT2 output current is unchanged. Thus the system shows good

dynamics and responds to one WT change.
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Figure 6.9 Dynamic response of the electrical system (a) WT1 (b) WT2.
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ii. Case 2: Shutdown of a single wind turbine

Shutdown of one WT can occur due to a failure. The other WTs should continue to
operate normally during the shutdown period. If not, the whole system may be
unstable, which is not desirable. Figure 6.10 shows the dynamic response of WT2
when WT1 is shut down: wind speed, power coefficient Cp, rotor speed, and
mechanical power Py, WTL1 is shut down at t3 s, which can be achieved with a
mechanical brake or using pitch control. From Figure 6.10, the power coefficient Cp,
rotor speed, and mechanical power of WT2 are maintained independent of the WT1
failure. The dc link voltage, the dc/dc converter output currents and the total dc link
current are shown in Figure 6.11. The WT1 dc/dc converter output current reduces to
zero after shutdown, while WT2 the dc/dc converter output current is unchanged.

The dc link voltage is also maintained constant during WT1 shutdown.
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Figure 6.10 Dynamic response of mechanical system of WT2.
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Figure 6.11 Dynamic response of the electrical system (a) WT1 (b) WT2.

iii. Case 3: Wind speed changes for both of wind turbines.

Under similar conditions as Case 1, step wind speed changes are applied to both
turbines. Figure 6.12 and Figure 6.13 show mechanical dynamic responses of WT1
and WT2 respectively, where the wind speed changes from 3.5 m/s to 4 m/s at ts and
4 m/s to 3.5 m/s at t; for WT1, and 5.82 m/s to 6.2 m/s at t, and 6.2 m/s to 5.82 m/s at
ts for WT2. The two wind turbines still operate at the maximum power point with the
wind speed changes. Figure 6.14 shows the dynamic response of the electrical
system, with the common dc link voltage constant and stable. The WT output
currents are changed due to the different powers captured from the wind by the wind

turbines.
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Figure 6.14 Dynamic response of the electrical system (a) WT1 (b) WT2.
6.4.2 Practical implementation of the proposed WECS

The performance of the proposed WECS was investigated with Matlab simulations in
section 6.4.1. A test rig is used to confirm the functionality and stability of the
proposed WECS. The previously defined three simulation cases and conditions are

applied to the test rig.

I. Case 1: Wind speed change of one wind turbine

A step wind speed change is applied to WT;, with the practical dynamic response
results of WT1 and WT2 shown in Figure 6.15 and Figure 6.16. The rotor speed and
power of WT1 change to track the MPP according to the step wind speed change.
Thus C, is maintained around the maximum value as shown in Figure 6.15. During
the process of the step wind speed change in WT1, the C,, rotor speed, and power of

WT?2 are unchanged, as shown in Figure 6.16.

Figure 6.17 shows the practical electrical results of WT1 and WT2. The output
voltage is kept constant by the CSI emulator. For WT1, the output current changes

due to the step wind speed change, while WT2 output current is unchanged.
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Figure 6.15 Practical dynamic response of the mechanical system of WT1.
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Figure 6.16 Practical dynamic response of the mechanical system of WT2.
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Figure 6.17 Practical dynamic response of the electrical system (a) WT1 (b) WT2.

ii. Case 2: Shutdown of one WT

WT1 is shutdown during the system operation. Figure 6.18 and Figure 6.19 show the
practical dynamic response results for WT1 and WT2. When WT1 is shutdown, the
rotor speed and power decrease to zero as shown in Figure 6.18. WT2 operation is
unaffected by WT1. Figure 6.20 and Figure 6.21 show the electrical response of the
output voltage and current. The output current of WT1 becomes zero since it is
shutdown, while the output voltage and current of WT2 are maintained constant.
Figure 6.20 (b) and Figure 6.21 (b) show the zoomed-in waveforms of the output

voltage and current during the shutdown process of WT1.
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Figure 6.18 Practical dynamic response of the mechanical system of WT1.
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Figure 6.19 Practical dynamic response of the mechanical system of WT2.
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Figure 6.21 Practical dynamic response of electrical system of WT2.

iii. Case 3: Wind speed changes for both wind turbines

Step wind speed changes are imposed on WT1 and WT2. Figure 6.22 and Figure
6.23 show the practical dynamic response results for WT1 and WT2. The rotor speed
and power of each WT is changed according to its wind speed change. There is no
interaction between WT1 and WT2. The practical electrical response results are
shown in Figure 6.24, with detailed waveforms shown in Figure 6.24 (b). The output
voltage is controlled and stable when step wind speed changes occur on WT1 and

WT?2.
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Figure 6.22 Practical dynamic response of the mechanical system of WT1.
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Figure 6.23 Practical dynamic response of the mechanical system of WT2.
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Figure 6.24 Practical dynamic response of the electrical systems of WT1 and WT2.

The practical results also demonstrate the stability of proposed dc WECS in all three

Ccases.

6.5 Summary

In this chapter, the current source dc/dc converter-based multi-terminal dc WECS is
proposed. In this system, dc/dc converters are controlled to track the maximum
power. A forced-commutated devices based CSI can be used for grid connection,
which also allows reactive power support as with a VSI. With current-feeding and
parallel connection to the common dc link, dc/dc converter output capacitors are
eliminated, saving on system costs and volume. WECS performance was
investigated and analyzed for three different system cases, with the simulations and
experimental results establishing system control functionality and feasibility. Finally,
it is concluded that the proposed system is a solution viable for a multi-terminal dc

grid wind farm.
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Chapter 7

A Coordinated Control Scheme for Power Demand Changes in a
PMSG based Multi-terminal DC Wind Farm

Although maximum power point tracking (MPPT) is crucial in the design of a wind
power generation system, the necessary control strategies should also be considered
for conditions that require a power reduction: called de-loading. A coordinated
control scheme for the proposed current source converter (CSC) based dc wind
energy conversion system is presented. This scheme combines coordinated control of
the pitch, a dc load dumping chopper and the dc/dc converter, to quickly achieve
wind farm de-loading control. Matlab/Simulink simulations and experiments are

used to validate the purpose and effectiveness of the de-loading.
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7.1  Background

Generally, wind turbines are controlled to operate along a MPPT curve to extract
maximum energy from the wind resources. It is an emerging requirement that wind
farms should possess flexible generation characteristics as close as possible to
conventional power plants. The kinetic energy stored in the rotating mass of turbine
blades can be utilised to support primary generation control for a short period, which
gives the flexibility for turbines to operate on either side of their power characteristic
curves [7.1-2]. A turbine cannot provide more than maximum power for a long
period, since the maximum power is limited by the wind speed and power coefficient.
Therefore wind turbines cannot provide long term frequency control when the
connection point frequency drops below that required. In this case, a fast-responding
gas-fired or pre-heated coal-fired station is needed to provide extra power to support
the grid frequency [7.3]. Conversely, when the power demand reduces, the power
generated from the power source must be reduced to maintain power balance for
frequency control. Once a conventional power station goes offline, it may stay off-
line for a long period of time [7.4]. Given the start-up time and cost, coal-fired power
station shut down is not favoured. With power electronic converters and turbine pitch
control systems, output power from each individual wind turbine can be rapidly
controlled, although the adjustment range is limited. Nevertheless, a large-scale
gigawatt wind farm will have a collective capability sufficient for frequency control.
The main challenge is to design a smooth power de-loading scheme for the wind
farm, during which each turbine operating point will move away from the MPPT
curve. Figure 7.1 shows wind turbine operation when it move away from the MPPT
curve. From the turbine power curve, the rotor speed decreases (under speeding) on
the left side, while rotor speed increases (over speeding) on the right side. The over

speeding case is preferable since this gives improved small signal stability [7.5-6].

The wind farm output power can be reduced through pitch control [7.7] or converter
control [7.8]. Since wind farm start-up time is shorter than other power stations, such
as coal-fired stations or a nuclear power station, de-loading the wind farm is an

option for maintaining power balance.
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Figure 7.1 Wind turbine operation possibility during de-loading process.

De-loading of wind turbines means not all of the available wind energy is converted
into grid electricity. In order to avoid power loss and to maintain a safely operating
system, external energy storage must be used in conjunction with the wind farm,
which can be a flywheel, compressed-air, pumped hydro [7.9] or a battery [7.10].
Reference [7.11] presents a scheme for supervisory control of wind farms, which
may utilize either an external energy storage device or power reserve achieved
through part-loading of one or more turbines in a wind farm. Battery storage is
considered for external energy storage, connected to a power system. Both methods
have been validated by simulations that focus on the grid side. Performance within
the wind farm is not detailed. The energy storage control approach is that the energy
storage provides energy when the power demand is greater than the wind farm output
power, and absorbs surplus energy when the grid power demand is less than the wind
farm output power. Energy storage increases system complexity, as well as capital
and maintenance costs. Also there is power loss during the process of energy
exchange. Additionally, any energy storage device has its own capacity limit, thus
the amount of energy that can be stored is a limiting factor. Energy storage for a long
period may be problematic. The economics of wind energy are important, but the
cost-benefit analysis of a wind farm with energy storage is beyond the scope of this

research.
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Pitch control can be used for both variable speed and fixed speed wind turbines.
Pitch control response is slower than power electronic control due to its servo time
constant (seconds) [7.12]. Thus power dumping de-loading control with pitch control

cannot respond fast enough to the load change.

In this study, a new coordinated control scheme with de-loading control with fast
dynamic response is proposed. The scheme integrates dc/dc converter control, dc
chopper control, and turbine pitch control, enabling the wind turbine to operate

safely.

The proposed scheme is validated by Matlab/Simulink simulations and
experimentation. Both confirm the effectiveness of the scheme for controlling wind

farm output power.

7.2 The system configuration (current source converter)
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Figure 7.2 Multi-terminal dc transmission WECS configuration.

Figure 7.2 shows a multi-terminal dc transmission WECS configuration that consists
of wind turbines, PMSGs, diode rectifiers, current source dc/dc converters, and a
centralised current source inverter for the grid connection. Each wind turbine is

connected to the dc link through its own diode output bridge rectifier and dc/dc

143



CHAPTER 7: A Coordinated Control Scheme for Power Demand Changes in A PMSG based Multi-terminal DC Wind Farm

converter. This dc configuration uses one inverter to deliver power to the grid, which
saves on system cost. A controlled dumping resistor, using a dc chopper, is added to
absorb the wind power during a short term fault condition, and is parallel connected

to the filter capacitor as shown Figure 7.2.

7.3 Proposed De-loading Control Scheme

De-loading control can be implemented with a combination of pitch control and/or
power electronic converter control. Figure 7.3 shows the proposed de-loading control
scheme flow chart, where scheme operation depends on the dc link voltage. When
the power demand changes, there is imbalance between the input wind power and the
output power to the grid, which causes a dc link voltage change. The wind turbines
continue to operate at MPP since the dc/dc converters decouple the wind turbines and
the dc link network. When the input wind power is greater than the output power, the
dc link voltage increases, and may exceed component insulation levels and destroy
the power electronics devices. In order to decrease the dc link voltage, the surplus
energy should be consumed or reserved. In this protection scheme, dc voltage control
is applied to the dc/dc converter when dc link voltage exceeds the pre-limited Vciim.
The surplus energy is stored in turbine inertia, thus the rotor speed increases. In a
WECS, rotor speeds are also required to be controlled to below a limit value. Once
rotor speed reaches this limit, dc chopper control or pitch control is activated to
ensure the rotor speed does not exceed its limit value. Compared to dc chopper
energy dumping control, pitch control has a slower response due to its servo time
constant [7.13]. But the dc chopper control dumps the energy to a resistor tank,
which needs extra equipment such as fans for resistor cooling: resistor cooling
wastes energy. Thus dc chopper control is applied in the short term, allowing time
for pitch control to be effective in reducing the converter energy. For the selection of
@\im and Viyim, the voltage limit Viyim should be slightly greater than the voltage
corresponding to the rotor speed limit «)in. Thus, after rotor speed control has been
replaced by pitch control (10 or so seconds), the dc chopper ceases to operate. Thus

the dc dumping chopper is only short term rated.

144



CHAPTER 7: A Coordinated Control Scheme for Power Demand Changes in A PMSG based Multi-terminal DC Wind Farm

Load Changes

l

Sensing Vdc

NO-| MPPT Control

YES

V4 Control  (<a———

l

NO =

YES

Pitch Control |-—————

YES

NO =

YES

DC Chopper Control

Figure 7.3 The proposed de-loading control scheme flow chart.
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7.3.1 Pitch Control

Pitch control is used in variable speed and fixed speed WECS, and limits the wind

turbine rotor speed and power to prevent the turbine from being destroyed during

high wind speeds and abnormal operating conditions. Figure 7.4 shows the power

coefficient C,, versus tip speed ratio curves for different pitch angles based on the C,,

equation (4.1), under constant wind speed. From Figure 7.4, the power coefficient

and output power are reduced as the pitch angle of turbine blades increases, which

means the rotor speed and output power can be controlled with pitch control.
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Figure 7.4 The wind turbine characteristics in pu with different pitch angle
(a) turbine output power versus turbine speed (b) C, versus tip speed ratio.

Pitch control in a variable speed wind turbine is activated when the rotational speed

exceeds the maximum allowed value due to a high wind speed condition [7.14]. The

pitch controller is shown in Figure 7.5.

measured t
Pl

Q

max

Max_ rate ﬂ .
> ! » 7 > /[ ﬂ >
1+ Ts 4 /

Figure 7.5 Pitch controller in a variable speed wind turbine.
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In a fixed speed wind turbine, the necessary pitch controller is shown in Figure
7.6[7.15]. The reference and measured powers are compared, and the resulting error
controls the pitch angle of the blades. Therefore the generator output power will be

limited to within rated power during high wind speeds.

P Max_rate B
ref . Pl > ! > 7(_ - /_ ﬁ -
Y 1+Ts 4 /
I:)meas

Figure 7.6 Pitch controller in fixed speed wind turbine.

In this chapter, wind turbine output power is controlled by the dc/dc converter, thus

the pitch control shown in Figure 7.5 is adopted.

7.3.2 DC/DC converter control

The dc/dc converter control has two modes during operation. MPPT mode and
voltage mode. When the dc link voltage is below the limit value Vgciim, MPPT mode
control is applied to the dc/dc converter. The controller senses the input voltage and
calculates the reference current. When the dc link voltage exceeds the limited value,
voltage mode control operates, keeping the dc link voltage at a pre-limited level.
During this process, the reference current decreases due to the dc link voltage error,
which causes the electrical power to be less than the mechanical input power. Thus
the rotor speed increases, which means the WECS operating point moves from the
MPP to the right side of wind turbine curve, as shown in Figure 7.1. Figure 7.7

shows the dc/dc converter voltage control block diagram.
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Figure 7.7 DC/DC converter control block diagram.

7.3.3 DC chopper control

The controlled dc chopper has been widely used in WECS [7.16]. A dc dumping
chopper is used in VSC based hvdc systems for wind farms [7.17]. During a fault,
the controlled dc chopper is used to dissipate the wind farm output power and thus
limit the dc voltage to within safe levels. The dc dumping chopper consists of an
IGBT and a resistor tank, as shown in Figure 7.8. It has simple on/off control as
shown Figure 7.9, and is activated based on the input voltage of the dc/dc converter.

No switching losses are incurred. The resistor tank rating is related to the rating of

F
: 1

Figure 7.8 DC dumping chopper topology.

the generator machine.
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Figure 7.9 Control schematics for dc dumping chopper.

7.4  Simulation and experiment results

The performance of the proposed coordinated control scheme for the multi-terminal
wind farm is investigated with MATLAB/Simulink simulations and experimentally.
The multi-terminal dc WECS is based on two PMSG wind turbine units. The system
parameters are the same as in Chapter 6. A step change of duty cycle is applied to the
CSI emulator to simulate the grid power change. WECS performance is studied for
three cases: with and without the proposed coordinated control scheme, and with

only dc/dc converter voltage control.

7.4.1 Simulation results
In the simulation, the duty cycle of the CSI emulator is stepped up from 0.5 to 0.9 at

0.5 s. the wind speed of each wind turbine is unchanged.
i. Case 1. Without the proposed coordinated control scheme

Figure 7.10 and Figure 7.11 show the dynamic response of turbines WT1 and WT2
respectively without the proposed coordinated control scheme, and include wind
speed, power coefficient C,, rotor speed, and mechanical power Py. As shown, when
the power demand from the grid is a step change, the power coefficient C, is
maintained around the maximum value. The rotor speed and mechanical power are

unchanged. The wind turbines are not affected and continue to operate at the MPP.

Figure 7.12 shows the dc link voltage and wind turbine output dc voltage. The dc
link voltage is changed due to the power imbalance. When the power demand
reduces, the surplus wind power increases the dc link voltage, which can exceed the
insulation level of components and destroy the system. Assuming the rotor speed and

the dc link voltage before the power demand changes are 1 pu, then from Figure 7.12,
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the dc link voltage increases to 1.4 pu. However, the general safety threshold of the

dc-link overvoltage is required not to exceed 1.2 pu.
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Figure 7.10 Dynamic response of WT1 without the proposed control.
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Figure 7.11 Dynamic response of WT2 without the proposed control.
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Figure 7.12 DC link voltage and wind turbine output dc voltage without the proposed
control (a) WT1 (b) WT2.

ii. Case 2: With dc/dc dumping converter voltage control

In order to control the dc link voltage to within a safe level, the input power from the
wind turbine should be reduced, which means the wind turbine operating point
should move away from the MPP. DC/DC converter voltage control is applied to the

WECS when the power demand changes. Figure 7.13 and Figure 7.14 show the

151



CHAPTER 7: A Coordinated Control Scheme for Power Demand Changes in A PMSG based Multi-terminal DC Wind Farm

dynamic responses of WT1 and WT2 respectively. In Figure 7.13, WT1 wind speed
Is 3.5m/s and C, has decreased from 0.43 to approximately 0.28. This shift from the
MPP results in shaft over-speed, from approximately 7 rad/s to over 11 rad/s (an
increase of 57%). The performance of WT2 under this condition is shown in Figure
7.14. Under different wind speed (6 m/s), the same tendency of reducing C, and
power output, and shaft over-speed are observed. The over-speed is not as significant
as WT1 with WT2 showing a 37% increase from 19 to 26 rad/s.

The dc link voltage and wind turbine output voltage are shown in Figure 7.15. From
Figure 7.15, it can be seen that the dc link voltage can be regulated to 1.2 pu with
dc/dc converter voltage control. While the rotor speed increases and the power
coefficient C, decreases, the wind turbines operate away from the MPP, to the right

hand side of power characteristic curve.

45 0.5

0.45

S

0.4

Wind Speed (m/s)
w
ol

o 0.35
&)
0.3
3
0.25
2.5 o : 0.2 R ‘
0 05 1 2 3 4 5 0 05 1 2. 3 4 5
Time(s) Time(s)
141 400
12 4 350
10 w! i 300
» _
§ \;’ 250
= 8 =
= [a
=6 1 200
4 150
2 - s s | 00— .
0 05 1 2. 3 5 0 05 1 2 3 5
Time(s) Time (s)

Figure 7.13 Dynamic response of WT1 with dc/dc converter voltage control.
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Figure 7.14 Dynamic response of WT2 with dc/dc converter voltage control.
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Figure 7.15 DC link voltage and wind turbine output dc voltage with dc/dc converter
voltage control (a) WT1 and (b) WT2.

iii. Case 3: With coordinated control
Although the dc link voltage can be maintain to a safe level with dc/dc converter
voltage control, the rotor speed may exceed its limit. Thus both dc chopper dumping

control and pitch control should be applied to avoid high rotor speed. Figure 7.16 and
Figure 7.17 show the dynamic response of WT1 and WT2 with coordinated control,
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including power coefficient Cy, rotor speed, mechanical power Py, and pitch angle.
From Figure 7.16 and Figure 7.18, the pitch control is activated at 0.8 s, with the
rotor speed limited to 8.2 rad/s, which is comparable with the initial value of 7.2
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Figure 7.16 Dynamic response of WT1 with the proposed coordinated control.
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Figure 7.17 Dynamic response of WT2 without the proposed control.

For WT2, from Figure 7.17 and Figure 7.18, the dc link is kept at 1.2 pu, within the
safe level. The rotor speed is effectively restrained by dc dumping chopper control
and pitch control. The rotor speed after pitch control is 21.2 rad/s, which is

comparable with the initial value of 19 rad/s.
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Figure 7.18 DC link voltage and wind turbine output dc voltage with the proposed
coordinated control (a) WT1 (b) WT2.
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7.4.2 Experimental results

The experimental system, shown in Appendix B, is used to verify the presented
analysis and simulation. The three cases outlined in section 7.4.1 are experimentally
investigated. The CSI emulator duty cycle is stepped from 0.5t0 0.9 at 20 s.

i. Case 1. Without the proposed the coordinated control scheme

Figure 7.19 and Figure 7.20 show practical dynamic results for WT1 and WT2
respectively. Wind turbine status is unchanged when the step change of duty cycle
occurs. Figure 7.21 shows dc link voltage overshoot at 20s, where it increases from
200V to 275V, exceeding the 1.2pu threshold.
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Figure 7.19 Practical dynamic response of WT1 without the proposed control.
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Figure 7.20 Practical dynamic response of WT2 without the proposed control.
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Figure 7.21 Practical dc link voltage and wind turbine output dc voltage without the
proposed control.

ii. Case 2: With dc/dc dumping converter voltage control

Figure 7.22 and Figure 7.23 show the practical dynamic response of WT1 and WT2
with dc/dc converter voltage control. The power coefficient and mechanic power are

decreased to keep the dc link voltage within a safe level, while the rotor speed
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increases. In Figure 7.22, WT1 wind speed is 3.5 m/s and C, decreases from 0.438 to
approximately 0.39. This shift from the MPP results in shaft over-speed from
approximately 8 rad/s to about 10 rad/s (a 25% increase), thus reducing the power
output from WT1 by approximately 40 W. The performance of WT2 under this
condition is shown in Figure 7.23. At a different wind speed, 5.82 m/s, the tendency
to reduce both C, and power output with shaft over-speed is seen, although the over-
speed is not as significant as for WT1, being from 21 to 25 rad/s.
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Figure 7.22 Practical dynamic response of WT1 with dc/dc converter voltage control.
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Figure 7.23 Practical dynamic response of WT2 with dc/dc converter voltage control.

Figure 7.24 compares the dc link voltage and wind turbine output dc voltage with
and without dc/dc converter voltage control. From Figure 7.24, the dc link voltage
can be regulated at 1.2 pu (240 V) with dc/dc converter voltage control. This is less
than the 275 V achieved in case 1. The increase in individual output dc voltages is
related to turbine over-speed: for WT1, the voltage increase is from 140 V to 181 V
and for WT2, the voltage increase is from 170 V to 220 V.
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Figure 7.24 Comparison of dc link voltage and wind turbine output dc voltage with
and without dc/dc converter voltage control.

iii. Case 3: With coordinated control

The coordinated control scheme is implemented in the WECS with experimental
results in Figure 7.25 and Figure 7.26 showing the practical dynamic response of
WT1 and WT2. The dc link voltage and wind turbine output voltage with dc/dc
converter voltage control and with the proposed coordinated control is shown in
Figure 7.27.

In Figure 7.25, the pitch angle is increased from 0 to approximately 8 degrees. The
Cp is further reduced to approximately 0.3 compared with approximately 0.39
previously. After approximately 10 s of fluctuation, the shaft speed settles

approximately 8.5 rad/s, which is within the 1.2 pu limit.
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Figure 7.25 Practical dynamic response of WT1 with the proposed control.

Again the same tendency is seen in Figure 7.26 for WT2, but is not as serious as for

WT1. This is why the pitch angle had been adjusted back to zero by the pitch control.

The WT?2 shaft speed finally steadies at 23 rad/s, well within the threshold compared

with its original value

of 21 rad/s.
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Figure 7.26 Practical dynamic response of WT2 with the proposed coordinated
control.

The dc output voltages of WT1 and WT2 are shown in Figure 7.27. The dc link

voltages for cases 2 and 3 are also shown, and as expected they show effectively

limiting to around 240V.
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Figure 7.27 Compared dc link voltage and wind turbine output dc voltage with dc/dc
converter voltage control and with the proposed control.

7.5 Summary

This chapter considers protection aspects of proposed WECS system under grid
power demand changes. During demand changes (simulated by CSI duty cycle
adjustment), the dc-link voltage and individual wind turbine shaft over speeds are
identified as the critical aspects of the system. With dc/dc converter voltage control,
the dc link voltage is effectively limited to a pre-set threshold value which is
important for the continuity of wind power supply to the grid. This quick response to
electrical stress limiting is effective before any slower mechanical stresses can be
seen at the turbine side. To solve the problem, a combined de-loading control scheme
is proposed for this multi-terminal dc WECS. It basically combines dc/dc converter
control, dc dumping chopper control, and turbine pitch control. To be more specific,
the dc energy dumping chopper is used for transition control response to electrical
stress, in order to allow time for shaft speed control to be realised by adjusting pitch
angles. Simulation and experimental results have been analysed, and confirm the
validity of the proposed de-loading control scheme.
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Chapter 8

Conclusions

8.1  General conclusion
Wind energy is receiving continually increasing attention as an alternative renewable
energy source. The characteristics of wind energy and the collection and

transmission technologies for wind farms are discussed in chapters one and two.

Chapter three investigates a variable speed wind energy conversion system based on
the boost converter. The boost converter is used to step up the voltage and track the
turbine maximum power point, while a diode rectifier is used as an ac/dc stage
between the generator and boost converter. An ac/dc rectifier is used due to its low
cost and high reliability in low power applications. A voltage source inverter is used
for grid connection. Several MPPT methods are illustrated and compared,
highlighting their advantages and disadvantages. One-power-point maximum power
tracking is preferable due to its ease of implementation and fast tracking ability,
while the power coefficient C, deteriorates during wind speed drops. An optimized

one-power-point method for maximum power tracking is proposed for the variable
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speed WECS, which incorporates OPP control and MPDC control. Also there is no
need for extra sensors, which reduces system costs. A higher energy conversion
efficiency is achieved by the optimized OPP method.

Chapter four investigates another wind energy conversion system based on the
current source full-bridge dc/dc converter. The current source inverter is applied in
the WECS. A wind turbine simulator is constructed with a vector controlled
induction machine and a gearbox coupled PMSG, thereby emulating real wind
turbine characteristics using DSP control. A full-bridge converter is used to step the
low generator voltage to a high level via an intermediate high frequency transformer.
A comparative study between the boost converter and the full-bridge converter was
undertaken with regard to average and peak currents in the switching devices during
wind speed changes. Compared to the full-bridge converter, the transfomerless boost
converter cannot achieve high gain due to practical component characteristics and
high output diode current. New modified OPP control is presented for WECS. The
reference current is obtained according to the input voltage. Finally, the performance
of the complete WECS is investigated with a step wind speed, both in simulation and

experimentally.

In Chapter five, resonant converters are investigated in the WECS, including the
series-resonant converter, parallel-resonant converter, and a combination series-
parallel resonant converter. The dc gain characteristics and topologies of the three are
compared. The series-parallel LCC resonant converter is chosen for WECS due to its
high DC gain at low load, and it has a current source output. It is compared with the
hard-switched FB converter in terms of switch stress, efficiency, etc. at the MPP with
different wind speeds. The LCC converter design includes resonant tank design,
switch power rating and passive component output inductor design. The LCC
resonant converter efficiency is analysed. The test rig of the WECS based resonant
converter is used to verify its MPPT ability and stability during step wind speed

changes.

Chapter six proposes a current source dc/dc converter based multi-terminal dc WECS.
Each wind turbine and its dc/dc converter act as an independent dc current source. A

current source converter is used for grid connection due to dc current source feeding
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properties. Series and parallel connected dc wind farms are illustrated and their
features are highlighted. Although the series connection configuration can step up the
voltage without transformers, it is problematic to incorporate or remove wind turbine
units during system operation. Also there is no electrical isolation between the
generator side and the dc network. Compared to the series connected dc wind farm,
the parallel dc current source connection is preferable due to wind turbine units’
independence of operation. The proposed WECS is based on a star connection. The
common current source inverter is applied with a voltage control loop, and the
current source dc/dc converter is used to track the MPP. Three cases with proposed
WECS are studied, which involve a wind speed change applied to one and then both

wind turbines, and shutdown of one wind turbine.

A coordinated control scheme is proposed for the current source converter based dc
wind energy conversion system. The scheme decreases the wind turbine output
power in order to limit the dc link voltage to a safe level. It combines dc/dc converter
control, dc dumping chopper control, and pitch control. The dc chopper is used to
absorb (dissipate) the surplus energy quickly to allow time for slow pitch control to
become effective. As the pitch control becomes effective, the dc dumping chopper is
de-energised. The performance of the coordinated control for the WECS was

investigated and discussed.

8.2 Author’s contribution

The thesis contributions can be summarized as follows:

® An optimized One-Power-Point method for maximum power tracking is
proposed for a variable speed wind energy conversion system that uses a boost
converter. The energy conversion efficiency is compared between the proposed
optimized OPP and standard OPP.

® \Wind turbine emulator systems based on a three-phase PMSG and a novel five-
phase PMSG were constructed and commissioned. The control process is

presented.

® A current source based hard-switched H-Bridge converter with an intermediate
high frequency transformer is proposed for WECS. The semiconductor electrical
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stresses are analysed and compared between hard-switched converter and boost

converter which are both used in variable speed WECS.

A series parallel resonant LCC converter is proposed as an interface to a wind
energy electrical source. The LCC converter and the hard-switched FB converter
are compared in terms of switch stress, efficiency, etc. The unique feature of

increased gain at reducing loads allows for an optimally designed transformer.

The design procedures and analysis of the series-parallel resonant converter
based on MPPT and FMA are presented

A new modified OPP control method is presented for the hard-switched H-
bridge converter and LCC converter. It is based on the relationship between
voltage and current at the MPP. Fast tracking speed is achieved by incorporating

a Pl controller.

A current source dc/dc converter based multi-terminal dc WECS is proposed.
The current source inverter with gate turn off components operates in an input
voltage mode due to parallel connection. A practical multi-terminal DC WECS
based on two wind turbine units achieved dc parallel operation.

A coordinated control scheme for multi-terminal dc WECS is proposed to cater
for grid power demand changes. A sequence of control schemes are presented,
namely dc/dc converter voltage control, dc dumping chopper control, and pitch
control. The dc dumping chopper is used for transitional control to respond to
electrical stress in order to allow time for shaft speed control to be realised by
adjusting blade pitch angles.

Suggestions for future research

Several types of dc/dc converters have been investigated in this research for the

WECS. A current source dc/dc converter based multi-terminal dc prototype WECS

now exists. Suggestions for future research are:

® The other control methods during normal and abnormal operating conditions of

the dc grid wind farm can be assessed and applied with the multi-terminal dc
prototype WECS. This could include using only one dumping chopper, on the dc
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link side which would serve to load all the turbines, and simultaneously adding

protection for the dc link to grid side faults.

A mathematic model of the proposed current source based multi-terminal WECS
is required in order to verify WECS stability and to allow assessment of ac grid

side and dc link faults.

A full detailed comparative analysis between current source based and voltage
source based multi-terminal DC WECS can be investigated in terms of

components stress, system efficiency, and fault condition.
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Details of the practical implementation are shown in the appendices. The design
processes for passive components such as ac inductors, dc filters and power
transformers are presented. The test rig for the current source dc/dc converter based
multi-terminal dc wind energy conversion system, including hardware components
and software programmes, is presented in detail. Lists of figures and tables, as well

as the author’s publications, are also included.
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Appendix A Passive component hardware design

A.1l  AC resonant inductor design

An inductor is used as the energy storage device in a switched-mode power supply.
Design considerations for inductors vary depending on the type of circuit application,
operating frequency, and temperature rise. The most important limiting factors in
inductor design involve core saturation, temperature rise and efficiency
considerations arising from core losses and ac and dc winding losses. The inductor
used in the resonant tank of the LCC resonant converter is an ac inductor. Table A.1

shows the ac inductor specification.

Table A.1 ac inductor specification

Required inductance 493.7uH
dc current 0A
ac ripple current 35 A peak-peak
ac rms current 124 A
Frequency 40 kHz
Max Temperature Rise 80C
Cooling method Natural convection

i. Core selection

The selection of core material must take into consideration operating switching
frequency, operating flux density, the resulting core loss, and temperature of
operation. Temperature rise above ambient is a direct result of core losses and copper
losses in the windings. In order to limit the temperature rise due to core losses, the
operating flux density at the specified switching frequency should be limited.
Applicable types of core materials are powder core and ferrite core. Powder type

material has a high permeability but high core loss at high frequency, while ferrite
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material has lower losses at high frequency. For an ac current inductor, the core is
loss limited, thus ferrite core (magnetic type P) is the preferred choice. For ferrite
cores, a saturation limited flux density Bmax 0f 0.3T will be used. The maximum flux
density and maximum flux swing at which the core will operate should be below the
Bmax. The core saturation limit will correspond to the Bpax limit when the peak
current is equal to the short-circuit limit value. The maximum peak-peak flux density

swing corresponding to the maximum current ripple will then be:

Alpp

ABpyax = Buax (A-l)

Iscpk
where lscpk is the maximum peak short-circuit current (A).

For a unipolar flux swing, the calculated 4B,y is divided by 2 to convert from
peak-peak flux density to peak flux density: this value is used with the core loss
curve of Figure A.2 on the ‘flux density’ (peak flux density) axis. From the ripple
frequency curve, the resulting core loss is found. If the core loss is significantly less
than 100mW/cm?®, the core is likely to be saturation limited, and the calculated
ABy4x Value is likely to be valid. If, however, the indicated core loss is much greater
than 100mW/cm?, the core is likely to be loss limited. 4B,;,x must then be reduced
to achieve an acceptable core loss. If the core is loss limited, peak flux density at

Iscpi Will be less than By ,x.

For an ac current inductor, the core is loss limited. According to Figure A.2, when
Byax = 0.2T, core loss is approximately 100mW/cm?® on the 40kHz ripple frequency

curve. AByax is also 0.2T.
ii. Core size and air gap

After the core material is determined, the core size is determined. The following area
product formulae (A.2 and A.3) are intended to provide an initial estimate of core

size for inductor applications.

When core loss is not severe, the flux swing is limited by core saturation:

4/3
AP = Ay Ay = (5225 L) T o2 (A.2)

Bmax Ki
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When flux swing is limited by core loss:

4/3
AP = Ay Ay = ( Lal -’F—L) cm? (A.3)

ABmax Kz

where:
L= inductance, H
Iscpk= Maximum pk short-circuit current, A
Bumax= saturation limited flux density, T
Al= current swing, A
ABpax= maximum flux density swing, T
Ig,= rms current, full load (primary), A
K1, Kz = JmaxKprr X 107

where:

Jmax = Max current density, Alcm?

Kpgri= primary copper area/window area

10~*= converts dimensions from metres

The core loss limited formula, equation (A.3), is used. A 9920UC (p type) core size,
shown in Figure A.3, is used where AP=5.6cm?=(6.3>7>2)cm? = 494cm®, and core

surface area Acore = 483.84cm?. Core volume V.=268.8 cm®.

The number of turns that will provide the desired inductance is calculated as:

LAI _,  493.7x175 _
= tAlmax o q19-2 = 23775 10-2 = 78 turns (A.4)
AByaxAg 0.2%X5.6

where L is in uH and dimensions are in cm.
Then the gap length to achieve the required inductance is:

For a rectangle:
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ly = toN2 22 x 10* (A.5)
For a circle:
— 24e g )? 4
ly = noN?%(1+ DCP) x 10 (A.6)

Thus, from (A.5)

I = toN2 22 X 10% = 47 X 1077 X 78% X == x 10* = 0.87cm  (A.7)
L 493.7
iii. Calculate the conductor size, winding resistance, losses and temperature rise

With a current density of 4 A/mm?, the full-load current requires a conductor area of
3.1 mm? giving a conductor diameter dyire Of 1.99 mm. Skin effect should be
considered: it causes a reduction in the effective cross-section of the conductor at
higher frequencies and results in an increase in conductor resistance. Skin depth is
defined as the distance from the surface of the conductor to the depth where the
current density is 1/e times the surface current density. Equation (A.8) calculates the

skin depth, dopen, in copper at 40 kHz.

dopen = J 2 = 0.375mm (A.8)

2XTTX40X103 X gX S,

From equation (A.8), at 40kHz in copper, dopen = 0.375 mm. The diameter of the
copper wire used to wind the inductor should therefore be chosen to be less than
2dopen. Eight strands of SWG 22 copper enamel wire are selected, with diameter

dswae22=0.71mm and cross sectional area Sgwa2=0.4mm>.

The number of layers can be calculated as:

8xd'xN  8x0.71x78
N = = =0.92 A.9
Layer le 480 ( )

where ¢ is core path length.

The layer thickness/dopen

0= 0.83xdx\/d/d’ _ 0.83x0.70x,/0.70/0.71 _ 1.54 (A.10)

dopen 0.375
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where d is diameter of conductor and 4" is external diameter including insulation.

Figure A.1 shows Dowell’s curves, which plot the ratio of Ra/Ryc versus Q (layer
thickness/dqpen) for different numbers of layers in each winding section. Using
Dowell’s curves with 1 layer and Q=1.54, R,/Rqc IS approximately 1.5.

100
10, 6 :9‘

N
w
W

10

Q = Layer Thickness/Dpen

Figure A.1 Dowell’s Curves.
DC resistance for SWG 22 is 42Q/km. The dc winding resistance can therefore be

calculated as:

42x107°x78 turnsx(28+20)x2

R
R;, =LXx-=
dc ) 8

=0.04 0 (A.11)

Thus the ac winding resistance can be obtained according the value of R;./Rqc from

Figure A.1, Dowell’s curve.

Using this result, and Figure A.2, the ac and dc winding losses can be expressed as,

respectively:

Py = I?R;,.=12.3°>0.04=6 W (A.12)
P,. = I?R,,=12.3°>0.04x1.5=9 W (A.13)
mw 3
Peore = P, X V, = 1007= X 268.8 cm® = 26.88 W (A.14)
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The total losses are sum of core loss and ac and dc winding losses.
Pr = P.ore + Pye + Py .=6W+9W+26.88W=42 W (A.15)

The temperature rise is related to the total losses and core surface area, and estimated

from:
_ Pr 0.826 _ 42 0.826 _ o
AT—450><(ACORE) =450(—=) " =59 (A.16)
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Figure A.2 Core loss versus flux density curve for Ferrite core.
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DIMENSIONS
(mm) Nominal: | Tol.min.. | Tol. max..
A 126.0 40 +40
B 91.0 1.0 +10
C 200 0.6 +08
E_ ..l C D | 630 | 20 | +20
E 700 -2.0 +20
L | 28.0Ref.
q Eff. Parameters
pemm? | Aminmm 2 lemm Vvemm®
o | __ ] 560.0 | 5600 | 480.0 | 268800

Figure A.3 U26 core dimensions.

A.2  DC filtering inductor design
i. Core selection

The dc filtering inductor is used in the output LC filter to reduce current ripple levels.
The inductor design must meet the energy storage (inductance) requirement as well
as requirements for total loss, space, cost, EMI, fault-tolerance, temperature
performance, and reliability. For the dc filtering inductor, the core is saturation
limited since the core loss caused by the peak-peak flux density swing is limited by
the current ripple. Power inductors require an air gap within the core structure. The
air gap is used to store the energy and prevent the core from saturating with high
current. Air gaps may be discrete or distributed. Discrete gaps are most commonly
used in ferrite cores. The main performance advantage of ferrite is low ac core loss at
high frequency, due to the high resistivity of the ceramic material, when compared
with metal alloys. Ferrites have low saturation flux density, which reduces
significantly with increasing temperature. The discrete gap structure results in an
inductor that reaches a sharp saturation point, which must be allowed for in the
design. Also, inductors with discrete gaps are vulnerable to eddy current losses in the
coil due to fringing. The nature of powder core materials, such as MPP, High Flux,
Kool Mu, and Iron powder, is that they have distributed air gaps throughout the

material. Powder cores with distributed gaps can eliminate the disadvantages of the
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discrete gap structure, such as sharp saturation, fringing loss, and EMI. Each of the

aforementioned powder materials has its own advantages and disadvantages. The

properties of these materials are summarised in Table A.2:

Table A.2 Properties of various core materials.

MPP High Flux Kool Mu XFlux
Permeability 14-550 14-160 26-125 60
Core Loss Lowest Moderate Low Moderate
VF;er;TseZ?Eitgs Better Best Good Best
Saturation (Bss) | 7.5 Kilogauss | 15 Kilogauss | 10.5 Kilogauss | 16 Kilogauss
Nickel Content 80% 50% 0% 0%
Relative Cost High Medium Low Low

For the dc inductor, the Kool Mu material is a suitable choice, having low core loss,

excellent performance over a wide temperature range and low cost. Table A.3 shows

the dc inductor specification for the output filter of the converter.

Table A.3 DC inductor specification.

Inductance 4mH
Full load current 5A
Max ripple current 0.5A
Switching frequency 40kHz

Cooling Method

Natural convection

179




Appendices

ii. Core size and winding turns

Core size can be determined by the product of LI? where L is inductance required

with dc bias (millihenrys) and I is dc current.

A U6527 type core was available. From the Core Selector Table shown in Figure A.,
it can be seen that this is compatible with the LI? value calculated using the data
shown in Table A.3.

TYPE u? TYPE u2
E CORES U CORES
£5528 100400 U527 300450
£5530 150500 U5529 350800
£6527 300.900 U527 10002700
£7278 300-800 U533 500-1300
£8020 4001200 u7228 8001700
LE130 3100-4300 U7236 800-1800
LE145 21004300 U8020 15002800
LE160 4600-7700 U8038 1000-2300
TOROIDS
77111 100:300
77191 70300
77908 300800

Figure A.4 Core Selector Table.

The nominal inductance (A_.=89 nH/T?) for core type 6527 is obtained from the core
data sheet. The minimum nominal inductance (A win=81.88 nH/T?) is determined
using the worst-case negative tolerance (-8%). With this information, the number of
turns corresponding to the required inductance (in mH) is calculated from equation
(A.17).

N = (L x10°/A,)Y? = (4.7 x 10°/81.88)1/2 = 240 turns  (A.17)

The bias in At/m is calculated from:

__1000NI _ 1000X240X5
o, 219

H = 5779 At/m (A.18)

The reduction in core permeability is related to the dc bias. Figure A. shows the

initial permeability versus dc magnetizing force curve.
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Figure A.5 DC bias roll-off curve for Kool Mu.

From Figure A., the roll-off in per unit initial permeability for the calculated bias
level is determined. Figure A.5 shows 88% of initial permeability at 5779 At/m for
“26p° material. Multiplying the minimum nominal inductance of 81.88 nH/T? by 0.88
yields 72.1 nH/T% Using this revised value of minimum nominal inductance, the
number of turns is recalculated according to equation (A.17). This vyields an

inductance close to the required value.
iii. Loss and temperature rise

Core loss can be obtained according to the corresponding core loss curve, using the
appropriate values of peak flux density and operating frequency. The wire size, ac
and dc winding losses, and temperature rise are obtained using the same process as
for the ac inductor, as described in Section A.1.

A.3  Power transformer design

The function of a power transformer in a switched mode power supply is to transfer
power efficiently and instantaneously from an electrical source to a load. Ideally, the
power transformer stores no energy. The transformer can also be used to meet the
requirements of different input and output voltage levels by using an appropriate

primary-to-secondary turns ratio, and may be used to provide galvanic isolation,
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which is an important safety consideration. Table A.4 shows the power transformer

specification for the dc/dc converter.

Table A.4 Power transformer specification.

Primary Voltage 380V
Primary Current 6A
Secondary Voltage 563V
Secondary Current 4A
Transformer turns ratio 1:15
Switching frequency 40kHz
Max Temperature Rise 80C
Cooling method natural convection

i. Core selection for transformer

Several core materials may be used to realise a power transformers, including power
ferrites, metal alloy cores, NANOPERM, etc. Power ferrite materials have higher
resistivity at higher frequency, and hence lower eddy current losses. Permeability is,
however, generally lower (saturation permeability 0.3T), resulting in more winding
turns and greater magnetizing current, which must be controlled using snubbers and
clamps. Metal alloy cores also have high resistivity at higher frequency, and require
very thin laminations. Although saturation flux density is much greater than with
ferrite materials, this is usually irrelevant since flux swing is severely limited by
eddy current losses. NANOPERM is a rapidly-quenched iron-based alloy with a fine
crystalline microstructure: typical grain size is 10 nm. Nanocrystalline materials have
higher saturation flux density, which can be 1.2T, and lower eddy current losses.
Table A.5 shows the material properties (nominal values) of NANOPERM which is

used for the power transformer core.
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Table A.5 Material properties of NANOPERM (nominal values)

Saturation flux 1.2 T
density(Bsat)
Saturation <0.5 ppm
magnetostriction
Specific electrical 115 mQ cm
resistivity
Density 7.35 gcm®
Curie temperature T, 600 <

For safety, the working flux density By, should be smaller than saturation flux density.

Here, By, is chosen as 0.9T.
ii. Core size and winding turns

The required area product of the power transformer can be calculated using equation
(5.24). According to the calculated area product of the core, an approximate core size
is selected from the product catalogue. Core type NANOPERM M-049-02 U7 (oval)

is used.

The number of primary turns N, can be expressed using Faraday’s Law:

Vp 380

Np = KA Baof  4%0.8x10—%x0.9x38x10°
fAe acf . .

= 35 turns (A.19)

where K; =4 for a square voltage wave and 4.44 for a sinusoidal wave.
Ac is the core cross sectional area

Bac is flux density and

f is the switching frequency

The required primary and secondary transformer voltages are shown in Table A.4.
Having calculated Np=35 turns, the number of secondary turns is therefore found to
be Ng=53 turns.
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iii. Loss and temperature calculation

The nanocrystalline core loss can be calculated as:
o=t (5) <) < (5)

=00x(37) % (i) < (58

= 111W/kg (A.20)

Z

where Po=80W/kg
F=1 for a square voltage wave and 1.11 for a sinusoidal wave, F;=1.11, Xx=1.6
F is switching frequency (kHz), f,=100kHz, y=1.8 and

B is flux density, Bp=0.3T, z=2.

For the power transformer, wire size, ac and dc winding losses, and temperature rise

are obtained in the same way as for the inductors designed in Sections A.1 and A.2.
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Appendix B Test rig structure

B.1  Testrig

The multi-terminal dc WECS test rig is based on two PMSG wind turbine units. One
wind turbine uses a serial-parallel resonant converter and the other uses a hard-
switched full bridge converter. The test rig is used to verify the performance of the
WECS.

I.  WECS with serial-parallel resonant converter

The hardware system shown in Figure B.1 details the topology of the resonant

converter based WECS, which is comprised of the following components:

2.5kW induction machine

Unidrive SP machine drive

Torque transducer

2kW 5-phase permanent magnet synchronous generator
TriCore 1796B digital signal processor

Interface circuits for DSP

Microchip DSPIC 30F2020

Gate drive circuits

Voltage and current measurement circuits
Serial-parallel LCC resonant converter circuits

Current source inverter emulator

DC chopper
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Figure B.1 Photograph of resonant converter based WECS.

ii. WECS with hard-switched converter

The topology of the hard-switched converter based WECS is shown in Figure B.2. It

includes the following main components:

2.5kW induction machine

Unidrive SP machine drive

2kW 3-phase permanent magnet synchronous generator
TriCore 1796B digital signal processor

Interface circuits for DSP

Microchip DSPIC 30F2020

Gate drive circuits

Voltage and current measurement circuits

Hard-switched full bridge converter

DC chopper
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Figure B.2 Photograph of hard-switched converter based WECS.
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B.2  Test rig components

This section introduces the main test rig components.

i. Digital signal processor (TriCore 1796B)

The digital signal processor (DSP) is used to sense the analogue feedback signal

(rotor speed) and to generate the required control signal (torque). Desirable features

include high processor speed, large memory, ease of programming and interface
ability. The 32-bit TriCore 1796B DSP shown in Figure B.3 is employed as the

controller for the wind turbine emulator. Its main features are:

e High performance 32-bit super-scalar TriCoreTM V1.3 CPU with 4 stage

pipeline, offering

Superior real-time performance

Strong bit handling

Fully integrated DSP capabilities

Single precision floating point unit (FPU)

150 MHz processor speed over the full automotive temperature range

e 32-bit Peripheral Control Processor with single cycle instruction (PCP2)
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Memory

— 2 MByte embedded program flash with ECC

— 128 kByte data flash

— 192 kByte on chip SRAM

— 16 kByte instruction cache
16-channel DMA controller
32-bit external bus interface unit with synchronous burst flash access
capability
Sophisticated interrupt system with 2x255 hardware priority arbitration levels
serviced by CPU and PCP2
High performing triple bus structure

—  64-bit local memory buses to internal flash and data memory

— 32-bit system peripheral bus for interconnections of on-chip

peripherals and further functional units
— 32-bit remote peripheral bus serving the requirements of high-speed
peripherals

Two general purpose timer array modules plus separate LTC array with a
digital signal filtering and timer functionality to realize autonomous and
complex 1/0 management
Two asynchronous/synchronous serial channels with baud rate generator,
parity, framing and overrun error detection (ASC)
Two high-speed synchronous serial channels with programmable data length
and shift direction (SSC)
4-channel fast analogue-to-digital converter unit (FADC) with 10-bit
resolution
Two 16-channel analogue-to-digital converter units (ADC) with 8-bit, 10-bit
or 12-bit resolution
123 general purpose digital 1/0 lines and 4 input lines with 3.3 V capability
Power management system and full automotive temperature range -40°to
+125<C
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Figure B.3 DSP: 32-bit TriCore1796B.

ii. Interface circuits

It is important that the DSP is protected from possible electrical damage which may
prevent it from carrying out the safety-critical role of controlling the power
conversion system. Two interface boards were therfore used to electrically isolate the
DSP from external circuits. The first interface board isolates the DSP PWM output
channels from the gate drive circuits used to drive the power electronic devices,
whilst the second interface board isolates the DSP ADC channels from the
transducers used to monitor voltage and current in the power stage. The interface
boards are shown in Figure B.4, and Figure B.6 and Figure B.7 show schematics of

the gate drive and ADC interfaces respectively.
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Figure B.4 Interface boards for DSP TriCorel796B.
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LAYOUT OF OUTPUT PINS ON CONNECTION BOARD
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iii. Microchip dsPIC 30F2020

The basic function of the Microchip dsPIC 30F2020 is similar to that of the DSP. It
IS used to control a dc/dc converter to track the maximum power and to maintain a
constant dc link. Figure B.8 shows the dsPIC 30F2020 based development board

hardware. The features of the Microchip dsPIC 30F2020 are summarized as:
High-Performance Modified RISC CPU:

Modified Harvard architecture

e 83 base instructions with flexible addressing modes
e 24-bit wide instructions, 16-bit wide data path

e 12 kByte on-chip Flash program space

e 512 Bytes on-chip data RAM

e 16x16-bit working register array

e Up to 30 MIPS operation:

Dual internal RC
9.7 and 14.55 MHz (+1%) industrial Temp

6.4 and 9.7 MHz ((+1%) extended Temp
32x PLL with 480 MHz VCO

PLL input +3%
External EC clock 6.0 to 14.55 MHz
— HS Crystal mode 6.0 t014.55 MHz

e 32 interrupt sources
e 3 external interrupt sources
o 8 user-selectable priority levels for each interrupt

e 4 processor exceptions and software traps
Power supply PWM Module Features:

e Four PWM generators with 8 outputs
e Each PWM generator has independent time base and duty cycle

e Duty cycle resolution of 1.1 ns at 30 MIPS
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e PWM modes supported:

— Complementary
— Push-pull

— Multi-Phase

— Variable Phase
— Current Reset

— Current-Limit
ADC module Features:

e 10-bit resolution
e 2000 ksps conversion rate
e Upto 12 input channels

e Interrupt hardware supports up to 1M interrupts per second.

Figure B.8 dsPIC 30F2020 based development board hardware.

195



Appendices

iv. Gate drive circuit

The gate drive circuit is required to supply sufficient gate drive voltage and current
to the semiconductor switching devices. The drive circuit transformer provides the
necessary galvanic isolation between the controller common ground and the common
points of each of the inverter switches. Figure B.9 shows the gate drive circuit and

Figure B.10 shows the circuit schematic.

Figure B.9 Gate drive circuit
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v. Current and voltage transducer circuit

Current and voltage transducer circuits are used to measure current and voltage in the
power stage and to provide signals to the controller. The schematic of the voltage
sensing circuit, based on an LEM LV25-P Hall-effect voltage transducer, is shown in
Figure B.11. The current sensing circuit, based on an LEM LA55-P Hall-effect
current transducer, which has high accuracy, good linearity and optimized response

time, is shown in Figure B.11.
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Figure B.11 Voltage transducer circuit schematic.
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Figure B.12 Current transducer circuit schematic.
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Figure B.13 shows the actual transducer circuitry.

Figure B.13 Voltage and current transducers.

The data sheets for the voltage and current transducers are shown in Figure B.13 and

B.14 respectively.
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Voltage Transducer LV 25-P I, =10 mA

PN
For the electronic measurement of voltages : DC, AC, pulsed..., = 10 500 V
with a galvanic isolation between the primary circuit (high voltage) PN
and the secondary circuit (electronic circuit).
| Electrical data
I Primary nominal r.m.s. current 10 ma  Features
I Primary cument, measuring range 0. x14 maA
R, Measuring resistance | S - * Closed loop (compensated) voltage
with+ 12V @ +10mA a0 190 0 transducer using the Hall effect
@14 mAm 30 100 0 * Insulated plastic case recognized
i-td .
with £ 15 @:10mA W00 350 0 according to UL 84-V0.
@ MmA 100 120 0
. Principle of use
Iy Secondary nominal r.m.s. current 25 mA
K, Conversion ratio 2500 : 1000 * For voltage measurements, a current
Ve Supply voltage Ei_s %) t12..15 v proportional to the measured voltage
[ Current cnnsumptlon. . . 10 @E15V)+1; mA must be passed through an external
v, R.m.s. voltage for AC isolation test ), 50 Hz, 1 mn 2.5 kv resistor R, which is selected by the
user and installed in series with the
Accurac‘.\" - Dynam": performance data primary circuit of the transducer.
X,  Overall Accuracy @1, T,=25°C @+12.15V  £09 % Advantages
@+1EV(t5%) +048 %
BL Linearity <0.2 % * Excellent accuracy
Typ | Max * Very good linearity
I, Offsetounrent @ I, =0, T, = 25°C $015 ma ¢ Low themal dift
Iy  Thermal drift of I, 0°C . +25°C |+ 0.06(£0.25 ma °® Low response fime
+25°C . +70°C  |t0.10{t0.35 ma * High bandwidth
. # High immunity to external
t Response time 3 @ 90 % of W, __ 40 us interferance

# Low disturance in commaon modes.,

General data

Applications

T, Ambient operating temperaturs 0.+7T0 "
T, Armbient storage temperature -25..+85 - * AC varable speed drives and servo
Re Primary coil resistance @ T, = 70°C 250 0 matar drives
Rg Secondary coil resistance @ T, = 70°C 110 Q * Static converters for DC motor drives
m Mass 22 q # Battery supplied applications
Standards 2 EM 50178 * Uninterruptible Power Supplies
[UPS)
* Power supplies for welding
applications.
Notes : " Between primary and sscondary
A R, = 25 k{2 ({L/R constant, produced by the resistance and inductance
of the primary circuit)
# A list of corresponding tests is available 981125/14

LEM Components

Figure B.13 LV 25-P voltage transducer data sheet
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Current Transducer LA 55-P I = bH0A

PN
Far the electronic measurement of currents : DC, AC, pulsed...,
with a galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).
Electrical data
ley, Frimary nominal r.m.s. current 50 A Features
I Primary current, measuring range 0.x£70 A
R, Measuring resistance @ T,=70°C| T,=85C + Closed loop (compensaied) current
LU S | L transducer using the Hall effect
with = 12V @+50A 10 100 | 60 o8 a + Printed circuit board mounting
%3 +70 A’“" 10 50 | 6o® gov o * Insulated plastic case recognized
with =15V @:50A . 50 160 135 155 q  accordingto UL 94-vo.
@xT0A 50 90 | 13521352 O
_ Advantages
- Secondary nominal r.m.s. current 50 mA
K, gonverslan ratio . 1:1000 Lo Excellent accuracy
V. Supply voltage (+ 5 %) =12 15 ) v « Very good linearity
I Current consumptlon. . 10{@£15V)= 1, mA. « Low temperature drift
v, R.m_s. voltage for AC isolation test, 50 Hz, 1 mn 248 KW « Optimized response time
- » Wide frequency bandwidth
Accuracy - Dynamic performance data « No insertion losses
X Accuracy @1, , T, =25°C @15V (£5%) =065 3+ High immunity to external
@+12.15V({£5%) =090 % interference
£, Linearity =015 g, « Current overload capability.
Typ | Max . .
Iy Offset current @ 1,=0, T, = 25°C +02 mA Applications
L Residual current® @ |_= 0, after an overload of 3 x1_,, +03 mA ' )
|, Thermal drift of I 0°C.+70°C |+01|205 ma ° ':f;t;frﬁﬁ':;”'ae‘j drives and servo
_aes e
o _ 2°C.+85C £01]06 mA « Static converters for DC motor drives
t,  Reacliontime @10 % ofl, _, =500 NS o Battery supplied applications
£, Response time @ 90 % of I, _,, =1 US e Uninterruptible Power Supgplies
dildt  difdt accurately followed =200 Afus (UPS)
f Frequency bandwidth (- 1dB) DC .. 200 kHz » Switched Mode Power Supn”es
(SMPS)
General data + Power supplies for welding
T, Ambient operating temperaturs -25 . +85 °c applications.
T, Ambient storage temperature -40 .. +90 *C
R, Secondary coil resistance @ T,=70°C &0 0
T,=85C &5 O
m Mass 18 o]
Standards # EN 50178
Motes - * Measuring range limited to £ 60 A __
# Measuring range limited to £ 55 A __
# Result of the coercive field of the magnetic circuit
# A list of corresponding tests is availahle QA0T70RIE
LEM Components www lem.com

Figure B.14 LA 55-P current transducer data sheet
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vi. Machine drive

In the test rig, an Emerson Control Techniques Unidrive SP industrial drive, shown
in Figure B.14, is used to control a permanent magnetic synchronous generator
(PMSG) to act as a ‘real” wind turbine. Rotor speed derived from a shaft-mounted
tachometer and a torque command obtained from the DSP are input to the drive,

which controls the PMSG to follow the torque-speed curve of a typical wind turbine.

EMERSON.

Industrial Automation

UNIDRIVE

Figure B.14 Emerson Control Techniques Unidrive SP industrial drive

The high-performance machine drive offers flexible operational modes, such as:

e Open-loop V/Hz AC drive

e Open-loop Vector AC drive

e Closed-loop Vector AC drive

e AC servo amplifier for rotary and linear motors

e Regenerative (active) power supply
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Appendix C Programme code

C.1 LCC MPPT tracking and DC link voltage control

#include "p30f2020.h"

#include "dsp.h"

#include <stdlib.h>

_FOSC(CSW_FSCM_OFF & OSC2_CLKO & HS); //enable clock switching; fail
safe monitor are disabled; CLKO output signal active on the OSCO pin;

_FPOR(PWRT_OFF) /lturn off the power-up timers
_FWDT(FWDTEN_OFF) [Iturn off watchdog
_FOSCSEL(PRIOSC_PLL) /lenable Primary Oscillator (HS,EC) with
PLL module, PLL is selectable for 32 only for 30F2020

_FGS(CODE_PROT_OFF) //Disable Code Protection
_FBS(BSS_NO_FLASH) //No boot program Flash segment

#define max_phase_shift 8250

#define max_duty cycle 15520 //15220

#define min_duty cycle Q15(0.45)

#define opvoltage 496.0//682.0 //inter register value corresponding to Max 0-1024
0-314V

#define opcurrent 360 //1024 360//inter register value corresponding to max 0-
1024 0-5.49A

tP1D fooPID;

fractional abcCoefficient[3] __ attribute__ ((section(".xbss, bss, xmemory™)));
fractional controlHistory[3] __ attribute__ ((section(".ybss, bss, ymemory™)));
fractional kCoeffs[] = {0,0,0};

tPID fooPID1,

fractional abcCoefficientl[3] _ attribute__ ((section(".xbss, bss, xmemory")));
fractional controlHistory1[3] __ attribute__ ((section(".ybss, bss, ymemory™)));
fractional kCoeffs1[] = {0,0,0};

unsigned int VVoltage=0;

unsigned int Current=0;

unsigned int DC_Voltage=0;

unsigned int Aver_Voltage=0;

unsigned int Aver_Current=0;

unsigned int Aver_DC_Voltage=0;

unsigned int i=0;

float Reference;

unsigned int Phase_shift=8250;

unsigned int duty_cycle=15520;

void init_PWM(void) I/ initial Pwm REGISTER

{

IOCONZ1bits.PENH =1, /I PWM1H is controlled by PWM module
IOCON1bits.PENL =1, /l PWML1L is controlled by PWM module
IOCON1bits.PMOD = 0; I select complementary PWM mode
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IOCON1bits.POLL=0;

IOCON1bits.POLH=0;

PWMCON1bits. TRGSTAT =0; [* Clear PWM Trigger Interrupt flag */
PWMCON1bits. TRGIEN = 0; /* Disable pwm Trigger Interrupt, Coz the
interrupt is enabled by ADC module */

PTPER=16500; //PTPER is primary time base register.sets the counting period for
PTMR(primary time base)

DTR1=640; //dead time register //1us

ALTDTR1=640; //dead time register //1us

PHASE1=0x0; /[PWM PHASE-SHIFT REGISTER
PDC1=8250; /[Duty cycle register

IOCONZ2bits.PENH = 1; /l PWM1H is controlled by PWM module
IOCONZ2bits.PENL =1, /l PWML1L is controlled by PWM module
IOCONZ2bits.PMOD = 0; /I select complementary PWM mode

IOCONZ2bits.POLL=0;
IOCONZ2bits.POLH=0;

DTR2=640; //dead time register 1us
ALTDTR2=640; //dead time register 1us
PHASE2=4250; [[PWM PHASE-SHIFT REGISTER
PDC2=8250; /[Duty cycle register

IOCON3Dbits.PENH =1; /* PWM3H is controlled by PWM module */
IOCON3bits.PENL =1; /* PWMB3L is controlled by PWM module */
IOCONB3Dbits.PMOD=0; /* Select Complementary Output PWM mode */
PWMCONR3bits.DTC=1; /* Negative dead time applied get overlap */

DTR3= 640; /* Deadtime setting */

ALTDTR3 = 640; /* Deadtime setting */

PHASE3 = 0; [* approximately 250 nsec phase shift */

PDC3 =15520; /* Duty Cycle = PDC1*1.5625nsec = 25usec */
PTCONDits.PTEN = 1; /[ enable PWM module

void init_adc(void)

{

ADCONDits.ADSIDL = 0; // operate in idle mode

ADCONDits.FORM = 0; // output in integer format
ADCONDits.EIE = 0; /I generate interrupt after Second conversion
ADCONDits.ORDER =0; // even analogue channel is converted first
ADCONDiIts.SEQSAMP = 0; I/ sample at the start of second conversion
ADCONDits.ADCS = 2; // Fadc/8

ADPCFG = OxFFEC; // ANO and AN1,AN4 set to analogue inputs
ADCPCObits.IRQENO = 1; I/ enable interrupt after ANO and AN1 complete
ADCPCObits. SWTRGO = 1; // start conversion of ANO and AN1
ADCPC1bits.SWTRG2 = 1; /I start conversion of AN4 and AN5

ADCPCObits. TRGSRCO = 0x4; /I Trigger conversion on PWM#1 Trigger */
ADCPC1bits. TRGSRC2 = 0x4; Il Trigger conversion on PWM#1 Trigger */
TRGCONL1bits. TRGDIV = 0; [* Trigger on evry event */

TRGCONL1bits. TRGSTRT =0; /* Start the counting at the start */

TRIG1 =8000; /* Trigger event at 0.214 usec from start of the PWM cycle */
IFSObits.ADIF = 0; Il clear ADC conversion interrupt flag status
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IECObits.ADIE =1; // enable ADC conversion complete interrupt
ADCONDits.ADON = 1, // turn on the ADC module
¥

void __ attribute__ ((interrupt, no_auto_psv)) _ADClInterrupt() // Interrupt function

{

IFSObits.ADIF = 0; /I Clear ADC Interrupt Flag

i++;

if (i<10)

{

Voltage=ADCBUF0+Voltage;

Current=ADCBUF1+Current;

DC_Voltage=ADCBUF4+DC_Voltage;

ADSTATDIts.PORDY =0; // Clear the ADSTAT bits, set when data ready in buffer
ADSTATDIts.P2RDY =0; // Clear the ADSTAT bits, set when data ready in buffer
¥

else

{

Aver_Voltage=(Voltage+ADCBUF0)/10.0;
Aver_Current=(Current+ADCBUF1)/10.0;
Aver_DC_Voltage=(DC_Voltage+ADCBUF4)/10.0;
Reference=opcurrent*(Aver_Voltage/opvoltage)*(Aver_Voltage/opvoltage);
fooPID.controlReference =Float2Fract (Reference/1024.0);

fooP1D.measuredOutput = Aver_Current<< 5; // Scale measured output to fractional
format

fooPID1.measuredOutput =Aver_DC_Voltage<<5; // Scale measured output to
fractional format

ADSTATDIts.PORDY =0; // Clear the ADSTAT bits, set when data ready in buffer
ADSTATDIts.P2RDY =0; // Clear the ADSTAT bits, set when data ready in buffer
PID(&fooPID);

PID(&fooPID1); //Call the PID controller using the new measured input
if( fooPID.controlOutput > Q15(0) )

{

Phase_shift = __ builtin_mulsu(fooPID.controlOutput, max_phase_shift) >> 15;
}

else

Phase_shift = 0;

}

PHASE2=Phase_shift;

if( fooPID1.controlOutput > Q15(0.45) )

{
duty _cycle= __ builtin_mulsu(fooPID1.controlOutput, max_duty cycle) >> 15;

}

else

{

duty _cycle = __ builtin_mulsu(min_duty cycle, max_duty cycle) >> 15;

¥
PDC3=duty_cycle;
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Voltage=0;

Current=0;

DC_Voltage=0;

i=0;

¥

}

int main (void) /IMAIN FUCTION
{

fooPID.abcCoefficients = &abcCoefficient[0];
fooPID.controlHistory = &controlHistory[0];
fooPID1.abcCoefficients = &abcCoefficient1[0];
fooPID1.controlHistory = &controlHistory1[0];
PIDInit(&fooPID);

PIDInit(&fooPID1);

kCoeffs[0] = Q15(0.00001);//0.00001
kCoeffs[1] = Q15(0.022); //0.022

kCoeffs[2] = Q15(0);

kCoeffs1[0] = Q15(0.001); //(big capacitor)0.01//0.000001
kCoeffs1[1] = Q15(0.01); //(big capacitor)0.15//0.01
kCoeffs1[2] = Q15(0);
PIDCoeffCalc(&kCoeffs[0], &fooPID);
PIDCoeffCalc(&kCoeffs1[0], &fooPID1);
fooPID1.controlReference = Q15(0.55);

init. PWM();

ADCBUF0=0;

ADCBUF1=0;

ADCBUF4=0;

__delay32(20000000); //1sec

init_adc();

while(1)

{

}

}

C.2  LCC voltage control and DC chopper control

#include "p30f2020.h"

#include "dsp.h"

#include <stdlib.h>

_FOSC(CSW_FSCM_OFF & 0OSC2_CLKO & HS); //enable clock switching;fail
safe monitor are disabled;CLKO output signal active on the OSCO pin;//

_FPOR(PWRT_OFF) /lturn off the power-up timers
_FWDT(FWDTEN_OFF) /lturn off watchdog
_FOSCSEL(PRIOSC_PLL) /lenable Primary Oscillator (HS,EC) with PLL
module, PLL is selectable for 32 only for 30F2020

_FGS(CODE_PROT_OFF) //Disable Code Protection
_FBS(BSS_NO_FLASH) /INo boot program Flash segment

#define max_phase_shift 8250
#define max_duty cycle 15420 //15220

206



Appendices

#define min_duty _cycle Q15(0.007)

#define opvoltage 496.0//682.0 //inter register value corresponding to Max 0-1024
0-314V

#define opcurrent 360 //1024 360//inter register value corresponding to max 0-
1024 0-5.49A

#define Limited_Voltage Q15(0.621) //0.55-163v 0.573-170

tPID fooPID; //Mppt control

fractional abcCoefficient[3] __ attribute_ ((section(".xbss, bss, xmemory™)));
fractional controlHistory[3] __ attribute__ ((section(".ybss, bss, ymemory")));
fractional kCoeffs[] = {0,0,0};

tPID fooPID1; //DC_Link control

fractional abcCoefficientl[3] _ attribute  ((section(".xbss, bss, xmemory")));
fractional controlHistory1[3] __attribute__ ((section(".ybss, bss, ymemory™)));
fractional kCoeffs1[] = {0,0,0};

tPID fooPID2; //DC_chopper control

fractional abcCoefficient2[3] _ attribute_ ((section(".xbss, bss, xmemory")));
fractional controlHistory2[3] __ attribute__ ((section(".ybss, bss, ymemory™)));
fractional kCoeffs2[] = {0,0,0};

fractional Reference_DC=Q15(0);

unsigned int VVoltage=0;

unsigned int Current=0;

unsigned int DC_Voltage=0;

unsigned int Aver_Voltage=0;

unsigned int Aver_Current=0;

unsigned int Aver_DC_Voltage=0;

unsigned int i=0;

unsigned int j=0;

float Reference;

unsigned int Phase_shift=8250;

unsigned int duty cycle=100;

void init_PWM(void) /I initial Pwm REGISTER

{

IOCON1bits.PENH = 1;// PWMZ1H is controlled by PWM module
IOCON1bits.PENL = 1;// PWMLL is controlled by PWM module
IOCON1bits.PMOD = 0;// select complementary PWM mode
IOCON1bits.POLL=0;

IOCON1bits.POLH=0;

PWMCON1bits. TRGSTAT = 0; /* Clear PWM Trigger Interrupt flag */

PWMCON1bits. TRGIEN = 0; [* Disable pwm Trigger Interrupt, Coz the
interrupt is enabled by ADC module */

PTPER=16500; /IPTPER is primary time base register.sets the counting
period for PTMR(primary time base)

DTR1=640; //dead time register //1us

ALTDTR1=640; //dead time register //1us

PHASE1=0x0; /[PWM PHASE-SHIFT REGISTER

PDC1=8250; /IDuty cycle register

IOCONZ2bits.PENH = 1;// PWMZ1H is controlled by PWM module
IOCONZ2bits.PENL = 1;// PWML1L is controlled by PWM module
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IOCONZ2bits.PMOD = 0;// select complementary PWM mode
IOCONZ2bits.POLL=0;
IOCON2bits.POLH=0;

DTR2=640; //dead time register 1us
ALTDTR2=640; /[dead time register 1us
PHASE2=4250; [/IPWM PHASE-SHIFT REGISTER
PDC2=8250; /[Duty cycle register

IOCONB3Dbits.PENH  =1; /* PWMB3H is controlled by PWM module */
IOCONS3Dbits.PENL  =1; /* PWMS3L is controlled by PWM module */
IOCONB3bits.PMOD  =1; /* Select independent Output PWM mode */
PWMCON3bits.DTC  =1; /* Negative dead time applied get overlap */

DTR3 =640; /* Deadtime setting */

ALTDTRS3 = 640; /* Deadtime setting */

PHASE3 = 0; I* approximately 250 nsec phase shift */

PDC3 =100; /* Duty Cycle = PDC1*1.5625nsec = 25usec */
PTCONDits.PTEN = 1; // enable PWM module

void init_adc(void)

{

ADCONDits.ADSIDL = 0; // operate in idle mode
ADCONDits.FORM = 0; // output in integer format
ADCONDits.EIE = 0; /I generate interrupt after Second conversion
ADCONDits.ORDER =0; // even analogue channel is converted first
ADCONDits.SEQSAMP = 0; I/ sample at the start of second conversion
ADCONDits.ADCS = 2; Il Fadc/8

ADPCFG = OxFFEC; // ANO and AN1,AN4 set to analogue inputs
ADCPCObits.IRQENO = 1; // enable interrupt after ANO and AN1 complete
ADCPCObits.SWTRGO = 1, // start conversion of ANO and AN1
ADCPC1bits.SWTRG2 = 1; /I start conversion of AN4 and AN5

ADCPCObits. TRGSRCO = 0x4; /I Trigger conversion on PWM#1 Trigger */
ADCPC1bits. TRGSRC2 = 0x4; /I Trigger conversion on PWM#1 Trigger */
TRGCON1bits. TRGDIV = 0; /* Trigger on evry event */

TRGCONL1bits. TRGSTRT =0; /* Start the counting at the start */

TRIG1 =8000; /* Trigger event at 0.214 usec from start of the PWM cycle */

IFSObits.ADIF = 0; /Il clear ADC conversion interrupt flag status
IECObits.ADIE = 1; // enable ADC conversion complete interrupt
ADCONDits.ADON =1, // turn on the ADC module
T1CONDits.TON =1, [/ turn on timerl

¥

void __ attribute__ ((interrupt, no_auto_psv)) _ADClInterrupt() // Interrupt function
{

IFSObits.ADIF = 0; /I Clear ADC Interrupt Flag

i++;

if (i<10)

{Voltage=ADCBUF0+Voltage;

Current=ADCBUF1+Current;

DC_Voltage=ADCBUF4+DC_Voltage;

ADSTATDIts.PORDY =0; // Clear the ADSTAT bits, set when data ready in buffer
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ADSTATDIts.P2RDY =0; // Clear the ADSTAT bits, set when data ready in buffer
}

else

{

Aver_Voltage=(Voltage+ADCBUF0)/10.0;
Aver_Current=(Current+ADCBUF1)/10.0;
Aver_DC_Voltage=(DC_Voltage+ADCBUF4)/10.0;

fooP1D.measuredOutput = Aver_Current<< 5; // Scale measured output to fractional
format

fooPID1.measuredOutput =Aver_DC_Voltage<<5; // Scale measured output to
fractional format

fooP1D2.measuredOutput =Aver_Voltage<<5; // Scale measured output to fractional
format

if (Aver_Voltage<<5>Limited_Voltage &j==0) //DC Chopper control

{

PID(&fooPID2);

if( fooPID2.controlOutput < 0)

{

duty cycle= __ builtin_mulsu(min_duty_cycle, max_duty cycle) >> 15;

}

PDC3=duty_cycle;

J=5;

¥

if (j==5)

{

PID(&fooPID2);

if( fooPID2.controlOutput > -min_duty _cycle)

{

duty cycle= __ builtin_mulsu(min_duty_cycle, max_duty cycle) >> 15;

}

else

{

duty cycle = __ builtin_mulsu(fooPID2.controlOutput, max_duty cycle) >> 15;
duty cycle=-duty cycle;

¥

PDC3=duty_cycle;

¥

PID(&fooPID1); //DC_LINK voltage control

if(

fooPID1.controlOutput <Q15(0))

{
Reference_DC=fooPID1.controlOutput;

}

else

{
Reference_DC= 0;

}

Reference=opcurrent*(Aver_Voltage/opvoltage)*(Aver_Voltage/opvoltage);
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fooPID.controlReference=Float2Fract
(Reference/1024.0+Fract2Float(Reference_DC)/(Reference/1024.0)*2); //1.5 (? )
ADSTATDIts.PORDY =0; // Clear the ADSTAT bits, set when data ready in buffer
ADSTATDIts.P2RDY =0; // Clear the ADSTAT bits, set when data ready in buffer
PID(&fooPID); //Call the PID controller using the new measured input

if( fooPID.controlOutput > Q15(0) )

{

Phase_shift = __ builtin_mulsu(fooPID.controlOutput, max_phase_shift) >> 15;

}

else

{

Phase_shift = 0;

}
PHASE2=Phase_shift;
Voltage=0;

Current=0;
DC_Voltage=0;

i=0;

}

¥
int main (void) /IMAIN FUCTION

{fooPID.abcCoefficients = &abcCoefficient[0];
fooPID.controlHistory = &controlHistory[0];
fooPID1.abcCoefficients = &abcCoefficient1[0];
fooPID1.controlHistory = &controlHistory1[0];
fooPID2.abcCoefficients = &abcCoefficient2[0];
fooPID2.controlHistory = &controlHistory2[0];
PIDInit(&fooPID);

PIDInit(&fooPID1);

PIDInit(&fooPI1D2);

kCoeffs[0] = Q15(0.0000005);//0.00001//GOOD 0.0000005
kCoeffs[1] = Q15(0.012); //0.022 //GOOD 0.0012
kCoeffs[2] = Q15(0);

kCoeffs1[0] = Q15(0.000001); //(big capacitor)0.01//0.000001
kCoeffs1[1] = Q15(0.01); //(big capacitor)0.15//0.01
kCoeffs1[2] = Q15(0);

kCoeffs2[0] = Q15(0.001);//0.00001//0.00005//good real0.001
kCoeffs2[1] = Q15(0.01); //0.012//0.002//0.01

kCoeffs2[2] = Q15(0);

PIDCoeffCalc(&kCoeffs[0], &fooPID);
PIDCoeffCalc(&kCoeffs1[0], &fooPID1);
PIDCoeffCalc(&kCoeffs2[0], &fooPI1D?2);
fooPID1.controlReference = Q15(0.5); //Q15(0.25)=120v DC link voltage reference
fooPID2.controlReference = Limited_Voltage;// input voltage reference
init. PWM();

ADCBUF0=0;

ADCBUF1=0;

ADCBUF4=0;
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__delay32(20000000); //1sec

init_adc();

while(1)

{

}

}

C.3  Wind turbine control and pitch control
Wspeed=(Wspeed_reg/4096.0)*730;//1460.0; /[ 50HZ-1460-4096, 38HZ-

1110-4096 25HZ-730-4096 22HZ-642.4-4096 20HZ-584-4096 18HZ-525.6-4096
16HZ-467.2-4096

Wm=Wspeed*2*pi/60.0/GR/1.35; // 1.35 is the calibration coefficienct;actual shaft
speed,amximum speed of drive is 1460rpm;

TSR=Wm*r/\Vw;

if (t>60) // activated the pitch angle control

{

P1_controller_pitchcontrol ~ (Wspeed_reference, Wspeed, &PI_I_pitchcontrol,
&pitch_angle, &pitch_angle_before);

¥
beta=1/(1/(TSR+0.08*pitch_angle)-0.035/(pitch_angle*pitch_angle*pitch_angle+1));
Cp=0.22*(116/beta-0.4*pitch_angle-5)*exp(-12.5/beta);

if (Cp<=0)

Cp=0;

Pm=0.5*Air*pi*r*r*Cp*Vw*Vw*Vw;

Te=Pm/Wm/GR;

if (Te<0)

Te=0;

else if (Te>26.2)

Te=26.2;

Tec=(Te/26.2)*128+128;// torque command, convetered to 128+ see D/A formular
Ted=(int)Tec;// convert to integer for digital output;

if (Ted>=255)

Ted=255; // maximum output; 8 digits

if (t<15) /lwhen i=1,means it take 0.05*e-6*515=25.75e-6 Second

{
P3_OUT=160; //175

}

else

{

P3 OUT=Ted,

}

if (t>120)

{
GPTAO_LTCXR02=0x00000195;
GPTAQO_LTCXR04=0x0000014;
GPTAO_LTCXR05=0x00000181;
}

else

211



Appendices

{
GPTAO_LTCXR02=0x00000100;

GPTAO_LTCXR04=0x0000014;
GPTAO_LTCXR05=0x00000EC,;

}

void PI1_controller_pitchcontrol (double Wspeed_reference, double Wspeed, double
*P1_1_pitchcontrol, double *pitch_angle, double *pitch_angle_before)
{

double P1_P_coefficient = 0.000001;

double P1_1_coefficient = 0.000001;

double PI1_result = 0;

P1_result = P1_P_coefficient * (Wspeed-Wspeed_reference);
*P1_1_pitchcontrol=*PI_I_pitchcontrol+PI_I_coefficient*(Wspeed-
Wspeed_reference);

if (*P1_I_pitchcontrol>27)

{

*P1_1_pitchcontrol=27;

}

if (*P1_I_pitchcontrol<0)

{

*P1_1_pitchcontrol=0;

}

Pl _result = PI_result + *PI_I_pitchcontrol;

if(P1_result>27)

{

Pl _result=27,;

}

if(P1_result<=0)

{

Pl _result=0;

}

*pitch_angle =PI_result;
if((*pitch_angle)>(1*(1/40000)+(*pitch_angle_before)))

{

*pitch_angle=1*(1.0/40000)+*pitch_angle_before;

}

if((*pitch_angle)<(-1*(1/40000)+(*pitch_angle_before)))

{

*pitch_angle=-1*(1.0/40000)+*pitch_angle before;

}

*pitch_angle before=*pitch_angle;

}
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Abstract

This paper presents an optimized One-Power-Point method for maximum power
tracking in a variable speed wind energy conversion system that uses a boost
converter. For low-cost implementations, One-Power-Point maximum power
tracking is preferable due to its ease of implementation and fast tracking ability. Its
drawback is that power coefficient C, deteriorates during wind speed drops. This
means the wind turbine speed cannot track rapid wind speed changes. The rate of
rotation speed is determined not only by the system inertia, but also the difference
between the mechanical power and electromagnetic power. An optimization method
based on One-Power-Point operation is developed to improve the system
performance and energy conversion efficiency. There is no additional equipment,
mechanical sensors or measurements. Simulation results confirm the functionality

and feasibility of the method.
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wind energy conversion system based on resonant DC/DC converter,” in Renewable
Power Generation (RPG 2011), IET Conference on, 2011, pp. 1-6.

Abstract

Nowadays, wind energy is developing rapidly all around the world. There are many
options of wind power generation and collection system configuration. DC wind
farm collection grid is preferable due to its small size of passive components and
better efficiency with high switching frequency. This paper studies the design and

control of wind energy conversion system based on serial parallel LCC current
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output resonant DC/DC converter. LCC resonant converter has combined the
advantages of the series resonant converter (SRC) and parallel resonant converter
(PRC). It is found to be the suitable choice for multi-terminal DC micro-grid power
transmission to interface multiple wind turbines. Design procedure for the LCC
converter is explained and the analysis is verified with simulation results.
Experimental work based on wind simulator is presented to verify the feasibility of

the wind energy conversion system.

[3] S. Fan, T. Lim, H. Zhang, S. Finney, and B. Williams, "Design and control of
wind energy conversion system based on resonant DC/DC converter,” Renewable

Power Generation, IET, submitted
Abstract

Recent wind energy harvesting technology development has focused on using a DC
collection and a possible smaller passive grid due to its high energy efficient
components in the converter system. This paper evaluates and compares the hard-
switched H-bridge DC-DC converter and the series-parallel LCC resonant DC-DC
converter, both suitable for wind energy conversion systems. Experimental results
substantiate their merits and drawbacks in variable wind speed conditions. The
unique, previously unexploited feature of the LCC resonant converter is increased
gain at low output power, low speed, and low input voltage. A hardware wind turbine
simulator emulating an actual wind turbine is used. Its design and control are briefly
highlighted. This paper demonstrates the feasibility of utilizing an LCC resonant
converter for wind energy conversion systems through simulation and experimental

results both at the same power level.
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