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Abstract

This thesis focuses on using power electronic techniques to addresses grid integration
for wind energy conversion systems. Different approaches to mitigate the low
frequency generator torque ripple caused by diode bridge rectifiers are proposed. The
advantages and disadvantages of the methods are discussed. A relationship for
maximum power point tracking is theoretically analysed. Based on this relationship,
two new maximum power point tracking techniques are proposed, which show
benefits over conventional tracking methods. Then a pulsewidth modulated current
source converter based parallel connected wind energy conversion system is
investigated. A new inverter controller for this system is proposed, which is able to
maintain a constant average DC network voltage to give satisfactory system
performance whilst controlling output reactive power. Practical results support the
presented simulations. Furthermore, a fault ride through scheme is proposed for the
current source converter based system. The protection scheme uses a shunt resistive
chopper to dissipate the active power during faults, and allows the inverter to supply
reactive power to support the grid. The space vector modulation for the current
source inverter is modified for this application and the design of the dumping resistor
is discussed. The system shows riding through capability to both AC and DC

network disturbances. This aspect is substantiated by simulation.
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Preface

Wind power is a clean, renewable source of energy. In recent years, the capacity and
penetration of wind energy has increased and offshore wind power applications
attract continuing attention and interest. This increasing activity brings challenges
associated with all aspects of the wind energy industry including reliability,
efficiency and its impact on the grid. Power electronic techniques play a key role to
deal with the potential challenges. The goal of the thesis is to investigate possible
solutions to issues and aspects of wind power applications, particularly grid
integration, using power electronic techniques.

Chapter one presents the background to wind power: the challenges with wind
energy especially offshore wind farms are discussed.

Chapter two reviews the different power transmission and grid interface techniques
for wind farms. The inverter topology, wind farm configuration, and control
strategies are investigated.

Chapter three introduces the main components of a wind energy conversion system.
Modelling of each component in a MATLAB/SIMULINK environment is presented.
The basic controls for a wind energy conversion system are shown.

Chapter four investigates the low frequency generator torque ripple caused by the
diode rectifier during AC/DC conversion. Different methods are proposed from the
viewpoints of circuit topology and control strategy. The advantages and
disadvantages of these methods are discussed. Simulation and experimental results
verify the performance of the proposed methods.

Chapter five deals with maximum power point tracking (MPPT) techniques in order
to increase efficiency and lower costs. A detailed survey of conventional tracking
strategies is presented. A relationship between the DC side voltage and current for
MPPT is analysed and established as accurate. Possible power coefficient decrease
based on this relationship for MPPT is given. Then based on this relationship, a new
perturb and observe (P&O) technique is proposed, which shows a faster tracking
speed and better performance than the conventional P&O method. The proposed

technique is further modified to be a combination of conventional techniques, with

vii



their advantages but eliminating their disadvantages. Simulation and practical
experiments validate the proposed MPPT techniques.

Chapter six proposes a DC link, current source based system concept which
incorporates a parallel connected wind farm configuration. The novel controller
proposed for this current source converter based configuration is capable of
independently controlling average DC link voltage and reactive power. Control of
the generator side full bridge DC/DC converter is modified for such a wind power
application. System sensitivity to DC link parameters is tested in simulation. The
system performance is confirmed by both simulation and experimentation.

Chapter seven investigates the fault ride through ability of the proposed current
source converter based system. A protection scheme is proposed with a shunt energy
dumping resistor. The dumping resistor and grid side current source inverter are
controlled to simultaneously dissipate active power and supply reactive power to the
grid. Simulations verify the system is able to ride through a three-phase short circuit
fault, a single-phase to ground fault, and a phase to phase fault. Furthermore, a DC
link short circuit fault is analysed. The generator side DC/DC converters are
modified to ride through this fault condition. System restart after experiencing a DC
link short circuit fault is discussed.

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

and suggestions for future research.
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Chapter 1

Introduction

The demand for electrical power is growing rapidly, and is expected to continue to
grow. The world net electricity generation will increase by 87%, from 18.8 trillion
kilowatt-hours in 2007 to 35.2 trillion kilowatt-hours in 2035, at an average annual
rate of 2.3% [1]. Fossil fuels including coal, natural gas, and liquid fuel are still the
main sources for electricity generation, accounting for 67% of world electricity
supply [1]. However, due to global warming, there is urgent need to reduce
greenhouse gas emissions mainly caused by fossil fuels. Another major energy
source is nuclear power, which accounts for 21% of world electricity supply [1].
Although a promising energy source with economically competitive prices and low
greenhouse gas emissions, the impact of the Japan nuclear crisis in 2011 has led to
concerns about nuclear power expansion. These reasons have led to interests in
renewable and environment friendly energy sources, particularly wind energy in the
UK.
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1.1 Background and development of wind energy

Mankind has a long history of using wind power. It has been utilized for thousands
of years to propel sailboats and sailing ships. The first windmills on record were built
by Persians in about 900 AD [2]. Since then, windmills have been used for grinding
grain and pumping water and were a major source of energy in Europe in the period
just prior to the Industrial Revolution [2].

The use of wind power for electricity generation can be traced back to the late 19th
century. However, due to the characteristics of wind energy and the limitation of
generation techniques, wind power did not received much interest for most of the
20th century. In the early 1970s, due to the awareness of environmental
consequences of industrial development and the Oil Crisis, wind power started to
attract increased attention. After decades of development and increased demand on
clean and sustainable energy resources, wind energy is now an important sources of

energy that can be used to reduce the impact of climate change.

1.1.1 Wind power potential

In a 90’s study, a global estimate of the wind resources was made by the World
Energy Council (1993), using a world average estimate for the meteorological
potential of wind energy, including machine efficiency and availability. It was
estimated that the onshore wind power resource was about 20x10*2kWh/year [2].
According to more recent research [3], the overall wind power potential on land and
near-shore is estimated to be 72TW, corresponding to 6.27x10*kWh/year. Also it
was estimated by the European Wind Energy Association (EWEA), the electricity
needs of the world would be met if 10% of the raw wind potential could be utilised
[4]. In conclusion, wind energy is a promising energy source with large potential

capacity.

1.1.2 Economics of wind energy

According to a 2009 study by the EWEA, the costs per kWh of wind-generated
power is 5¢c€/kWh to 10c€/kWh, depending on different wind condition areas [5].
The competitiveness of wind-generated power increases significantly with rising fuel
and carbon prices. The study showed that the cost of onshore wind power is lower
than the generation cost for natural gas plant and only 10% more expensive than
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coal-fired plant [5]. Compared to solar energy, according to different sources [6, 7],
the adjusted cost of wind energy is cheaper than solar photovoltaic energy, especially
onshore wind energy which is less than half the cost of solar energy. Moreover, wind
energy hedges against future unexpected rises in fossil fuels prices and CO; if it
represents a significant share of a utilities power plant portfolio. Therefore the most
important economic benefit is that wind power reduces exposure of economies to
fuel price volatility [5].

The cost of wind energy is mainly related to investment costs and operation and
maintenance (O&M) costs. The major energy cost for a wind turbine, approximately
75%, is related to the upfront costs [5], including the cost for the turbine, foundation,
grid connection, electric installation, etc. The O&M cost contributes a sizeable share
of the total annual cost, and may amount to 20% to 25% of total adjusted cost per
kWh produced over a turbine’s lifetime [8]. The cost components of O&M include
insurance, regular maintenance, repair, spare parts, and administration. Figures show
that the cost of costal wind energy generated power is close to that of coal-fired and
natural gas fired plants. When considering increasing fossil fuel and CO, prices,

wind energy becomes more competitive.

1.1.3 Environmental impact

Wind energy consumes no fuel and emits no air pollution during operation. Wind
power plants consume resources and produce greenhouse gas emissions during
manufacture, construction, as well as at end of lifetime materials disposal. But
considering the long wind turbine service life of 20 to 30 years [9, 10], it is
environmentally friendly compared with conventional electricity generation. The
energy consumed during manufacture, etc. can be paid back in 0.39 years, or less
than 2% of a 20-year life [9]. The avoided greenhouse gases emissions for a 3.0 MW
wind turbine are 122,961 tons compared to traditional fossil-fuel-based electricity
energy production [10]. Although there are wind farm noise generation concerns,
research shows that people living close to wind turbines do not consider the noise
impact to be significant [11]. Also with wind energy technology improvements, the

noise emitted has been halved over the last few years [12].
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1.1.4 Wind energy applications
Wind energy conversion systems can be divided into two groups, specifically,

standalone systems and grid-connected systems.

I. Standalone system

A standalone wind energy conversion system is usually combined with photovoltaic
power generation and a storage device as well as a backup diesel generator. Such a
system is known as a standalone hybrid energy system [13]. It is a cost effective
system in areas which are remote from an established grid. Such a system can be
used for telecommunications, radar, weather stations, etc. More importantly, it is a
promising solution for power supplies in rural areas without access to the grid, as in
developing countries. It is estimated by the International Energy Agency that 1.5
billion people still lack access to electricity, which represents one-fifth of the world’s
population, where 85% of these people live in rural areas [14]. A standalone wind
energy conversion system, along with other renewable energy, can significantly

improve rural area life quality.

ii. Grid-connected system

The majority of medium to large-scale wind energy systems are grid connected.
Large wind farms consists of hundreds of wind turbines delivering hundreds of MW
into the grid, for example, the Horse Hollow Wind Energy Centre in Texas, US, has
a capacity of 736 MW from 421 turbines [15]. In terms of location, wind farms can
be divided into onshore and offshore wind farms. Currently, onshore wind energy is
superior to offshore systems due to lower cost, easier maintenance, and higher
reliability. It accounts for the majority of installed wind power capacity in the world
— approximately 99% at the end of 2008 [5]. However, due to the expected benefits
of higher wind speeds, longer life expectancy, more suitable areas, and lower noise
and visual impact of the larger wind turbines [5, 16, 17], offshore wind farms are

attracting more attention, especially in European Union Member States.

1.1.5 Development

In 2010, worldwide wind energy capacity reached 197 GW, with an average growth
rate of 26.1% since 2001 [18]. 430TWh per annum can be generated equalling 2.5%
of global electricity consumption [18]. China is currently number one in total
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installed capacity and the centre of the global wind industry with a total capacity of
45 GW [19]. The top five countries by total capacity, except China, include USA,
Germany, Spain, and India. In terms of wind power share, the top three countries are
in Europe, namely, Denmark (21%), Portugal (18%), and Spain (16%) [19].

The wind energy capacity is increasing at a steady pace. Based on the European
Wind Energy Association’s estimation up to 2030, the wind energy capacity will
probably reach 1,778 GW, which is 15.1% of global electricity demand for 2030.
While an ambitious scenario, the capacity may reach 2,342 GW, almost 21.8% of

global electricity demand [20].

1.1.6 Wind energy in the UK

The UK is ranked as the world’s eighth largest wind energy producer. The installed
wind energy capacity is 5.7 GW [19], including 4.2 GW onshore and 1.5 GW
offshore. Wind farm capacity details of the different UK countries are summarized in
Table 1.1 [21]. In 2007 the UK government agreed the EU’s target to increase the
Union’s portion of energy consumption from renewable sources to 20% by 2020,
with the UK’s proposed target of 15% [22]. Wind farms currently under construction
in the UK have a capacity of 3.5 GW, with 14.6 GW for projects consented or in
planning [21]. The UK is a world leader of offshore wind energy generation. The
world largest operational offshore wind farm, the Thanet wind farm, is located off
the Kent coast, UK.

Table 1.1 Wind energy statistics in the UK.

Onshore Capacity Offshore Capacity
England 110 843 MW 11 1,365 MW
Northern Ireland 29 345 MW none none
Scotland 121 2,627 MW 1 10 MW
Wales 35 412 MW 2 150 MW
Total 295 4,227 MW 14 1,525 MW
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1.2 Wind energy generation challenges

Wind energy as well as other renewable energy sources offer many advantages over
conventional electricity generation and has rapidly developed in recent years. To
better use wind energy, there are many challenges, including robustness, reliability
and its impact on the grid, especially offshore wind farms. Power electronics play a
key, enabling role to improve wind energy generation performance. It can control the
wind turbine to achieve high efficiency and is an essential part to integrate the

generating units to the grid or local network.

1.2.1 Reliability

Reliability is a key issue in wind energy generation, especially with offshore wind
farms. The cost of offshore wind energy is around 50% more expensive than onshore
wind energy, due to the complex logistics of installing, operating and maintaining
offshore wind farms. Accessibility for routine service and maintenance is a major
concern, especially during extreme weather conditions, that is, a wind farm may not

be accessible for a few days during harsh winter periods [23].
/
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Figure 1.1 Percentage failures for Swedish wind power plants between 2000-2004.
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A survey of wind power system failures based on statistics from Sweden during
2000-2004 shows the percentage failures in figure 1.1 [24]. The electric system,
control system and sensor contribute almost half the failures, where power electronic
converter failure is a main reason. With wind energy conversion system development,
systems with full-rated power electronic converters are taking a larger wind energy
market share. Therefore power converter reliability is important to ensure system

robustness.

Conventionally, PWM AC/DC rectifiers are used to control the generators. The
generators can be fully controlled and high performance can be achieved. However,
the reliability and power rating of the self-commutated switches used are poorer than
using diodes. Furthermore, complex techniques and more sensors are required to
control the PWM AC/DC active rectifier. A possible system simplification is to
replace the PWM AC/DC rectifier with a diode bridge rectifier due to its advantages
of low cost, high reliability, and no control requirements. The main issues with the
diode bridge rectifier are high stator harmonics and the corresponding torque ripple,
which is the main limitation when applied to high power rating generators. In this
thesis, torque ripple reduction methods are investigated for AC generators with a
diode bridge rectifier.

1.2.2 Efficiency

Wind turbines were initially fixed speed systems, which meant they did not track the
maximum power point with wind speed changes. Although the wind system
structure is simple, it has many disadvantages. Compared with variable speed
systems, the efficiency is lower, mechanical stress on the drive train is higher, and a
more robust grid is required. Hence, the wind energy generation trend is to develop
variable speed systems. The use of a power electronic converter interfaced wind
energy systems permits maximum power extraction using appropriate maximum
power point tracking (MPPT) techniques. The MPPT technique must be readily
implemented, highly reliable, and efficient. As the world’s total wind energy
capacity is almost 200 GW, a 3% loss in total energy would equal £200 million per
year [25].
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Different MPPT techniques have been developed for different power rated systems.
Complexity and efficiency are traded. For low power rated systems, techniques with
easier control but lower efficiency are used; while for multi-megawatt wind energy
systems, more sophisticated techniques are used to achieve higher efficiency and
more reliable systems.

For MW wind farms, the basic control strategies use either an anemometer to
measure wind speed or a look-up table. Using an anemometer increases system
complexity and cost. Furthermore, turbine control relies on the robustness and
accuracy of the anemometer. On the other hand, the look-up table technique does not
require an anemometer. It tracks the MPP based on a pre-obtained power curve.
However, the look-up table depends on individual system parameters, therefore, on-
site testing is necessary. Considering the complex logistics of offshore wind farms,
this technique also increases operational cost. Furthermore, both techniques suffer
from tracking accuracy decrease with system aging, leading to energy loss. To
overcome this problem, onsite testing is required to tune the controller, which

increases maintenance costs.

1.2.3 Transmission and grid integration

For onshore wind farm grid connection, conventional high-voltage alternating
current (HVAC) transmission is normally used due to simplicity and usually cost-
effective solutions [17]. It is also suitable for medium-range offshore wind farms (up
to a few hundred megawatts) with transmission distances less than 50-75 km [26].
However, the AC transmission option is not suitable for connection of offshore wind
farms with increased transmission distance. This is due to the high distributed
capacitance of submarine cables which generates reactive current that causes
increased transmission losses, and resonance between the onshore and offshore grids
[27]. The reactive power produced limits maximum feasible length and power-
transmission capability. This restricts HVAC transmission in offshore applications
[17].

Off-shore high voltage direct current (HVDC) transmission becomes competitive
with transmission distances over 75 km. With HVDC transmission, the transmission
distance is not limited by cable charging current. It also offers the following

advantages:
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e independent sending and receiving end frequencies;
e isolation between the offshore and mainland installation, which may prevent
propagation of faults between the grid and the wind farms;

e fully defined and controlled power flow;

e |lower cable power losses; and

e higher power transmission capability per cable [28].
Conventional HVDC transmission systems based on line-commutated current source
converters (LCC) have a proven track record and have been employed for decades
with high reliability and low maintenance. Such systems are not suitable for offshore
wind farm connection, due to their inability to independently control active and
reactive power and they require a relative strong AC network in order to operate
without commutation failure risk. Development of self-commutated power electronic
devices such as the insulated gate bipolar transistor (IGBT) and the gate turn-off
(GTO) thyristor has led to the emergence of more advanced HVDC transmission
based on the voltage source converter (VSC) which is suitable for offshore wind
farm connection. Manufacturers refer to this type of HVDC transmission system by
various trade names, such as ‘HVDC Light’ by the ABB, ‘HVDC PLUS’, (Power
Link Universal System) by Siemens, and ‘HVDC MAXSine’ by Alstom Grid. On the
other hand, pulse width modulated (PWM) current source converter (CSC) based
HVDC transmission also receives attention, as it combines the advantages of
conventional LCC and VSC based HVDC systems such as independent control of
active and reactive power, ability to operation independently of AC network strength,
and resilience to DC side faults.
In summary, the transmission and grid integration for offshore wind farms is a wind
energy challenge. Furthermore, due to the characteristics of the VSC and CSC, the
configuration and layout of a wind farm is also a major concern when considering

system performance and maintenance. All these aspects require further research.

1.2.4 Grid code requirement
Previously, disconnection of wind plants due to a grid disturbance was allowed.
However, with increased wind energy penetration, the loss of a large amount of wind

generation may cause grid instability and possible system failure. On the 24th of
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February 2011, a massive wind farm disconnection occurred in Jiuguan, Gansu,
China caused by low voltage ride through failure. 598 wind turbine units
disconnected from the grid, leading to a power loss of 840 MW, which amounts to
54.4% of the wind farm capacity. The incident caused the mains network frequency
to drop from 50.034Hz to a minimum of 49.854Hz [29]. This incident is considered
China’s largest and most severe wind farm incident in the past few years. This case
shows that large wind farm disconnection may significantly affect grid stability.
Considering the high wind power share in the countries such as Denmark (21%) and
Portugal (18%), without fault ride through ability, grid disturbances may cause grid
failure, leading to massive economic losses.

Countries and their network operators have developed Grid Codes for wind power
generation to ensure network power quality [30-33]. The operation boundary for a
wind turbine connected to the network is defined in terms of power factor, frequency
range, voltage tolerance, and fault ride through capability [34]. These requirements
are new challenges for the wind energy industry, and are key to increased wind

energy share.
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Chapter 2

HVDC Transmission and Grid Integration for Wind Energy

This chapter presents a detailed literature survey of HVDC transmission and grid
integration for wind energy conversion systems. The survey focuses on three types of
HVDC transmission systems. Two are commercially available, namely, a line-
commutated converter based system and a voltage source converter based system.
The third is a pulse-width modulation current source converter based system, which
has attracted interest for wind energy grid integration. The inverter topologies of the
three HVDC systems and possible wind farm configurations are presented. Then the
control strategies of the three HVDC transmission systems for wind energy

applications are discussed.
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2.1 HVDC transmission systems

The conventional AC system has proven effectiveness in generation, transmission,
and distribution of electrical power. It is a cost-effective solution for wind farm grid
interfacing when no power electronic devices are required [1]. However, it has some
limitations such as unsuitability for connection between AC systems with different
frequencies (asynchronous connection), and suffers from high losses in long distance
transmission systems using overhead lines or subsea cables.

When applying AC transmission to offshore wind farms, the transmission distance is
limited to 50 to 75km due to the high distributed capacitance of submarine cables [2].
Such a task can be achieved economically and effectively with HVDC transmission.
HVDC transmission systems are built using current or voltage source converters. The
first generation HVDC system was based on a line commutated current source
converter that uses thyristors as the main switching devices. It is also known as a line
commutated converter high-voltage direct current (LCC-HVDC) transmission system.
This type of transmission system has an established, proven track record over five
decades, is widely used, and is accepted in the power transmission industry. Its main
advantages are low conversion losses (mainly on-state losses, due to thyristor low
on-state forward voltage drop) and high overload capacity. However, since it is line-
commutated, its switching frequency is restricted by the AC network power
frequency, which is 50Hz in the UK. The main disadvantages of LCC-HVDC
transmission systems are:

e Low order frequency harmonic injection which must be mitigated by
large passive filters, and an additional damping network is required for
the circulating harmonic current due to the filters (this adds losses);

e Slow dynamic response as its switching frequency is the same as the AC
network power frequency;

e Its active and reactive output power cannot be independently controlled;

e Its operating range and mode may be affected by AC network source
impedance, which is the measure of AC strength;

e It has large footprint, which is not desirable for offshore wind farms due

to high installation and maintenance costs; and
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e Itis susceptible to AC network disturbances, which may temporarily shut
down the system [3].

A voltage source converter based high-voltage direct current (VSC-HVDC)
transmission system uses self-commutated devices such as the insulated gate bipolar
transistor (IGBT) as its main switching device, which has significant performance
benefits over the conventional LCC-HVDC system. This is the developing direction
of present and future HVDC systems as it can mitigate most of the shortcomings of
conventional LCC-HVDC systems. The adoption of self-commutated devices such as
IGBTs in VSC-HVDC transmission systems allows the use of high frequency pulse
width modulation (with a switching frequency in the order of 1 to 2kHz), resulting in
fast dynamics response, and independent control of active and reactive power. Hence
voltage support of the grid can be achieved at no additional costs and without
compromise to the basic active power transmission function. Also AC fault ride
through ability can be achieved. During AC faults, the fault current can be limited to
a rated value; therefore the HVDC system can remain connected and aid AC network
recovery. Furthermore, the use of a 1 to 2kHz switching frequency is sufficient to
separate the harmonics from the power frequency, therefore the harmonics can be
readily filtered using relatively small ac filters. Consequently, the system footprint is
expected to be smaller than the conventional LCC-HVDC system. These benefits are
achieved at a cost of higher switching losses. Additionally, it is vulnerable to DC
side short circuit faults due to the large DC link capacitance compared with
conventional HVDC systems.

Besides the two HVDC transmission systems introduced, a current source converter
(CSC) based system using self-commutated devices is also being investigated and
attracting research interest. As self-commutated devices are employed, the problems
of the conventional HVDC system can be addressed, and performance similar to that
of a VSC-HVDC system can be achieved. These include, independent control of
active and reactive power, relatively small AC side passive filters, and fault ride
through capability. However, as the DC link capacitor is replaced by a relatively
large inductor, the system is inherently robust to both DC and AC short circuit fault
ride-through. Furthermore, as the current is defined, the system controller is simpler

when injecting power into an AC network which is a voltage source.
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2.2 Inverter topology

Inverters for the interfacing of wind energy conversion systems (WECS) are
introduced in this section, and these include the line commutated converter, the
voltage source converter, the PWM current source converter, as well as other

possible converters. The basic topologies and their derivatives are investigated.

2.2.1 Line commutated converter (Graetz bridge)

Figure 2.1 shows a three-phase six-pulse bridge converter also known as a line
commutated current source converter (CSC). It has been used intensively as the main
building block in conventional LCC-HVDC transmission systems due to its high
transformer utilization factor and its economical technology with proven
performance [4]. An HVDC configuration based on this six-pulse converter is shown
in figure 2.2a, which suffers from serious harmonic currents, requiring large filters[5].
To address such a problem, a twelve-pulse configuration as shown in figure 2.2b is
used in most HVDC applications. The configuration uses two bridges in series fed
from two three-winding transformers with 30° phase shift to eliminate the current
harmonics located at 6k+1, where k is odd, namely 5th, 7th, 17th, 19th, etc.
Furthermore, the DC voltage is boosted, reducing transmission losses over long
distances and eliminating some DC side voltage harmonics [6]. It is the fundamental
scheme of currently operational LCC-HVDC transmission systems, and can be
monopole with ground or metallic return, and similarly for a bipolar arrangement, as
shown in figure 2.3. As a line-commutated converter requires a relatively strong
synchronous AC network to commutate, the capacitor-commutated converter (CCC)
system with series connected capacitors between the thyristors and the transformers
is used for weak AC networks with a low short circuit ratio.

¥ ¥ ¥

Figure 2.1 Three-phase, full-wave bridge.
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Figure 2.2 LCC HVDC transmission system topology: (a) six-pulse configuration

and (b) twelve-pulse configuration.
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Figure 2.3 HVDC 12 pulse configurations: (a) monopole, ground return, (b)
monopole, metallic return, and (c) bipole.

Passive filters have long been used due to their low cost and high power efficiency.
However, the drawbacks of passive compensation include strong dependence on
system impedance, susceptible to source and load resonance, and tuning for specific
frequencies [7]. An active shunt compensator has been proposed to overcome passive

filter drawbacks, as shown in figure 2.4. It can generate AC current waveforms to
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compensate the distorted waveform from the LCI. Other compensation techniques

include hybrid compensation and high pulse number converters [7].

Y'Y Y

«3
——

Figure 2.4 Line commutated inverter with active compensator.

2.2.2 Voltage source converter (VSC)

The pulse width modulation (PWM) voltage-source inverter is widely used for grid
interfacing of renewable power such as photovoltaic and wind sources [8, 9], and
HVDC transmission systems. A typical three-phase, two-level VSC using IGBTS is
shown in figure 2.5. In medium and HVDC systems it uses series connected IGBTs
and a switching frequency less than 2kHz. Normally, switching frequency is traded
against AC side filter size, conversion losses, and dynamic response. A large
decoupling capacitor is required at the DC side to maintain constant DC link voltage,
which is critical for high-power high-voltage applications [10]. Electrolytic
capacitors for this purpose are heavy, bulky and expensive. The link capacitor
deteriorates gradually with time, which represents a major system lifetime limiting
factor [11].

- —ﬁ} 45}

Figure 2.5 A typical three-phase VSI.
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Multilevel voltage source converters were developed to address limitations of two-
level converters in high voltage applications. The common types of voltage source
multilevel converters are neutral-point clamped, flying capacitor, and cascaded H-
bridge with electrical isolated DC sources converters, as shown in figure 2.6 [12-14].
The neutral-point clamped (NPC) converter and its derivatives (active neutral-point
clamped converter) are extensively used in medium voltage and HVDC applications.
Application of the flying capacitor converter is limited to medium voltage
applications such as drives systems and flexible AC transmission system (FACTS)
devices. The cascaded multilevel converter is not suitable for HVDC transmission
systems due to the absence of a common DC link, however it has been proposed for
photovoltaic grid integration [15] and electric hybrid vehicles [16]. Compared with
the conventional two-level topology, they generate lower harmonic distortion,
require approximately half the switching frequency of that of a two-level converter to
generate output voltage with the same quality, and offer lower voltage stress across a
single switch, and higher power rating [17]. However, the main disadvantages
include more switches, more complex control, and the requirement for a neutral-
point or clamping capacitor balancing mechanism [18]. As with the two-level VSI,
the bulky DC link capacitor required is a limitation of the multilevel VSI.
The modular multilevel converter (MMC or M2C) is shown in figure 2.7. This
approach uses the full potential of multilevel structures and pulse width modulation.
The modular multilevel structure has many advantages over the conventional two-
level VSC such as
e generation of high quality AC side voltage, leading to reduced AC side
filtering requirements;
e exposes interfacing transformers to low dv/dt and reduced voltage stresses,
due to the use of small voltage steps with large number of voltage levels; and
e switching losses and overall converter losses are lower due to reduced
switching frequency per device.
However, these improvements are achieved at the expense of increased system

complexity (power circuit and control).
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2.2.3 PWM current source converter

Due to power electronic device development, the high power PWM CSC has become
viable. The PWM CSC has a three-phase, full-wave bridge topology as shown in
figure 2.8, and uses self-commutated devices such as gate turn-off (GTO) thyristors
or IGBTs. Compared with the GTO, the IGBT cannot block reverse voltage;
therefore, series connected diodes are required, which increases conduction losses.
However, CSC control with GTOs and IGBTSs is similar. Current source converters
operated in a PWM mode have similar performance as voltage source converters.
This includes, independent active and reactive power control, and small AC filters. In
contrast to the VSC, a large DC side inductor is required, circumventing DC link
capacitor short lifetime. The converter can inherently withstand DC and AC short
circuits as the DC inductor limits the rise of the fault current [19]. Besides energy

flow is unidirectional.

L
y y y
— — — . %‘ é é
£z &
Q ? ? —_— = C S%’ S%’ S%’ =
(@) (b)

Figure 2.8 PWM CSI: (a) IGBT based and (b) GTO based.

2.2.4 Other inverter topologies

Use of the Z-source inverter for WECS was investigated in [20, 21] as a possible
solution for grid interfacing. A unique impedance network is employed in the DC
side as shown in figure 2.9, rather than a single capacitor or inductor. Unlike the
conventional VSC or CSC, the input voltage can be stepped up and down [22], which
is convenient for grid connection and DC link control. Also the input and output can

be voltage or current sources.
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Figure 2.9 Z-source inverter
Also, the matrix converter has been investigated as an alternative to conventional

YY)

AC/DC/AC conversion for wind energy application [23, 24]. An array of controlled
bidirectional switches is used as the main power elements to interface a three phase
generator to the grid [25]. It allows independent control of voltage magnitude,
frequency, phase angle and power factor [26]. The main advantage compared to
conventional AC/DC/AC conversion is that there is no DC link, especially bulky
capacitors. However, due to the absence of energy storage elements, ride through
capability and input and output decoupling do not exist [25]. The gain is less than

unity and if the input is a voltage source the output is a current source, and vice versa.

2.2.5 Comparison
A comparison of the LCC, VSC, and PWM CSC based inverters is summarized in
Table 2.1.

Table 2.1 Comparison of different inverter based systems.

LCC based VSC based PWM CSC based
LCC Two level MMC CSC
Switching device Thyristor IGBT IGBT IGBT or GTO
Switching loss Negligible High Low High
On-state loss Low Moderate Moderate |Moderate (using GTO)
Active power control Discontinuous Continuous Continuous Continuous
P +10% to +100% | 0to+100% | Oto +100% 0 to +100%
Independent control of
active and reactive No Yes Yes Yes
power
Reactive power demand 50% to 60% No No No
AC filters Large Small No Small
Possible with
AC fault r_|d_e through high risk .Of Excellent Excellent Excellent
ability commutation
failure
DC faul:lgilltjifythrough Excellent Poor Moderate Excellent
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2.3 Wind farm configuration

Since wind power density is low, a wind farm contains many wind turbines. The
wind farm configuration is important to proper collection of the power from
individual wind turbines and for the delivery of the power to the AC network. If
HVDC transmission is employed, there are different possible WECS configurations.
Figure 2.10 shows a classical point-to-point HVDC system configuration used for
wind farm connection. The generator side converters are normally connected to a
local AC hub in the collection network, where the voltage is stepped up using a
power transformer to a level suitable for the HVDC converter [27]. Such a
configuration is suitable for doubly fed induction generators where stators are
directly coupled to an AC network. Application of LCC and VSC based HVDC
systems have been investigated for this configuration and the latter is commercially
available [3, 28]. However, this configuration is less attractive for WECS with full

rated converters, as an additional DC/AC stage is required.

RO e

Grid

|

Figure 2.10 Wind farm configuration with a common AC network.

Figure 2.11 shows another wind farm configuration, where each wind turbine is
controlled by an individual power converter and parallel connected to a common DC
network [27, 29]. It is usually a VSC based system with a stable DC link voltage.
The grid side VSI regulates the DC network; while the generator side VSC fully
controls the generator. A similar concept in [30] uses an additional DC/DC converter
to boost the DC link voltage suitable for HYDC transmission. Hence, the generator

side AC/DC converters do not experience high voltage.
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Figure 2.11 Wind farm configuration with internal DC network.

An alternative configuration with the converters series connected is shown in figure
2.12. A high DC link voltage for transmission can be built up without a step up
power converter or transformer. Therefore an offshore platform is not required for
the sending end HVDC equipment, avoiding the associated installation and
maintenance costs [31]. This configuration is more suited to a current source based
system. In [32], an LCC based system is investigated for offshore wind farms; while
in [33] the wind energy conversion system is based on PWM CSCs.

The generator is controlled by a fully rated converter in this research, hence the latter
two configurations are possible candidates. Their advantages and disadvantages are

discussed in detail in Chapter 6.
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Figure 2.12 Wind farm with serial connected wind turbines.

2.4 System control

In this section, basic control for LCC and VSC based power transmission systems is
presented for both the sending and receiving ends. A detailed literature review about
PWM CSC based systems is presented, mainly focusing on inverter control and DC
network control. The advantages and disadvantages of different control methods are

discussed.

2.4.1 LCC based system

The control techniques are well established and have a proven track record, for
conventional LCC based systems using point-to-point transmission, which is shown
in figure 2.2b. One terminal sets the DC link voltage (inverter) while the other
terminal regulates the DC link current (rectifier) by controlling its output voltage
relative to the DC link voltage [6]. The inverter terminal directly regulates DC
voltage, or by varying the extinction angle y maintains the DC link voltage within
tight limits, in combination with on-load tap changers on the converter transformer.
Direct control of DC voltage is not required because as inverter reactive power
consumption increases, the extinction angle increases, which increases system
susceptibility to commutation failure during AC side faults and voltage distortion.
The extinction angle approach is preferred because it reduces the risk of

commutation failure as vy is kept within operating limits around 18°[6].
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The barrier to using a conventional LCC based system is that a strong AC network is
required to ensure reliable performance. Since an offshore wind farm forms a
relatively weak AC network, a static synchronous compensator (STATCOM) [28] or
static VAr compensator (SVC) [34] are proposed to assist LCC-HVDC system
operation and extend its operation to weak AC systems. A STATCOM has a fast
response and low losses [34-36]. If the wind farm is DFIG based, compensators may
not be necessary. This is because the back-to-back PWM converter used in the DFIG
has the ability to supply reactive power demanded by the HVDC rectifier and to
control the active power flow for local AC bus frequency regulation [37, 38].

Other configurations and control for wind energy conversion system grid interfacing
have been investigated. In [4] a wind turbine is controlled and grid connected by an
LCC based inverter, which is shown in figure 2.4. The paper mainly focused on grid
side reactive power and harmonic compensation techniques using a STATCOM. In
[7], a different compensation scheme for such a system is discussed and compared,
incorporating passive, active, and hybrid compensation. The performance of such a
system was improved [39-41] using a 12-pulse scheme with better harmonic
performance, without a reactive power compensator.

Instead of single wind turbine interfacing, an LCC based system has been
investigated to directly interface a DC network based wind farm [32, 42], as shown
in figure 2.12. Each wind turbine is individually controlled by an LCC and integrated
to a common DC bus. Then the grid side LCC-based inverter delivers the DC power
into the AC mains. Compared with a conventional point-to-point system, the DC link

voltage can accumulate without an additional transformer or a step up converter.

2.4.2 VSC based system

There are two main groups of current control techniques for the VSC: linear and
nonlinear control. In wind energy applications, a common linear control technique
termed synchronous vector control is usually used, where two Pl compensators are
used for the current vector components, which are defined in a synchronously
rotating reference frame [43]. The three-phase currents are controlled without steady-
state error. Because the d-g currents are decoupled, active and reactive power can be
controlled as the voltage magnitude at the point of common coupling is maintained

constant.
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Due to different wind farm configurations, as shown in figures 2.10 and 2.11, the
wind farm side VSC may use different control strategies. However grid side VSC
control strategies are similar: maintain a constant DC link voltage and control
reactive power [44]. The grid side VSC control schematic shown in figure 2.13 uses
a d-g transformation, and the iy current is controlled to maintain a constant DC link
voltage, while the iy current is for reactive power control. In some cases, the reactive

power control loop is used to directly control the grid voltage amplitude [45-47].

L R
V — —\WN— V.
dc ao
TN
— Y AN—
P _—>
. J Iy Vy W Loy L
Ve O P o o——
Reactive i i; f PI © Vq> =
power 3v 77 >

5
|l_
-

abc
I ->dg0 PLL

Figure 2.13 Synchronous P1 controller for inverter control.

The VSC control strategy at the generator side depends on the wind farm
configuration. For the point-to-point configuration shown in figure 2.6, the wind
farm side VSC controls the AC network voltage amplitude, frequency or load angle
[45, 46]. In [48], a fixed speed generator based wind farm is investigated; while in
[45] the wind farm is DFIG based.

The VSC is suitable to interface a DC network to the grid as shown in figure 2.11.
The grid side VSC maintains a constant DC network voltage while the generators can
be parallel connected to the DC network by separate VSCs. The generator side VSC
controls the generator, usually a PMSG or induction generator, tracking the

maximum power point.

2.4.3 PWM CSC based system

The PWM CSC is still used in high-power machine drives. Its applications for grid
interfacing have not been fully researched. Unlike the VSI, CSI control of active and
reactive power are not inherently decoupled. Different methods have been proposed
to control reactive power. In [49], unity power factor is achieved by controlling the

phase shift of the AC currents using feed forward. But the method is not readily
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applicable to independent control of grid side active and reactive powers [50]. In [51],
the modulation index and phase angle are directly controlled. Both feed forward and
feedback control techniques are used to guarantee unity or maximum achievable
power factor. The disadvantage is poor transient response since modulation index
and phase angle are coupled. The line side d-axis and g-axis currents are
independently controlled using nonlinear state variable decoupling [52, 53]. Input-
output linearization and decoupling are applied to achieve independent active and
reactive power control. However, the sensitivity to system parameters degrades its
practicality and performance. In [54] two proportional-integral (PI) regulators control
the line side dq axis currents directly. As no techniques decouple the dq axis currents,
the system transient response is affected. The authors in [50] proposed a grid-
voltage-oriented feedback controller to independently control active and reactive
powers. Traditional PI regulators are employed and dq axis decoupling is attempted.
Active and reactive power control of the CSC has not been extensively investigated
in the literature, the configuration and control strategy of an associated wind farm
also needs further study. In [50], a back-to-back CSC based system is used to
interface a single wind turbine to the grid. The DC link current is controlled to a
minimum to reduce system losses. The generator power value is fed forward to the
inverter controller to ensure system stability and dynamic performance. However,
such a configuration is not applicable to a wind farm and communication is required
between the generator and the inverter grid side. In [55], a series connected generator
side converter configuration, as shown in figure 2.12, is proposed based on the CSC.
Hence the DC link voltage is achieved without offshore transformers. Each generator
side converter controls a group of wind turbines and there is a single grid side CSI
for grid interfacing. The DC link current is controlled by the CSI according to a look-
up table to minimize losses when the DC link power is low. The authors of [33]
further develop this concept by adapting two series connected grid side CSIs. Thus
the power and voltage ratings for individual CSls decrease. However, such a series
connection configuration suffers from some disadvantages including difficulties in
incorporating or removing a wind turbine module, no grounding for the converters,
etc. Detailed drawbacks are discussed in Chapter 6. After the author’s literature
search, no parallel configuration as in figure 2.11 has been investigated for a PWM
CSC based WECS.
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2.5 Summary

This chapter surveyed possible HVDC transmission approaches for wind energy
conversion systems, mainly LCC, VSC and PWM CSC based systems. Inverter
topologies for grid interfacing and wind farm configurations were presented. The
control strategies for different wind application HVDC transmission systems were

investigated.
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Chapter 3

System Modelling

This chapter introduces each component of the proposed wind energy conversion
system. The advantages and disadvantages of different wind turbines, generators and
power converters are discussed and suitable types are chosen for the research. These
components as well as DC cables and the AC grid are then modelled and simulated
in Maltab/Simulink. The models are subsequently used in the system simulation. The

basic controls for a wind energy conversion system are introduced.
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3.1 Wind turbines

The classification of wind turbines includes a variety of horizontal-axis wind turbine
(HAWT) and vertical-axis wind turbine (VAWT) configurations. The HAWTS
include upwind and downwind configurations and the VAWTSs include the lift-type
Darrieus configuration and the drag-type Savonius turbine [1]. The primary
advantage of a VAWT over a HAWT s that it is omni-directional, capturing wind
from different directions without using yaw [2, 3]. However, there are two main
characteristics of VAWTs that make them inferior to HAWTSs. One is that they
cannot self-start and therefore the generator has to run as a motor at start up; the
other is that the aerodynamic torque has serious oscillatory components [4]. The
latter feature results in power oscillation which may be unacceptable to the grid when
the WECS power rating increases. In large wind farm applications, HAWTSs are the
most common design and are used in this research.

HAWT rotors usually have either two or three blades. At the same tip speed ratio
increasing the blade number increases possible power efficiency, but with
diminishing return [5]. Most wind turbines use two or three blades, after considering

aerodynamic efficiency, component costs, and system reliability.

3.1.1 HAWT modelling

The power derived from the wind through the turbine, Py, is expressed as

Py =5 pCyAcv (3.1)
where
Pw captured power
p air density
Co power coefficient
A wind turbine swept area
Vi wind speed

Cp is a nonlinear function of tip speed ratio and turbine pitch angle. It can be

expressed as [6]

—cg

Cp = (;_Zi_C3ﬁ_C4) eTi+C6A (32)

1 1 0.035
A A+0.088  B3+1 (3:3)

where
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A tip speed ratio

r turbine radius

Q turbine angle velocity
S blade pitch angle

The coefficients c;to cgare: ¢; = 0.5176, ¢, =116, c3=0.4,¢c4 =5, c5 =21 and cg =
0.0068. The tip speed ratio, 4, is defined as

A= (3.4)

Vw
Typical C, curves with different turbine pitch angles are shown in figure 3.1. With a
specific pitch angle, there is an optimum A at which maximum wind power can be
captured. From equation (3.4), with the change of wind speed, the rotor speed should
be regulated to track the maximum power point.
The wind turbine drives an electrical generator to convert the captured mechanical
energy into electrical energy. The wind turbine mechanical torque can be expressed

as

T, =2 (3.5)

Figure 3.1 Power coefficient curves of different blade pitch angles.

The wind turbine model is derived from equations (3.1) to (3.5). The model input is
wind speed, turbine pitch angle, and turbine rotor speed, while the output is
mechanical torque, as shown in figure 3.2. For system modelling simplicity, the

turbine inertia is considered lumped with the generator inertia, thus modelled in the
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generator part. Other mechanical aspects are not considered, as the mechanical

system is not the primary research concern.

Wind speed, v, —»
Turbine rotational i Mechanical
speed, Q Wind — torque, Tn,
. . Turbine
Turbine pitch .
angle, 8

Figure 3.2 Wind turbine modelling block.

3.2 Drive train component

Based on a drive train system, a WECS can be classified as either a gear-drive or a
direct-drive type [7, 8]. Conventional WECSs are gear-drive using a gearbox, being a
simple way to convert the low-speed, high torque mechanical power to electrical
power [9]. The low speed of the wind turbine rotor is converted by a gearbox to a
high speed for the generator. The gear-drive systems can be further classified into
two types, a multiple-stage gear with a high-speed generator and a single-stage gear
with a low-speed generator [10].

The direct-drive concept involves directly coupling the turbine rotor to a multi-pole
generator, without a gearbox. The benefits of removing the gearbox include lower
mechanical power losses, lower cost by eliminating this expensive component, and
higher reliability of the drive train system as gearbox failure is a common cause of

system failure [11]. A direct-drive type is used for the drive train in this research.

3.3 Generator and power electronic converter
The mechanical power is converted to electrical power by generators. Different types
of generators along with suitable power electronic converters can be used in wind

energy applications.

3.3.1 Classification of WECS
According to the power electronic converter used, a WECS can be classified into
three main categories:
e systems without power electronic converters,
e systems with partially rated converters, and
e systems with fully rated converters.
Correspondingly, according to the converter used, the ability to control the wind

turbine varies, and can be categorized into two groups: a fixed speed system and a
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variable speed system. Figure 3.3 illustrates the two WECS classifications and their
interrelations.

The variable speed WECS regulates the rotor speed according to the wind speed, and
requires power electronic converter interfacing. The power production can be
maximized (annually 16% more energy in [12] and 38% more in [13]). Furthermore
there is less mechanical stress on the drive train and less power fluctuation injected
into the grid [14]. Unlike fixed speed systems, it allows reactive power regulation of
the grid and improves grid stability [9, 14]. This grid aspect is important with the

increasing penetration of WECS.

According to
rotor speed

Fixed speed Variable

system speed system
™ I
I [ |
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: Partial ability Full ability
: 7~ 7
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converter converter
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Figure 3.3 WECS classification.

I. Systems without power electronic converters

In such a system, the generator, usually a squirrel cage induction generator (SCIG),
is directly connected to a three-phase grid without a power electronic converter, as
shown in figure 3.4. As no power converter is employed, and the generator is directly
connected to the AC network, the system can only operate at constant speed, and is
known as a fixed speed WECS. This configuration has been widely used, and is

known as the ‘Danish concept’ [15]. This WECS concept once dominated the world
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wind energy market with a 70% share in 1995, but this decreased to 25% in 2004
[16], and is decreasing. It has a simple and robust construction, and no requirement
for synchronization devices. However it suffers from drawbacks [9, 15]:

e the wind turbine has to operate at fixed speed at any operating point;

e astiff power grid is required for stable operation;

e expensive mechanical construction is required to absorb high mechanical stress;

e it does not meet most the grid codes such as voltage support and fault capability

without some form of external assistance from FACTS devices such a SVVC or a

STATCOM.
Grid
Gearbox

Capacitor

Figure 3.4 Systems without a power electronic converter.

Ii. Systems with partially rated converters

This system uses a doubly fed induction generator (DFIG), and is a standard drive
option for MW applications involving a limited speed range [17]. The stator of a
DFIG is directly connected to the grid while the rotor circuit is connected to the grid
through a low rated back-to-back VSC, as shown in figure 3.5. The converter only
needs to be rated to handle the rotor power, 25% to 30% of the wind turbine power,
while the majority of the power flows through the stator [18]. For such a system, the
ability to regulate the turbine rotor speed is limited to about £30% of the nominal
speed. Compared with a fixed speed system, the DFIG concept offers more
flexibility for controlling the system and is more robust. It also contributes to AC
network inertia in a similar manner to conventional power plants based on
synchronous machines. However, it is sensitive to grid disturbances, especially to

voltage dips [19].
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Figure 3.5 Systems with a partially rated converter.

iii. Systems with fully rated converters

In this configuration, the generator is integrated onto an AC or DC network via a
fully rated power electronic converter. Possible topologies with different generator
types have been investigated [20]. A typical, promising topology is shown in figure
3.6 using a permanent magnet synchronous generator (PMSG). The PMSG is
favoured over electrically excited synchronous generators. It does not require
external excitation, resulting in a higher efficiency. With the absence of mechanical
components such as slip rings and gearbox, reliability is improved [7]. The PMSG is
integrated to the grid by a full-scale power converter, which allows maximum power
extraction over a wide speed range. More importantly, it can meet most grid codes,
including voltage support and fault capability, indicating the potential to operate
wind farms as power plant [9]. Because of these reasons, such a configuration
becomes attractive for WECS and is therefore employed in this research.

DC
AC

Figure 3.6 Systems with a fully rated converter.

3.3.2 PMSG modelling
The PMSG is represented by a second-order state-space model. It is assumed that the
flux established by the stator permanent magnets is sinusoidal, implying that the

electromotive forces are sinusoidal.
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The electrical system equations are expressed in the rotor reference frame (d-q frame,

where the q axis lags the d axis)

%id = ivd - %id + %pwriq (3.6)
Sl = oV iy~ i pwia - Agfq"’r (3.7)
T, = %p(?\giq + (Lg = Lg)iaiq) (3.8)
where
La, Lg d and q axis inductance
R resistance of the stator windings
Id, Ig d and g axis currents
Vd, Vq d and g axis voltages
Or rotor speed
Ag flux amplitude induced in the stator phases by the rotor
permanent magnets
p number of pole pairs
Te electromagnetic torque
The mechanical system is expressed as
= o, = }(Te — Fw, —Ty) (3.9)
Z=o, (3.10)
where
J combined inertia of rotor and wind turbine
F combined viscous friction of rotor and turbine drive trains
0 rotor angular position

A MATLAB/Simulink PMSG block is employed, the model of which is based on
equations (3.6) to (3.10). The input is mechanical torque from the wind turbine
model and outputs are the three-phase AC voltages and currents. Shaft rotor speed is
an output which is used as an input for the wind turbine. The schematic diagram is

shown in figure 3.7.
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Mechanical torque, T,
(from wind turbine model)

Va, Vb, Ve Turbine rotational speed, w,
... (to wind turbine model)
|a; |b1 IC

Figure 3.7 PMSG schematic diagram.

3.4 Power converter

In this research, a WECS with a fully rated power converter is investigated. A typical
power electronic system includes AC/DC and DC/AC stages [21] as shown in figure
3.8a. Also in some cases, a DC/DC stage may be incorporated, as shown in figure

3.8b, for generator control and DC voltage regulation reasons [22].

AC DC | AC DC pc/ [
DC AC DC DC AC
(€)) (b)

Figure 3.8 Typical AC-DC-AC power converter system:
(a) AC/DC-DC/AC configuration and (b) AC/DC-DC/DC-DC/AC configuration.

For the AC/DC stage, a PWM voltage source converter [23] or current source
converter [24] can be used. The generator ig, iq currents can be independently
controlled to allow variable-speed operation. Such PWM converters allow full
control of the generator to achieve high performance. For cost reasons, a diode
bridge rectifier can be used at the generator terminal rather than PWM fully
controlled rectifiers. The diode bridge rectifier has the advantages of low cost, simple
control, and high reliability, compared to the PWM converters. However, as the
generator stator current cannot be controlled, it causes serious current total harmonic
distortion (THD), which lowers generator efficiency, resulting in severe
electromagnetic torque ripple. Therefore the diode bridge rectifier is usually only
favoured in small scale wind energy systems.

In cases where the diode rectifier is used, a DC/DC converter is usually required for
wind turbine control and DC link voltage regulation. Different DC/DC converter
topologies can be used for different applications. In [25-27], the DC voltage is

stepped down by a buck converter for battery charging. A buck-boost converter is
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also used for battery charging applications for WECS [28]. In [22] a boost converter
is used to step up the voltage for grid connection.

For HVDC transmission, the performance of the DC/DC converter is important, as a
high voltage step-up gain is required. However, the conventional boost topology is
not suitable for such an application, as it is normally used for gains no higher than 2-
4. The difficulties are related to the main switch stress and the negative influence of
parasitic elements when operating at extreme duty ratios [29, 30]. The full bridge
DC/DC converter has been investigated for high-voltage high-power applications
[31]. Because of an intermediate transformer, the voltage step-up gain can be high.
Furthermore, using phase-shift control, the PWM technique can effectively lower
switching losses. For a high step-up voltage ratio and an isolated system, a full
bridge converter is an option [14, 32].

The DC/AC stage is essential for integrating wind power generation to the grid. The
inverter should not only deliver high quality power to the grid but also control the
DC link voltage or current. There are basically three types of inverters, namely, line-
commutated inverters, voltage source inverters, and PWM current source inverters. A

detailed survey of these three inverter-based systems is presented in Chapter 2.

3.5 Proposed wind energy conversion system

A PMSG gearless system with a fully rated power electronic converter grid interface
has advantages over other systems, and will offer a new generation of efficient,
economical and robust wind energy conversion systems. In this research, the system
investigated includes a HAWT, a PMSG, a diode bridge rectifier, a DC/DC converter,

and a grid-side inverter as shown in figure 3.9.

| Z‘S DC/DC - .)-
inverter |
' @ converter

Diode
Rectifier

Figure 3.9 The wind energy conversion system configuration used in this research.

3.5.1 Diode bridge rectifier
The diode bridge rectifier is constructed with only diodes. The diode block in

Matlab/Simulink is used. It has a macro model of a diode device, as shown in figure
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3.10. Neither the leakage current in the blocking state, nor the reverse-recovery
current are incorporated in the model. The model is adequate because in this
application they do not affect the power converter characteristics or simulation

accuracy.
Diode \I/ak
Logic ak
~L Ron Yf | ak
* Vak .
(@) (b)

Figure 3.10 Diode: (a) diode symbol and (b) diode model.

The diode is controlled by its terminal voltage Va and current lo. When it conducts,
the voltage across the diode, Vgioge, Can be expressed as

Vaioge = Vr + laxRon (3.11)
In simulation, the forward voltage drop V: is set to 0.8V and the conduction
resistance Ry, is 1mQ.
The topology of the three-phase diode bridge rectifier is shown in figure 3.11.

idc
A

PR —

H}:

Figure 3.11 The three-phase diode bridge rectifier.
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3.5.2 DC/DC converter
Two converter types are investigated. One is a conventional boost converter and the
other one is a full H-bridge converter. Insulated gate bipolar transistors (IGBTs) are

used as the switching devices.
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i. IGBT
The Matlab/Simulink IGBT block is employed. It is modelled with 1V forward
voltage and 1mQ conduction resistance, as shown in figure 3.12. The IGBT current

fall time and tail time are defined as 1us and 2us, respectively.

G
UERY
CE
c Logick e
sL Ron Vf
E * Vee
(a) (b)

Figure 3.12 The IGBT model.

ii. Boost converter
The boost topology shown in figure 3.13 is modelled with MATLAB/Simulink

elements. The passive elements, the inductor and the capacitor, are assumed ideal.

Y YY)

L

NS
1

AK} =C

Figure 3.13 The boost converter.

iii. Full bridge converter

The full bridge converter is shown in figure 3.14. The passive elements and power
electronic devices are modelled as ideal. Compared to the conventional boost
converter, the advantages of the full bridge converter include a higher voltage step up
ratio and electrical isolation between the generator and DC network. Furthermore, its
output is a current source when output inductance is incorporated. Hence it is
suitable for a CSC based DC network. The main drawbacks are that more power
electronic components are required as well as a high frequency transformer. Also,
when used with a diode rectifier input stage, there is low frequency current ripple at
the input and output sides, which is fully explained and investigated in Chapter 6.
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Figure 3.14 The full bridge isolated converter.

3.5.3 Grid-side inverter
The grid-side inverter is essential for grid interfacing. When the grid connection is
not of concern and the generator side is of interest, the grid-side inverter is modelled
as a DC power source to maintain a constant DC link voltage or current to simplify
the analysis and simulation.
But when grid integration is of concern, a detailed current source inverter model is

employed as shown in figure 3.15.

L

Figure 3.15 Current source inverter.

3.6 DClink
A long distance is assumed between the wind turbines and the grid-side inverter.
Therefore a proper model for the DC cables is necessary, hence a cable T model [33]

based on a MATLAB model is employed as shown in figure 3.16.
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Cr2 —T T C/2

Figure 3.16 Cable © model.

3.7 Grid interfacing transformer

A three phase transformer is used in simulations for grid interfacing, which is
connected in a Y/A manner. The model of one phase [34] is shown in figure 3.17.
Possible core saturation is not considered. The transformer parameters are

summarized in Table 3.1.

Figure 3.17 Transformer phase model.

Table 3.1 Transformer parameters.

Parameters Value

VA rating 500 kVA
Turns ratio 1:11

Primary winding resistance R; 0.004 Q
Primary winding inductance L; 0.47 mH
Secondary winding resistance Ry 1.452 Q
Secondary winding inductance L 184.8 mH
Magnetization resistance Ry, 917.76 Q
Magnetization reactance L, 2.92 H

3.8 Grid
A stiff grid is assumed in simulations which is constructed of three ideal sinusoidal
voltage sources as shown in figure 3.18. A © model based on a MATLAB model is

used for AC lines with parameters shown in Table 3.2.
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Figure 3.18 Grid model.

Table 3.2 AC line parameters

Parameters Value
Positive-sequence resistances 0.01273 Q/km
Zero-sequence resistances 0.3864 Q/km
Positive-sequence inductances 0.9337 uH/km
Zero-sequence inductances 4.1264 uH/km
Positive-sequence capacitances 12.74 nF/km
Zero-sequence capacitances 7.751 nF/km

3.9 Control of WECS

A modern utility scale wind energy conversion system has several control system
levels [35]. In a WECS, the higher-level control determines when to start-up or shut-
down the system according to the wind conditions. The middle-level is mainly
concerned with turbine control algorithms for maximum power point tracking, DC
link control, stall control, etc. On the lowest level, the power electronic converter

switches are controlled to operate in a PWM mode to achieve the required functions.

3.9.1 High-level control
The wind turbine power curve in figure 3.19 illustrates the WECS high-level control
objectives [23, 36].

-

Wind energy
(pu)

i Wind speed
Veut-in Vstall-control Veut-off (m/ S)

Figure 3.19 Different control modes based on wind speed.
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If the wind speed is under the cut-in speed, Vcut.in, the system is shut-down because
the power available is too low. When the wind speed is greater than the cut-in speed,
maximum power point tracking control is applied to enhance the system efficiency
and performance. Once the generator rated power is reached, when the wind speed is
at Vsail-control, Stall control is applied to maintain the output power and rotor speed at
its rated value. To prevent turbine damage, the system is shut down when it is over

the furling wind speed, Veyt-oft.

3.9.2 Mid-level control
Mid-level control involves maximum power point tracking control, DC network

control, system fault ride through action, stall control, etc.

i. Maximum power point tracking

As mentioned, a variable speed system offers many advantages including higher
efficiency and less mechanical stress on the drive train. Based on equation (3.1) and
figure 3.1, the wind turbine rotor speed should be controlled according to wind speed
to track the maximum power point.

Because the wind speed fluctuates, and is thus difficult to estimate and measure,
many MPPT techniques have developed, and these can be divided into three basic
strategies [37]. Although each of the three basic strategies possess merits, all have

drawbacks. The details are discussed in Chapter 5.

ii. DC network control

Due to the low energy density of wind power, to achieve high output power, a
number of wind turbines are connected to a common DC network. The grid side
inverter then delivers the power from the generator side to the AC network. DC
network stability is important as it directly affects the performance of the wind
turbines and the power quality transferred to the AC network. DC network control is
usually performed by the grid side inverter. Therefore the grid side inverter topology
and control strategy are the key to WECS performance.

iii. Fault ride through ability
With increasing penetration of wind energy, WECS protection focus changes from
protection of the wind turbine itself to grid stability [38]. The disconnection of many

wind turbines due to grid disturbances may cause system instability and cascading
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failures [39]. The grid code requires that the wind farm remains connected during

grid disturbances and should help grid recovery.

iv. Stall control

At high wind speeds, stall control should be applied to limit turbine power and
rotational speed. A turbine with pitchable blades can regulate its pitch angle to
change the power coefficient and constrain the generator power and rotor speed [9,

40]. Some soft-stall control strategies have been proposed for fixed-angle turbines

[3].

3.10 Summary

Each component of the proposed wind energy conversion system has been
introduced. Different wind turbine types, drive trains, generators as well as power
electronic converters were briefly discussed with their advantages and disadvantages.
These system component models for the MATLAB/Simulink environment were
introduced. Finally the different control levels of a modern wind energy conversion

system were briefly considered.
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Chapter 4

Torque Ripple Reduction for Systems using Diode Rectifiers

This chapter develops several methods to reduce the low frequency torque ripple
caused by diode rectification. A brief survey of low frequency torque ripple problems
is carried out. Low frequency torque ripple in a conventional small-scale wind
energy conversion system is investigated. Different methods are proposed to reduce
this electromagnetic torque ripple, from the viewpoints of the circuit topology and
the control strategy. The advantages and disadvantages of these ripple reduction
methods are discussed, and their validity is confirmed by simulation and

experimentation.
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4.1 Background
In wind energy conversion systems (WECS), the aerodynamic torque developed by
the wind and the electromagnetic torque induced by the generator interact and cause
rotor acceleration, which is expressed as

My =T, -T, (4.1)
where My is the total moment of inertia of the turbine shaft system, Q is the turbine
angular velocity, T,, and T, are the aerodynamic and electromagnetic torques,
respectively. The aerodynamic torque oscillations are caused by random wind
fluctuation, tower shadowing, and wind shear [1]. On the other hand, electromagnetic
torque ripple is mainly caused by generator-side harmonic currents. Both these
torque ripples are a source of mechanical stress on the drive train and may have a
detrimental effect on turbine lifetime. Aerodynamic torque ripple caused by wind
fluctuation and shear is hard to avoid because they are environmental factors.
However electromagnetic torque ripple can be reduced since it is related to current
harmonics and therefore can potentially be controlled.
There are several WECS topologies applicable to different generator types and power
levels. Some schemes control generator current and therefore electromagnetic torque
ripple can be minimized. In other schemes, a diode bridge rectifier is used for low
cost, hence the generator current is typically not controlled, leading to torque
oscillations. The latter scheme is the focus of the research presented in this chapter.
The doubly fed induction machine uses an AC-DC-AC converter arrangement in the
rotor circuit. The AC-DC converter stage can independently control torque using
vector-control techniques, therefore minimizing torque ripple [2]. The permanent
magnet synchronous generator (PMSG) is also widely used in WECS. A pulse-width
modulated (PWM) rectifier can be used at the generator side to control the stator
current. Generator dq axis currents are regulated by the PWM rectifier, leading to
ripple-free electromagnetic torque [3]. In these two cases, both generator currents are
well controlled and therefore electromagnetic torque ripple is negligible. However
both systems are costly and require bi-directional, controlled rectifiers.
For small-scale WECSs, a diode bridge rectifier is normally used. Such a WECS
scheme consists of a PMSG, a diode bridge rectifier, a boost converter, and a grid-
side inverter [4-6], as shown in figure 4.1. The diode bridge rectifier is employed

rather than a controlled rectifier because of its low cost and high reliability. Its main
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drawback is that the generator stator current is not typically controlled. High stator
harmonic currents result which lead to significant electromagnetic torque ripple.
However, since the configuration is usually used in small-scale wind power systems
with kW-scale power ratings, ripple is acceptable, considering its lower cost. System
torque ripple reduction can make it more reliable and also applicable to higher power
levels. Torque ripple is reduced if the PMSG phase number is increased [7]. A five-
phase permanent magnet synchronous generator connected to a diode bridge rectifier
has been proposed for WECS applications [7]. Because of the increased pulse
number, such a system has lower torque ripple than a conventional three-phase
system, when using a diode full-bridge as a rectifier. But using a specially designed
generator decreases its attractions. A literature review shows that torque ripple
reduction methods for WECS with a diode rectifier have not been adequately

investigated.

DC-side

Current
== 45 7| 49]}5 [T 3 =()
‘ Siode DC-side 5 DC-link
00st L
Rectifier Voltage Converter Voltage Grid-side

Inverter

Figure 4.1 A small-scale WECS using a diode rectifier and boost converter,
with a grid-side inverter.

4.2 Torque ripple

Torque ripple is investigated assuming the system operates in steady state and at the
maximum power point (MPP). Therefore the rotational speed is assumed constant
during the analysis and simulation. Since a diode rectifier is used, the boost converter
not only steps up the DC-side voltage for grid connection but also controls the wind
turbine to track its MPP. Basically there are three different control strategies for
maximum power point tracking (MPPT), namely tip speed ratio control, power signal
feedback control, and hill-climbing searching control [8]. Details of MPPT strategies
are introduced in Chapter 5, where in summary, no matter what control strategy is
used, there are three ways to control the boost converter, viz., controlling the DC-
side voltage[4, 9], the DC-side current [5, 10] or direct control of the converter duty-

cycle ratio [11], as shown in figure 4.2.
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Figure 4.2 Boost converter control: (a) controlling the DC-side voltage for MPPT
using a P1 controller, (b) controlling the DC-side current for MPPT using a Pl
controller, and (c) directly controlling the boost converter duty-cycle ratio.

Simulations are performed using Matlab/Simulink, based on the system topology
shown in figure 4.1 and system parameters summarized in Table 4.1. A PMSG
model is used and the grid-side inverter is modelled as a DC voltage source. The DC-
side voltage, vqc, is controlled at 600V which is at the MPP, using the controller in
figure 4.2a. Simulation results in figure 4.3b show that there is severe electro-
magnetic torque ripple, oscillating between 200Nm and 520Nm. The peak-to-peak
magnitude is 320Nm with a frequency the same as the DC-side current oscillation, as
shown in figure 4.3a. Such torque oscillations cause significant wind turbine stresses.
Moreover, with the small inertia associated with low power turbines, the torque
ripple can lead to rotor speed oscillations. When applying the boost converter control
method shown in figure 4.2 parts b and c, the simulation results show that the torque
ripple is of a similar amplitude.

Table 4.1 WECS simulation parameters.

Items Specification
Rated power 7.5 kw
Stator resistance 14 Q
Stator inductance (Lg, Lq) 7.82,7.82 | mH
Flux induced by magnets 3.18 Wb
Pole pairs 6
Boost inductance 10 mH
Boost switching frequency 20 kHz
DC-side capacitance 3000 uF
DC-link voltage 1000 \Y
Generator speed 20.4 rad/s
Optimum DC-side voltage 600 \Y
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Figure 4.3 Simulation results of a conventional system: (a) DC-side current and (b)
electromagnetic torque ripple.

4.3 DC-side current control method
A DC-side current control method is used to investigate the interaction between the

DC-side current ripple and the torque ripple.

4.3.1 Torque ripple analysis

The circuit model of the topology in figure 4.1 is shown in figure 4.4. The PMSG is
modelled as three AC voltage sources with stator resistance Rs and reactance Xs. The
grid-side inverter is modelled as a fixed DC voltage source, E4. The control function
of the grid side inverter is to keep the DC-link voltage constant and transfer power
from the generator to the grid. The value of Eq is a function of DC-link voltage and
boost converter duty-cycle ratio. High-frequency stator harmonic current caused by
the boost converter switching is not considered here as its amplitude is much smaller
than the low-frequency harmonics, therefore the boost converter switch and diode are
not modelled. Assuming the system is in steady state and the boost converter duty-
cycle ratio is fixed, then the boost converter is modelled merely as a step-up DC
‘transformer’. X, is the boost converter inductor (reactance) and Xc is the DC-side

capacitor (reactance).
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Figure 4.4 WECS circuit model.

The DC-side current igc can be expressed as

lge = Ig + lgr (4.2)
where lg is the DC component and ig, is the AC component, of igc.
The AC side current in phase a, i,, also has two components
(4.3)

lg = loq + Al,
where iq4 IS produced by the smoothed DC current being equal to the DC
component lg, and Ai, is induced in the AC side by the AC component ig,
injected into the rectifier circuit [12].
Based on field-oriented control theory, using a dq0 transformation
L2 . - 2 . 2
g =—3 (la sin @ + i}, sin (9 . n) +i.sin (9 +3 n)) (4.4)
3 .
Te = SpPiq (4.5)
where i,, ip, ic are the three phase stator currents, iq is the stator g axis current, p
is the number of pole pairs, @ is generator flux, and T, is electromagnetic

torque.
According to equations (4.3) to (4.5), electromagnetic torque T, can also be resolved

into two parts

Te == Td + Tdr (46)

Ty =—p® (ioa sin @ + i, sin (9 - %n) + i, Sin (0 + gn))

Tar = —p® (Bigsin 6 + Aiysin (0 —2) + Aicsin (0 +27))  (4.8)

4.7)
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where Tgq is produced by iga, iop, loc @Nd Tg, is induced by Aiy, Aiy, Aic. If Ay, Aiy, and
Ai; can be suppressed, then part of the torque, Tqr, can be reduced to zero. In other
words, with a ripple-free DC-side current, the torque ripple is reduced.

The expression for Aig is [12]

Aig = 2120:1,5,7... (Z%:e,lz,w...m (AAy, cosnb + AB, sin n@)) (4.9)
wheren=61+1(1=0,1,2,...,n>0),m=6k(k=1,2,3,...), and Zy, Zom are the
m™ DC and AC side impedances viewed from the terminals a and b in figure 4.4,
respectively. 4A, and 4B, are functions of diode conduction angle and overlap angle
as well as other system parameters. They are constant once the system parameters are
determined and only vary slightly if Z,, and Z,,, are changed. Detailed derivation of
these expressions is not important to the overall results [12].

Equation (4.9) can be rearranged as

. o AA AB .
Aig = Yn-157.. ((2%=6,12,18...m) cosné + (2?}2=6,12,18...m) sin n9>(4.10)

From equations (4.8), (4.10) and the fact that Aip, Ai; have a 27/3, 473 phase shift

relative to Ai,, torque ripple Tqr can be expressed as

Tar = — %pd) Yne157.(Ansin(é —nb) + B, cos(6 — nb)) (4.11)
) Adn

Ap = Zm=6,12,18...m (4.12)
© ABn

By = Ym=61218..7; 17— (4.13)

Hence, according to equations (4.11) to (4.13), torque ripple Ty, is suppressed when
the system impedance Zn+Zony increases. It is also apparent that with an increase of
Zm+Zom the DC-side current ig is smoother with harmonic currents suppressed.

Zm and Z,m can be expressed as [12]

3 .
Zom = (2 = 22) (R + jmX,) (4.14)
. XcX

where u is the overlap angle (rad).

The system impedance is

XX,

X
mXL=on

Zom+ Zm = (2= 2) (R, + jmX;) —j (4.16)
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4.3.2 System topology
According to equations (4.11) to (4.13), if the circuit is designed so that it has a large
impedance, the torque ripple should be decreased. Zon is the m™ AC side impedance
which is a function of the generator parameters, therefore cannot be altered for a
given design. However, Z, is the m™ DC-side impedance and is the parallel
connection of the boost converter inductor and the DC-side capacitor. Zy, therefore,
can be designed to make the system impedance as large as possible in order to reduce
electromagnetic torque ripple.
From equation (4.15), if X_ and Xc are designed so that mX; — X./m = 0, the m™"
system impedance component is infinite. Therefore the m™ torque ripple component
is minimized. In the system, the major DC-side harmonic current is the 6" order
harmonic. If it is minimized, torque ripple can be significantly reduced. However, the
generator rotational speed varies to track the MPP, resulting in a variable current
frequency. This means that the required DC-side capacitance is a function of wind
speed, which makes it an impractical torque ripple reduction method.
Additionally, according to equation (4.16), the system would resonate if Zyn+Zy, =0,
resulting in a large torque ripple. Such a situation must be avoided by careful choice
of inductance and capacitance over the machine speed range.
Equation (4.16) also shows that, with an increase of capacitance, Z,, tends to zero and
Zm+Zom increases, approaching (2-3u/(27))(Rs+jmXa,). But the torque ripple reduction
is not significant with capacitance increase because the system impedance has a
maximum value of (2-3u/(27))(Rs+jmX,).
If the capacitor is removed, the system impedance becomes

Zom + Zm = (2 = 22) (Ry + jmX,) + jmX, (4.17)
The impedance increases when the DC capacitor is removed. Although, u, the
overlap angle also affects impedance, its influence is minor. Usually the boost
converter inductance magnitude is similar to the generator stator inductance.
Therefore system impedance is almost doubled without a capacitor, thereby
significantly reducing the torque ripple amplitude.
By considering the other system side, it is more intuitive in understanding how the
system impedance increases by removing the capacitor. The circuit model in figure

4.4 can be further simplified as shown in figure 4.5, where e is equivalent AC side
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voltage and Z is the equivalent AC side impedance. As viewed from e, the boost
converter inductor is short circuited (in the AC sense) by the capacitor. Therefore,

once the capacitor is removed, the system impedance increases significantly.

X
M_

e ® — Xc Ed @)

Figure 4.5 Simplified circuit model.

4.3.3 Control strategy

According to the presented analysis, DC-side capacitor removal is proposed in order
to increase the circuit impedance. As a result, the iy in equation (4.2) and 4i, in
equation (4.3) are minimized, leading to a smaller torque ripple, Tg;.

igr and Ai, can be further minimized by current control. As mentioned, to track the
MPP, some control strategies produce an optimum DC-side current reference, as
shown in figure 4.2b. If the optimum DC-side current, iq, is controlled to be ripple
free, igr and Ai, are minimized, whence according to equation (4.8), Tqr is minimized.
However, the simulations in section 4.2 showed that a large torque ripple remains
even when controlling the boost converter inductor current at its optimum value. This
is because the connected DC-side capacitor decouples the boost converter current
from the generator phase current. Therefore it is important to remove the DC-side
capacitor when controlling the DC-side current in order to reduce torque ripple.

The topology and its control system are shown in figure 4.6. The control strategy
uses a look-up table to obtain an optimum DC-side current reference according to the
measured DC-side voltage. However, determination of the optimum current value is

not considered in this chapter.
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Figure 4.6 The proposed system and control elements.

4.3.4 Simulation experiments

In order to assess the effectiveness of a circuit impedance increase on
electromagnetic torque ripple, the test system in figure 4.1 is simulated with and
without a DC-side capacitor. Again the system is assumed in steady state and the
DC-side voltage is controlled at an optimum value. The system with a DC-side
capacitor is controlled as shown in figure 4.2a using a P controller.

But for the system without a DC-side capacitor, the same PI controller is not suitable
since the DC-side voltage is now switching. The DC link voltage is maintained
constant by a voltage source inverter, while the controller with a relatively stable
boost duty-cycle ratio as shown in figure 4.2c is used to control the DC side voltage
at an optimum value. The simulation parameters are summarized in Table 4.1 and the
simulation results showing DC-side voltage, DC-side current, and electromagnetic
torque ripple are presented in figure 4.7.

The DC-side voltage is switched at the boost converter switching frequency, in the
system without a DC-side capacitor. Hence in figure 4.7a, the DC-side voltage is
low-pass filtered for observation purposes. Using the control scheme shown in figure
4.2c, the duty-cycle ratio is stable and there is a relatively larger voltage ripple
compared with the system using a PI controller. However, in figure 4.7 parts b and ¢
the ripple in the DC-side current and electromagnetic torque are reduced effectively,
from 320Nm peak-to-peak with a DC-side capacitor to 200Nm peak-to-peak without
the capacitor. This demonstrates the effectiveness of removing the DC-side capacitor

in reducing electromagnetic torque ripple.
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Figure 4.7 Simulation results with and without DC-side capacitor: (a) filtered DC-
side voltage, (b) DC-side, (c) torque ripple, and (d) zoomed torque ripple.

A disadvantage of not using the capacitor is that the harmonic current at the
switching frequency on the DC-side is now injected into the generator phases,
leading to high frequency torque ripple as shown in figure 4.7d. However, its
amplitude is much smaller than the low frequency torque ripple shown in figure 4.7c.
Hence removing the capacitor results in an overall improvement in the torque ripple.

The torque ripple can be further reduced by controlling the DC-side current to be
ripple-free. To demonstrate this, the system in figure 4.6 is simulated with the same
parameters as in Table 4.1 and controlled at an optimum DC-side current. For
comparison, the same system without a DC-side capacitor, using the controller
shown in figure 4.2c, is also simulated. Figure 4.8 shows both results for comparison.
Figure 4.8a shows the filtered DC-side voltage, where the voltage ripple is larger
when the DC-side current is controlled. Figure 4.8b shows the DC-side current is
ripple-free compared to when the DC-side voltage is controlled. The torque ripple is

significantly reduced as shown in figure 4.8c. With DC-side capacitance absent in
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both cases, the torque ripple is reduced from 200Nm peak-to-peak with DC-side
voltage control to 100Nm peak-to-peak with DC-side current control. These results
demonstrate the effectiveness of the combined methods of removing the DC-side
capacitor and controlling the DC-side current (320Nm down to 100Nm).

-
[
(=]

()

[}

§6'0 With current control < s With current control
D - - - _)' 4
o) — —~ P — c X
S 600/ | e \ 3 10/ \/ il V ]
3 ) ) ) S \
P 550! B = 2 5
O Without current (@) Without current
a i control & control

P23 026 0.27 0.28 25 026 0.27 0.28

Time (s) Time (s)
(@) (b)

[=))

<

=]
)

With current bontrol

§ 4001
[¢D)
=}
g
o 200 \
— .
Without current
control
$25 026 0.27 0.28
Time (s)
()

Figure 4.8 Simulation results with and without current control: (a) filtered DC-side
voltage, (b) DC-side currents, and (c) torque ripple.

4.3.5 Practical implementation

An experimental system, shown in Appendix A.1.1, is utilised to verify the presented
analysis and simulations.

An induction motor is controlled by an inverter to drive the generator at a constant
speed of 440rpm during the experiment. This drive simulates a wind turbine
operating in steady state. Such modelling is valid because: first, the WECS has a
fairly large inertia, so the rotational speed changes slowly and second, the torque

ripple frequency is high. Therefore it is valid to assume that the generator speed
remains constant during a short period.
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A torque transducer couples the motor and generator. Its sampling rate is 1000
samples per second, hence the torque ripple caused by switching frequency harmonic
current cannot be detected. However, ripple induced at harmonics of the fundamental
electrical frequency can be measured.

A generator with a 225mH stator inductance is connected to a diode rectifier
followed by a boost converter as shown in figure 4.1. In order to match the generator
stator inductance, the 20kHz boost converter inductance is 40mH, while the DC-side
capacitance is 470uF. The grid-side inverter is replaced by a 285Q load for
simplicity. During the experiments, the RMS DC current is controlled to be 2A. A
Matlab/Simulink simulation with similar parameters, as in Table 4.2, is also
presented for comparison.

Table 4.2 WECS simulation parameters, matching the experiment.

Items Specification
Stator resistance 1.65 Q
Stator inductance (Lg, Lq) 225, 40 mH
Flux induced by magnets 1.4 Whb
Pole pairs 2
Boost inductance 40 mH
Boost switching frequency 20 kHz
Load resistance 285 Q
Generator speed 44.6 rad/s
Output power 300 W
Pl values Kp=10 K\=1

Figure 4.9 shows the experimental DC-side voltage, current, and torque ripple when
the DC-side capacitor is included, and the DC-side voltage is controlled at a given
value, as shown in figure 4.2a. Figure 4.10 shows the experimental results when the
DC-side capacitor is removed and the DC-side voltage is controlled as shown in
figure 4.2c. The DC-side voltage has been low-pass filtered. The DC-side current is
smoother when the capacitor is removed, although with a larger DC-side voltage
ripple. The torque oscillation magnitude decreases from 6.2Nm to 4.3Nm (peak to
peak) when the capacitor is removed. Given that the average torque is approximately
7Nm, such a decrease is significant. Simulation results, with the same parameters as

the practical experimental implementation, support the experiments.
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Figure 4.9 Practical results with DC-side capacitor: (a) DC-side voltage, (b) DC side

current, and (c) torque ripple.
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Figure 4.10 Practical results without DC-side capacitor: (a) DC-side voltage, (b) DC-
side current, and (c) torque ripple.
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Figure 4.11 shows the experimental result when the DC-side current is controlled
using the control strategy shown in figure 4.6. The torque oscillation magnitude is
further reduced from 4.3Nm to 2.8Nm, peak to peak. The DC-side voltage ripple is
larger as current is controlled. Since the experiments are performed with the same
output power and load resistance, all have the same DC-link voltage and current, as
shown in figure 4.12. The large DC-link capacitor assures stable DC-link voltage and
current.

The reduction in torque ripple is significant as established by both simulation and
experimentation. Given this is only a 300W system, the torque ripple is significantly
worse in kW-level systems, as shown in figure 4.3. The proposed method of
removing the DC-side capacitor and controlling the DC-side current improves the

torque ripple performance and yields a low cost, reliable topology applicable for
larger WECSs.

250 » i 3 L .
3200 Simulation < Simulation
[<B) / —
=2 Y™ ) w A S
£ 15()!\% AR ARRA v A=
o >
> / (&)
@ 100 S
i=) ; ; i=]
= Experimentation =1 . .
P perimentatio P Experimentation
O 50 @)
(@) o
%001 002 005 o004 005 %001 o002 003 o004 005
Time (s) Time (s)
(a) (b)
15 ! ! - - !
Simulation

Experimentation

—_
=

Torque (Nm)

0 001 002 003 004 005
Time (S)
(c)
Figure 4.11 Practical results with current control: (a) DC-side voltage, (b) DC-side
current, and (c) torque ripple.
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Figure 4.12 Practical result: (a) DC-link voltage and (b) DC-link current.

4.4 Indirect torque control
The idea of indirect torque control is to minimize torque ripple by controlling
electromagnetic torque. If the instantaneous torque signal is sensed and fed back to

the control system, the boost converter can eliminate the low frequency torque ripple.

4.4.1 Theoretical analysis
The macro relationship between the g axis stator current, i, and DC-side boost
converter current, iqc, IS nonlinear due to the diode bridge rectifier. However, by
using small signal analysis, at any instant, the iy current is a linear function of igc.
Assuming phase a and b are in a conducting state, while phase c is blocking, as
shown in figure 4.13a, based on equation (4.4) iy can be expressed as

g = —%(ia sin 8 + i, sin (0 — 27'[)) (4.18)

where i,=igc and ip=—"Igc.

Equation (4.18) can be simplified to

ig = =2 (iaesin® — igesin (0 = 27)) = = 2sin (6 - D) ige  (4.19)

If phase b and ¢ are commutating as shown in figure 4.13b, iy can be expressed as
iq = —2(lgcsin @ — igep sin (9 - gn) — igec sin (9 + gn)) (4.20)
lagc = lacp T Llace (4-21)
Where O<idcb, idcc< IdC

Substituting equation (4.21) into equation (4.20)

ig=— ?sin (9 — g) ige + ?cos Bigce (4.22)
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During commutation, igc increases from zero to iqc, While iy, decreases to zero.
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Figure 4.13 Diode bridge rectifier current: (a) phase a and b conducting and (b)
phases b and ¢ commutating.

Equations (4.19) and (4.22) show that, within the period shown in figure 4.13, i is a
linear function of igc. In the other periods, iy can be expressed as a function of ig in a
similar way. Since from equation (4.5) the generator electromagnetic torque, Te, is
linearly proportional to ig, it can be concluded that using a conventional feedback
system with a Pl controller, T, can be maintained constant by regulating igc.
Therefore if the instantaneous torque signal can be sensed and fed back to the control
system, the boost converter will be able to eliminate the low frequency torque ripple.

The controller schematic is shown in figure 4.14.

T, Pl . Boost Converter
Controller ™ priving Signal
Te

Figure 4.14 Indirect torque control schematic.

Unlike the current control method in section 4.3 of controlling the DC-side current
constant to reduce torque ripple, the proposed concept is to control torque by using
conventional feedback involving an instantaneous torque signal. The torque
reference shown in figure 4.14 is given by a pre-obtained look-up table for MPPT.

The main limitation in using the concept is in obtaining an accurate instantaneous
torque signal. Torque transducers are expensive and impractical for low power

WECS. A transducer can be avoided by using an estimator.
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4.4.2 Using a torque estimator
A torque estimator based on AC side voltage and current measurements, is used to
demonstrate the proposed concept.

The electromagnetic torque is expressed as

T,==-% (4.23)

where Pg is instantaneous generator power and € is turbine angular velocity.
Due to the wind turbine large inertia, the turbine rotor speed changes slowly,

therefore equation (4.24) is valid for obtaining the rotor speed.

n=2 (4.24)

where f is AC side frequency and p is number of pole pairs.
Alternatively, Pg can be expressed as

P = ige, +ipep +ice, (4.25)
ea =va+ L2+ Rig (4.26)
where
ia, Ip, ¢ AC-side phase currents
€a, €b, E¢ generator back electromotive force
Va, Vb, Ve ac-side phase voltages
L generator stator inductance
R generator stator resistance

By measuring the AC side voltage and current, the instantaneous torque can be
estimated from equations (4.23) to (4.26).

The control block diagram is shown in figure 4.15, where the reference torque is
obtained from a lookup table. The reference torque is a constant assuming a given
wind speed. The PI controller is designed with a bandwidth higher than the low
frequency torque ripple caused by the diode rectifier. If the torque can be accurately
controlled, the torque ripple is significantly suppressed. The DC-side capacitor in
figure 4.1 is removed, as the generator phase currents are indirectly controlled by
regulating the boost inductor current.

The simulation result is shown in figure 4.16 using the same simulation system
parameters as in section 4.3. The peak-to-peak torque ripple is reduced to 50Nm as

shown in figure 4.16b, with the corresponding DC-side current shown in figure 4.16a.
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Compared with the DC current control technique presented in section 4.3, the torque

ripple is further minimized, from 100Nm to 50Nm.

Te* Pl R Boost Converter
Controller Driving Signal
Te

ia ip ic Equations
VaVp Vo | (4.18)-(4.21)

Figure 4.15 The control block diagram for a directly torque control method.
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Figure 4.16 The torque ripple of the torque control method.

4.4.3 Using a machine angle sensor

The proposed torque estimator is aimed for small systems with low cost. Its accuracy
depends on the torque estimator performance. A machine angle sensor can be used to
calculate accurate torque. Based on equation (4.4), iy can be obtained by measuring
the rotor angle and stator current. Then the torque can be calculated based on
equation (4.5). The system control block is shown in figure 4.17, where 0 is the
generator rotor electrical angle. If the obtained torque signal is accurate, the low

frequency torque ripple can be eliminated.

* Pl Boost
Te Controller [~ Converter
Driving Signal
Te

iy ip ic dq iq| Equation
6 —|transformation [ (4.5)

Figure 4.17 The control block diagram when using an iq current observer.
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The simulation results in figure 4.18 show that this technique can virtually eliminate
the torque ripple. The ripple peak-to-peak is further reduced to 20Nm, which is

mainly high frequency ripple caused by the DC side current switching frequency
ripple.
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Figure 4.18 The torque ripple of torque control method.

4.5 Power factor correction (PFC) method

The significant torque ripple is associated with the high total harmonic distortion
(THD) of the generator stator current. When the boost converter in figure 4.1
operates in a continuous conduction mode, only two bridge arms of the diode
rectifier conduct at any time as shown in figure 4.19a, resulting in high THD. An

active power factor correction technique can mitigate the THD and reduce the torque
ripple.

> >
i NV NN i NI NN
a____ | a_____ |
b b
c c
N AN N VAN N
« «
(@) (b)

Figure 4.19 Conduction of diode rectifier: (a) continuous mode and (b) discontinuous
mode.
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The three-phase discontinuous conduction mode (DCM) boost rectifier proposed in
[13, 14] is a suitable topology for WECS. The conventional system configuration is
modified as shown in figure 4.20a. The boost inductor is moved to the generator side.
All three bridge arms of the diode rectifier conduct as shown in figure 4.19b if the
boost converter operates in a DCM. The low frequency harmonic currents caused by
the bridge arms commutating can be eliminated. The capacitor filter in the generator
side filters the switching frequency due to the boost converter switching. The
capacitance is small due to the high switching frequency. The generator side
inductance and capacitance can be determined by the methodology proposed in [14].
The control block diagram is shown in figure 4.20b, where the average DC-side
current is controlled by a PI controller and the DCM control unit ensures converter

DCM operation.

‘ B
‘ il
PMSG Y — 4@
N 1
| |
LYY )
[ w DC link
Lowpass| | L =;1 ~ Boost Diode Boost Grid-side
Filter | | [ | | inductors Rectifier Converter Inverter
(a)
- PI DCM | Boost Converter
de Controller [ control unit— Driving Signal
Average lgc
(b)

Figure 4.20 PFC method: (a) the three-phase DCM boost rectifier and (b) the control
block diagram.

Figure 4.21 parts a and b show the DC-side current. With the inductor moved to the
AC side, it is controlled in a discontinuous mode. Figure 4.21 ¢ shows the AC-side
current before filtering, confirming a discontinuous mode. All three phases conduct
in each switching period, therefore no low frequency components are caused by

commutation between the diodes.
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Figure 4.21 Simulation current: (a) DC-side current, (b) zoomed DC-side current, (c)
AC-side current, and (d) zoomed AC-side current.

The phase-a generator stator current is shown in figure 4.22a; the corresponding
current of the conventional system is also shown for comparison. The conventional
system has a high THD, associated with the serious torque ripple. When the PFC
technique is used, the stator current THD is mitigated, reduced from 39% to 5.53%.

The torque ripple is reduced from 320Nm to 50Nm, as shown in figure 4.22b.
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Figure 4.22 Simulation results of PFC method: (a) generator stator current and (b)
torque ripple.
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4.6 Comparison of the presented methods
The advantages and disadvantages of the proposed methods are discussed in this
section, with the peak-to-peak ripple results summarized in Table 4.3.

Table 4.3 Comparison of the proposed torque ripple reduction methods.

(torque ripple peak to peak value, Nm and pu)
Method
Simulation result Practical result
Conventional system 320 1pu 6.2 1pu
DC-side current control 100 0.31pu 2.8 0.45pu
Indirect torque control 50 0.16pu N/A i
(torque estimator)

Indlrept torque control 20 0.06pu N/A i
(machine angle sensor)
Power factor correction 50 0.16pu N/A -

The control configuration of DC-side current control in section 4.3 is simple to
implement. Current is often controlled to a reference value, given by a lookup table,
to track the maximum power point [4, 5]. However, the performance of this method
depends on the parameters of each individual system. The current control can
minimize torque ripple, Tq4r in equation (4.6), which is caused by the DC-side current
ripple. But its influence on the torque ripple in T4 has not been investigated.
Therefore this method may only be valid in systems where the torque ripple is
mainly caused by T4, Hence it is suitable for systems with highly distorted generator
stator current, whence it is effective in systems with small stator inductance (p.u.
value) or systems using salient pole generators.

Indirect torque control in Section 4.4, offers better performance in terms of torque
ripple. However, the torque estimator used in section 4.4.2 requires precise generator
parameter values and AC measurements. Moreover, system noise may hamper torque
observer performance. This is because equation (4.26), used to estimate
instantaneous torque, contains differential terms which can significantly amplify
noise, thereby decreasing estimator accuracy. Measuring the iy current using a
machine rotor angle sensor can solve this problem, as proposed in section 4.4.3.

Theoretically such a method can eliminate torque ripple. The main disadvantage is
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that a machine angle sensor is required which may increase system cost and
complexity. A software method may be possible to estimate the machine angle, in
which case, this control technique would be effective in terms of torque ripple
reduction performance.

The PFC method in section 4.5 not only reduces the torque ripple, but also minimizes
the stator harmonic currents, compared to the other two methods. This further
improves generator performance. However, more passive components are required in
the AC side and as the boost switch operates in a discontinuous mode, the switch
experiences higher current stresses and power dissipation. Due to these reasons, the
three-phase DCM boost rectifier is not widely used in small scale wind energy

conversion systems.

4.7 Summary

This chapter investigated low frequency torque ripple caused by diode bridge
rectification in WECSs. Torque ripple is a source of mechanical stress on the drive
train, which has a detrimental effect on turbine lifetime. Methods based on circuit
topology and control strategy were proposed to reduce the torque ripple. Each
method was theoretically analysed and its performance verified by simulation. The
DC-side current control method was implemented on a laboratory test rig to verify
the simulation results. Then the advantages and disadvantages of the methods were
compared and discussed. The indirect torque control methods have the best
performance in terms of torque ripple reduction while the PFC method also

effectively reduces generator stator current THD.
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Chapter 5

Maximum Power Point Tracking Design

A detailed review is presented of the basic maximum power point tracking
techniques for wind energy conversion systems. A relationship between DC side
voltage and current is analysed and established to be suitable for maximum power
point tracking. Based on this relationship, a new tracking technique is proposed as a
variant of the conventional perturb and observe (P&O) method, which shows a faster
tracking speed and better performance than the conventional P&O method. The
proposed technique is further modified to eliminate oscillations produced by the
perturb process. Both simulations and experimentation confirm the theoretical
analysis.
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5.1 Background

Compared with fixed rotor speed systems, the variable rotor speed system has a
higher power production, less mechanical stress on the drive train, and less power
fluctuation injected into the grid [1]. The variable rotor speed system regulates the

rotor speed to track the maximum power point (MPP). A typical C, curve is shown in

figure 5.1.
0.6
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Figure 5.1 A typical power coefficient curve.

Basically there are three types of MPPT algorithms [2, 3], namely, tip speed ratio
(TSR) control, perturb and observe (P&O) control (which is also known as hill-
climbing searching (HCS) control), and optimum relationship based (ORB) control
[4-33].

5.1.1 Tip speed ratio (TSR) control

TSR control directly regulates the turbine speed to keep the TSR at an optimal value
by measuring the wind speed and the turbine speed [4-8]. In [5], a fuzzy logic
controller is used instead of a regular PID controller to control the optimum rotor
speed. No detailed mathematical model or linearization around the operating point is
needed and it is insensitive to system parameter variation. In [6] the turbine pitch
angle is regulated according to the measured wind speed. Neural network and fuzzy
logic control are employed to improve the performance. Due to the turbine and other
system elements aging, the optimum TSR value may vary. An adaptive strategy is

shown to improve the performance [7] and its stability is discussed in [8]. In
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summary, TSR control has good performance with a fast response and high
efficiency. However, an accurate anemometer is expensive and adds extra cost to the
system, especially for small scale WECSs. Moreover, it presents a number of
implementation difficulties. For example, the wind velocity close to the turbine is
different from the free stream velocity [9], and due to gusts and turbulence, extra
processing of the wind speed measurement must be incorporated. Furthermore, the
optimum TSR is dependent on the system characteristics and should be obtained in

advance.

5.1.2 Perturb and observe (P&O) control

P&O control adjusts the turbine speed towards the MPP, according to the result of
comparison between successive wind turbine generator output power measurements
[10-14]. It is particularly suitable for small scale WECSs, as an anemometer is not
required and system knowledge is not needed. Therefore the system has high
reliability, low complexity and cost. The authors in [10] discussed the critical control
parameters in P&O control. Fuzzy logic control is used in [11, 12] for efficiency
optimization and performance enhancement. It provides fast convergence, and
accepts noisy and inaccurate signals. In [13], the duty cycle ratio of a DC/DC
converter is directly adjusted, and the adjustments are implemented through a
relationship found between output power change and duty cycle ratio. However,
P&O control suffers from some drawbacks. The response to wind speed change is
extremely slow, especially for large inertia wind turbines [15, 16]. The rapidly
fluctuating character of the wind supply makes the situation worse.

Methods to address the problems are mainly associated with MPPT in photovoltaic
systems [17, 18]. Due to the large inertia of a wind turbine system, leading to a long
settling time, the photovoltaic system methods cannot be readily extended to a wind
energy conversion system. The authors of [14] proposed a novel P&0O method to
solve the problems, using previous obtained maximum power point information as an
indicator. However, the technique depends on a wind change detecting scheme.
These drawbacks can significantly lower MPPT efficiency and can cause system
oscillations. Therefore most P&O controllers are implemented only in small scale
WECSs.
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5.1.3 Optimum relationship based (ORB) control

ORB control assures MPPT with knowledge of optimum relationships between
system parameters [19-29]. Wind speed measurement is not required and the
response to wind speed change is fast. It is a mature technique for applications of
different power ratings. The power versus rotor speed relationship is used in [19-24,
30]. These control strategies are also known as power signal feedback control [2].
Other optimum relationships other than those that use a power signal have also been
proposed. In [24, 26-29], the relationship between electrical torque and rotor speed is
employed to track MPP. For systems using a diode rectifier, power versus rectified
DC voltage [25] and DC voltage versus DC current [31] are both suitable
relationships for MPPT. No mechanical sensors are required; only voltage and
current sensors are needed. Both methods are based on a look-up table, derived from
field tests. In [24], a DC voltage versus DC current relationship is used for MPPT.
The advantage is that, instead of a complete look-up table, an equation is obtained to
calculate the reference current for MPPT. The equation can be expressed as a
function of the DC voltage, and two coefficients in the equation must be obtained
first. Individual tests are still required, and two data sets are needed to calculate the
equation coefficients. The authors of [32] further simplify this equation; there is only
one unknown coefficient in the equation. However, the possible power coefficient
decrease is not investigated and practical implementation results are not provided
when applying the simplified equation for MPPT.

Although ORB control is widely used in WECSs, the main drawback is that system
pre-knowledge is required, which varies from one system to another. The knowledge
is obtained via simulation and laboratory tests, and updated by field tests. Moreover,
parameter shift caused by the system aging may affect MPPT efficiency.
Additionally, ORB control may consume a lot of memory space [33].

5.2 Wind turbine principles
The mechanical power derived from the wind is

Py = 5pCrAvS, (5.1)
where
Pw captured power, W
p air density, kg/m®

85



CHAPTER 5: Maximum Power Point Tracking Design

Cp power coefficient
A wind turbine swept area, m?
Viy wind speed, m/s

Cp is a nonlinear function of tip speed ratio and turbine pitch angle, expressed as [34]

—Cs

Cph =04 (;—ZL —c3f — c4) e +cgl (5.2)
Aii = A+oj.L08ﬁ N ;gii (5.3)
where
A tip speed ratio
r turbine radius, m
Q turbine angular velocity, rad/s
i blade pitch angle, rad

The coefficients ¢y to cg are: ¢, = 0.5176, ¢, = 116, c3 = 0.4, ¢, =5, ¢s = 21 and ¢cg =

0.0068 [34]. The Cp curve is shown in figure 5.1. The tip speed ratio, 4, is defined as
1= (5.4)

Uw
Assuming a fixed pitch angle wind turbine, at a specific wind speed v, the
parameters, p, A, r, and f, are constants. From figure 5.1, there is an optimum 1 at
which the power coefficient Cp is maximum. Cp.max and Aqp are fixed values for a
given wind turbine design. From equations (5.1) and (5.4), at different wind speeds
Poax = k' 055 (5.5)
where Pnax IS the maximum output power at different wind speeds,
Qopt 1S the optimum rotor speed, and
k' is a constant.
Additionally
Brax = QoptTopt (5.6)
where Top is the optimum torque value.
From equations (5.5) and (5.6)
Tope = K' 02y, (5.7)
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If the control unit controls the system based on equation (5.7), maximum power point
tracking can be achieved at different wind speeds. This © versus T, relationship can
be used for MPPT [29, 35, 36].

5.3 DC voltage and current profile for MPPT
For a PMSG with a constant flux, the RMS of the phase back electromotive force, E,

is a linear function of the generator rotational speed

E= %[)pd) (5.8)
where
p number of pole pairs
D generator flux, Wb
Q generator rotational speed, rad/s

An approximation of the rectified DC voltage can be obtained using standard

equations for a three-phase full-bridge diode rectifier with line inductance [37]

Vae = 20 — 2 0pLly, (5.9)
where
Ve average rectified voltage, V
lac average DC side current, A
Ls generator phase inductance, H

From equations (5.8) and (5.9), an approximate relationship can be derived
If the DC side current is controlled to be ripple free DC current, then the generator

side phase-a current can be expressed as [38]

lg = Xk=157,..(Aok cos kB + By sin k) (5.11)
where
_ Blg(-DY?! (2sinku 1 —2sinku | sin(k+1)u , sin(k—1)u
AOk - i { k + 1-cosu x [ k k+1 + k-1 ]} (5'12)
_ V3I4.(-1)! (2 cosku 1 2(1—cosku) . 1-cos(+1)u _ 1-cos(k—1)u
Bow = 71' { k T 1-cosu X [ k k+1 k-1 ]} (5.13)
2X,1
u = cos~ ! (1 - ﬂ)
V6E
k=6l+1(1=012-,k>0)
where
u overlap angle
Xa phase impedance
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lgc DC side current

Since the AC circuit is assumed balanced, phase b and c currents are known as they
have a 27/3, 4z/3 phase shift relative to phase a current, respectively. Then, based on
field-oriented control theory, using a dq0 transformation

iq = =2 (iasin® + iy sin (6 —27) + e sin (6 +27) ) (5.14)
Substituting equation (5.11) into (5.14)

ig = = Xke1s,7,..(Aok sin(0 — k6) + By cos(6 — k6)) (5.15)

From (5.15), the average iq can be expressed as

_ 1 c2m.
=5 Jy " iqd6 = =By, (5.16)
where
By, = Y3lac (2 +2cosu — <052 ) (5.17)
01— 4 2(1-cosu) )

The average electromagnetic torque can be written as

T, = 2poi, (5.18)
From equations (5.16) to (5.18)
lgje < T, (5.19)
Based on equations (5.7), (5.10), and (5.19), for a given design, at the maximum
power point, there is an approximate relationship
Lac—opt = kViz_opt (5.20)
where lgc.opt and Veopt are the optimum DC-side current and voltage when the

system is at the maximum power point, and K is a constant.

The lq. Vversus Vgc? characteristics at different wind speeds, Vii, Vuz, and Vug, are
shown in figure 5.2a. The dotted nonlinear line is the actual optimum relationship
between Iy and Vdc2 of a given design, for MPPT. The intersections, (Vdclz, lgca),
(Vdczz, lac2), and (Vdcgz, lac3), are the optimum operating points at wind speeds Vi, Vwz,
and vy3, respectively. The output power of these operating points, which are the
maximum output power, P, Py, and P3, are shown in figure 5.2b. The three solid
lines shown in figure 5.2a, which are equation (5.20) with different k values,
approximate the nonlinear relationship of 4. versus Vdcz. The k values are expressed

as
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1

ki = _dzc1
Vﬁcl

_ ldgco

k, = =7 (5.21)
dc2
ldcs

k., =

3 2

Vﬁc3

Correspondingly, the power versus Vq. curves when applying the linear lines for
MPPT are also given in figure 5.2b. They show that the power curves, when applying
equation (5.20) for MPPT, are close to the actual maximum power curve at different
wind speeds. Since the power difference is small, it can be concluded that equation
(5.20) is valid for MPPT. This is because the turbine design ensures that the C, curve
is flat-topped as shown in figure 5.1. Thus there is a relatively large margin for error

in MPPT accuracy, where the system power transfer efficiency is not affected

significantly [10].
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Figure 5.2 WECS electrical characteristics for different wind speeds: (a) curves of I4
versus Vg and linear equations and (b) power versus DC voltage curves.
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5.4 Power coefficient analysis

It will be established in this section that when the wind speed changes, the power
coefficient decrease is small when using a k obtained at one specific wind speed.
That is, for different wind speeds, the difference between optimum k values is small.
Therefore system power transfer efficiency will not be compromised when using
equation (5.20) for MPPT.

5.4.1 Theoretical analysis
The analysis is based on the configuration shown in figure 5.3. First, k can be

different values and it is assumed that k is obtained at a given wind speed, v;.

ko = tdevi (5.22)

Vi
lgcv1 and Vg1 are the optimum DC current and voltage for MPPT when the wind
speed is vi. The corresponding optimum rotor speed is ;. When the wind speed
changes to v,, from equation (5.4), the optimum rotor speed is 2',.

0y =20 (5.23)

When the system is controlled based on equation (5.20) for MPPT, the rotor speed is

Q5. As Q,#8,, the error, AQ, causes a possible power coefficient decrease in the

system at wind speed V.

At wind speed v, the mechanical torque, T, and rotor speed, Q, can be expressed as
P =0T, (5.24)

Substituting equations (5.1) to (5.4) into (5.24)

T, = pavs {cl [cz (:—; - 0.035) - c4,] ¢~cs(75-0035) 4 Ce %} (5.25)

20
Equation (5.25), Tn=f(£2), represents the turbine mechanical characteristic at a
specific wind speed.

The electromagnetic torque can be expressed as

3 .
T, = Ep(blq (5.26)
Substituting equation (5.16) into (5.26)
— 3\/§Idc 2Xalgc
n_=~37p¢@—ﬁﬁg) (5.27)

From equations (5.9) and (5.20), the rotor speed £ and DC-side current has the
following relationship when using equation (5.20) for MPPT

w2 V3o _ \/ 4 V3n2e (5 28)

lye =———=+—
dc 18kN2p212 L 324k204%p*L*  9kN2p2L3
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Substituting equation (5.28) into (5.27), equation T.=f(Q) is obtained.
When the system is at steady state, the sum of the mechanical and electromagnetic
torque is zero.

Tn+T, =0 (5.29)
The rotor speed £, when applying equation (5.20) for MPPT, can be calculated
based on equations (5.25) to (5.29). According to equation (5.23), 2',, can be

obtained. Then the power coefficient decrease can be assessed from equation (5.2).

% e 2
It

Diode Boost Voltage Source
Rectifier Converter Inverter

Figure 5.3 A wind energy conversion system.

5.4.2 Analysis result

The wind energy conversion system shown in figure 5.3, with parameters
summarized in Table 5.1, is used to evaluate the effectiveness of equation (5.20) for
MPPT. k is obtained when the wind speed is 8 m/s, where the power coefficient is
optimum, and at other wind speeds, it decreases.

In order to analyse the power coefficient decrease, the rotor speed, when applying
equation (5.20) for MPPT, is calculated based on equations (5.25) to (5.29). The
simulation results using MATLAB/Simulink for the same system are also given to
validate the theoretical analysis. Both sets of results (and the actual optimum rotor
speed) are given in Table 5.2, where the theoretical analysis is in good agreement
with the simulation results, thus validating the theoretical analysis. It can be
concluded from Table 5.2 that when applying equation (5.20) for MPPT, there is a
difference between the actual rotor speed and the optimum rotor speed. This
difference, AQ, leads to the power coefficient decrease and the results plotted in

figure 5.4 clarify this result.
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Table 5.1 System Parameters.

Air density 1.2 kg/m®

Turbine radius 4.64 M

Blade pitch angel 0 °

k in equation (5.20) 4.1e-5

Generator pole pairs 12

Generator stator inductance 13.47 mH

Generator flux 2.39 Whb

Wind speed range 5-11 m/s

System power rating 15 kW

Turbine inertia 20 kgm®
Generator power rating 10 kW

Table 5.2 Calculation and simulation results comparison.

Turbine rotor speed (rad/s)

Wind speed (m/s)

Optimum rotor Difference
. Theoretical Simulation results speed, Q
Wind . between the
calculation of of rotor speed, Q (rad/s)
speed . actual and
rotor speed, Q (rad/s) (Using the actual )
(m/s) . . optimum rotor
(rad/s) (using equ.(5.20)) nonlinear
. . speeds
relationship)
5 8.39 8.38 8.68 3.4%
6 10.16 10.16 10.41 2.4%
7 11.99 11.99 12.15 1.3%
8 13.88 13.88 13.88 0
9 15.84 15.85 15.62 -1.5%
10 17.89 17.89 17.35 -3.1%
11 20.02 20.02 19.09 -4.9%
25

Figure 5.4 Dotted Line: optimum rotor speed at different wind speeds. Solid Line:
actual rotor speed obtained by calculation. Crosses: actual rotor speed obtained by
simulation.
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Substituting the results in Table 5.2 into equation (5.2), the power coefficient
decrease due to the AQ can be calculated. The results plotted in figure 5.5 show that
for the given wind energy conversion system, the maximum coefficient decrease is
0.71%, which is small. This substantiates the effectiveness of equation (5.20) for
MPPT and also indirectly establishes that the k variation is small for different wind
speeds.

Table 5.2 shows that there is a 5% maximum difference between the optimum rotor
speed and the actual rotor speed when applying equation (5.20) for MPPT. But as
shown in figure 5.5, the actual power coefficient difference is smaller. Therefore the

validity of equation (5.20) is mainly based on the wind turbine design.

0.482 : :

0481_ .......... .................................... [P _

0.48F

0.479+

0. 4TE o e L

0.477r

0'4765 6 7 8 9 10 11

Wind speed (m/s)
Figure 5.5 Power coefficient at different wind speeds.

5.4.3 Different wind turbine models
Several C, equations have been proposed [39-41] for wind turbine models, which are

Cp = (1.121 — 2.8)e 70384 (5.30)
12.5
116 -
C, = 0.22 (Ti —04f—5)e A (5.31)
_ _ . m(A-2) . .
Cp = (0.44 — 0.0167p) sin =~ — 0.00184(A — 2)8 (5.32)

The same theoretical analysis is used to analyze these equations, to test the validity
of equation (5.20) for MPPT. The results show that the C, decrease is small. In the

analysis, k in equation (5.20) is obtained when the wind speed is 8m/s, therefore
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when the wind speed changes, C, decreases. The results for a wind speed variation
range of 5m/s to 11m/s are shown in figure 5.6. The maximum possible C, drop is
summarized in Table 5.3, showing that with different C, equations, equation (5.20)
remain valid for MPPT.

Table 5.3 Theoretical analysis of Cp drop with different equations.

C, equation Maximum C, drop
Equation (5.2) 0.71%
Equation (5.30) 0.86%
Equation (5.31) 0.62%
Equation (5.32) 0.30%
0.421 : : . . ‘ 0.439
0.438
0.419} o
N @)
@) o 0.437: 0.62%
0417 ]
Power coefficient drop \ 0436 Power coefficient drop
M™% 7 % 9 10 u "¢ 7 s 9 10 1
Wind speed (m/s) Wind speed (m/s)
(a) (b)
0.4405
0.44 l
Q1395 -
.30%
0437 Power coefficient drop \
04385, P—

78 9 1
Wind speed (m/s)
(c)

Figure 5.6 Power coefficient drop: (a) equation (5.30), (b) equation (5.31), and (c)
equation (5.32).

55 Proposed P&O technique

The linear relationship between VdC2 and lgc was validated for MPPT in the previous
sections. Based on this relationship, a new MPPT technique is proposed as a
conventional P&O method variant. It has the advantages of the conventional P&O
method plus a faster tracking speed and better performance. Its validity and

performance will be confirmed by simulation and experimentation.
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5.5.1 Basic concept
If k in equation (5.20) is known, then by sensing the DC-side voltage, the DC-side
current reference can be obtained for MPPT. This is similar to MPPT control
techniques based on a look-up table or an optimum relationship. It has a fast tracking
speed and good response. However, k in equation (5.20) varies from one system to
another. Simulation and field tests are required to obtain precise k values for a
particular system. Moreover, the value of k may change due to possible turbine or
generator parameter shift.
The P&O method is an effective MPPT technique to solve the presented problems.
Pre-knowledge of a system is not required and turbine or generator parameter shift
does not affect tracking. Conventional P&O methods use rotor speed, DC-side
voltage or boost converter duty cycle ratio as the control parameter for perturbing.
This leads to a disadvantage of P&O control: these parameters vary when the wind
speed changes, therefore it takes time to track the MPP change. Comparison between
successive output power measurements cannot be made until the system is at steady
state. Therefore the response is slow when the turbine has a large inertia.
The proposed MPPT technique uses k in equation (5.20) as the perturbing control
parameter. Instead of looking for the exact operating points for different wind speeds,
it searches for an optimum relationship for MPPT. It is established that the variation
in k is small for different wind speeds. Therefore an advantage of using k as the
disturbance quantity is that the tracking speed and response is better than with
conventional P&O control.
Equation (5.20) can be written as

Lac—opt = (atan Op)Vi._op; (5.33)
As the values of Vg and lqc are of different magnitude orders, a in equation (5.33) is
used to scale their values. 6y in equation (5.33), and shown in Figure 5.7, is used as
the control parameter for perturbing rather than k in equation (5.20). Figure 5.7
illustrates the concept of the proposed method. When Line A enters the grey area, by
perturbing 6y, MPPT can be achieved. There is an optimum 6y for a specific wind
speed. But the range of 8y for different wind speeds is within the grey area, where
the power coefficient is almost a maximum for different wind speeds. Once Line A

enters the grey area, it always oscillates within this area as the wind speed change
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does not affect the location of the grey area. This is a significant advantage compared

to conventional P&O control.

20
15 LineA: lg=atanfyVec’ |
—_
<
‘: 10+ N
- Vw1
3 Vw2 il
\ Oy  Vws
0 L L L
0 2 4 6 8
5
Vdc2 (VZ) x10

Figure 5.7 Concept of the proposed MPPT control.

5.5.2 Validity of the proposed P&O technique

From figures 5.2b and 5.7, it can be concluded that, for a given wind speed, the
power is always larger when Oy is closer to 6o Which achieves the best performance
from the MPPT. This is the precondition to applying the P&O technique. This is
demonstrated as follows.

Considering Power versus V. depicted in figure 5.2b,

dp
aVac

=0

Vac=Vdc-opt

dp
aVac

<0 (5.34)

Vdc>Vdc—opt

dap
aVac

>0
Vdc<Vdc—opt

From figure 5.7, at a given wind speed, it can be concluded that

aVgc
T <0 (5.35)
Also applying the chain rule
dPp _ dP dVg
doy  dVgc dfy
dP __ dp % dVge
aou BMzeopt Vac Vdcszc—opt aom
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dp dp dVge

ar = 5.36
aom 9M<90pt dVac Vdc>Vdc—opt a6m ( )
d_P _ dpP aVgc
deM 9M>90pt aVac Vdc<Vdc—opt daM
Considering equations (5.34) to (5.36), it holds that
dpP
—_ =0
a0y 9M=90pt
2r >0 (5.37)
a0mlg1,<6,,:
dP ’ <0
dfy

9M>90pt
Thus the function P(6v) has a single extreme point. So P&O control is valid when

searching for maximum power by perturbing 6.

5.5.3 Proposed technique control design

In equation (5.33) a is a predetermined initial value and 6y in equation (5.33) is used
as the control parameter for perturbation. Since a is used to match the values of Ve
and lg, an assignment method is to use the ratio of rated values of Vg” and Iy of a
given WECS as the value of a, viz.

a= ldc—rated (538)

- Vt%c—rated
The assignment of a is not critical to MPPT performance. Equation (5.38) assures

that the slope of the grey area in figure 5.7 is around 45°.

The proposed MPPT technique control block is shown in figure 5.8. The P&O block
is similar to the conventional P&O method, except that Gy is used as the control
parameter. The algorithm is implemented in the following manner. The DC side
voltage and current are sampled at a particular rate and the DC power incremental
change is computed. If the power incremental change is positive, the sign of 46y
remains the same; otherwise the sign of 46y changes. The proposed P&O control
block flow chart is illustrated in figure 5.9.

The advantages of the proposed technique include those of conventional P&O
control, but it has faster tracking speed and response. Also it is suitable for systems

with larger wind turbine inertiae.
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Figure 5.8 Control block diagram.
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Figure 5.9 Control flow chart.

5.5.4 Simulation experiments
MATLAB/Simulink simulations are used to verify the performance of the proposed
MPPT technique. The system parameters are shown in Table 5.1, except that k is

unknown and equation (5.33) is used instead of equation (5.20).
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The simulation results are shown in figure 5.10. Under a variable wind speed
condition as shown in figure 5.10a, figure 5.10b shows the system takes 25s to
approach optimum 6y, and then 6y oscillates within a certain range. As shown in
figure 5.10c, once C, has achieved a maximum value, MPP tracking speed and
response are fast. Figure 5.10d shows rotor speed. For comparison, the simulation
results for conventional P&O control are shown in figure 5.11. The wind speed data
Is the same for both simulations, as shown in figure 5.10a and figure 5.11a. The
boost converter duty-cycle ratio shown in figure 5.11b is used as the control
parameter for perturbing. Figure 5.11 parts ¢ and d show C, and rotor speed,
respectively. A comparison of C, is shown in figure 5.12. At starting, the proposed
MPPT takes longer, about 25s, to approach maximum C,, while the conventional
P&O control takes about 15s. But once Oy is close to optimum value, figure 5.12
shows that the tracking speed and response of the proposed MPPT technique is better
than the conventional P&O method.

The tracking speed and response of conventional P&O is significantly affected by
turbine inertia. Because the power comparison cannot be made until the system is
stable, it is only suitable for small power rating systems with low inertia. However,
turbine inertia does not significantly affect the proposed MPPT technique. As
established in the theoretical analysis, the variation in k is small for different wind
speeds. The k obtained at a specific wind speed is valid for a full range of wind
speeds, resulting in a small C, decrease. Therefore the proposed MPPT technique is

also suitable for larger power rating systems.
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Figure 5.10 Simulation results of the proposed MPPT technique: (a) wind speed, (b)
Ow value, (c) Cp, and (d) rotor speed.
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Figure 5.11 Simulation results of the conventional P&O MPPT technique:
(&) wind speed, (b) boost duty ratio, (c) C,, and (d) rotor speed.

101



CHAPTER 5: Maximum Power Point Tracking Design

0.6

Proposed MPPT techniique

i

0.48

0.4

02 ................

C,, power coefficient

0 10 20 30 40 50 60 70
Time (S)

Figure 5.12 Comparison of C, for both methods.

5.5.5 Practical implementation

A prototype MPPT system, shown in Appendix A.1.2, was developed based on the
proposed MPPT technique. A 2.5 kW induction machine (IM) is controlled by a DSP
to form a wind turbine emulator. The wind data, as well as the experimental results,
are stored in the DSP. The rotor speed is measured and a torque signal is then
calculated, according to the wind turbine characteristics, to control the induction
machine. The boost converter is controlled based on the proposed MPPT technique.
The boost output voltage is maintained constant by a switch, to model a constant DC
link voltage. The practical system parameters are summarized in Table 5.4, where the

initial value of Oy is arbitrary.

Table 5.4 Experimental system parameters

Items Specification
Induction machine power rating 2.5 kw
Driver type Emerson Unidrive
PMSG power rating 2.5 kw
PMSG stator inductance 32 mH
PMSG stator resistance 3 Q
Pole pairs 4
Maximum C, 0.44
a in equation (5.38) 2e-4
Initial Oy 5 °
A6w 2 °
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The practical results are shown in figure 5.13, where part (a) shows the variable wind
speed conditions. In figure 5.13b, 6y gradually approaches the optimum value for
MPPT in about 20s, and C, reaches a maximum as shown in figure 5.13c. After 20s,
although the wind speed fluctuates, 6y oscillates within a small range and the system
has fast tracking speed and response. The rotor speed is shown in figure 5.13d. The
practical results validate the proposed MPPT technique as well as the effectiveness
of equation (5.20) for MPPT.
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Figure 5.13 Experimental results: (a) wind speed, (b) Ou value, (c) Cp, and (d) rotor
speed.
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5.6 A new combined MPPT technique

The proposed P&O technique in section 5.5 is based on equation (5.33). It has been
established in section 5.4 that provided the Line A shown in figure 5.7 is within the
grey area, the power coefficient is near maximum. Therefore to avoid unnecessary
oscillation within the grey area when the wind speed changes, an optimum 6w (Gopt)
in equation (5.33) can be used for different wind speeds. Then the system operates as
if an optimum relationship were used to track the MPP. Performance is similar to
conventional ORB control.

The new combined MPPT technique uses a similar strategy to find an optimum
relationship (that is an optimum 6y) as the previously proposed P&O technique.
After an optimum 6y is determined, the system functions as conventional ORB
control.

The proposed MPPT technique has two control modes, specifically a training mode
and a routine mode. The training mode searches for the optimum relationship, given
by equation (5.33). The routine mode is conventional ORB control based on the
obtained optimum relationship. The control blocks are shown in figure 5.14, where

only DC voltage and current are measured for MPPT.

Vdc Idc Vdc Idc

| | L -

Advanced Om + A0y Optimum y
P&O control ™ relationship —’6 —> p [ Cconverter
duty ratio

(a)
Vdc Idc

Optimum e l Boost
relationship % p| [—> converter

duty raito

(b)

Figure 5.14 Control block diagram: (a) training mode, and (b) routine mode.

In the training mode, as shown in figure 5.15, Line A is the unknown optimum
relationship, and Line B is an arbitrary line initially used.
The strategy applied to find fope (Optimum 6y) in equation (5.33) is similar to the

proposed P&O technique. However, rather than fast response, accuracy is the main
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concern during this stage. Measures are taken to ensure that the 6o found is located
within the grey area.

Once Oq is obtained, which means the optimum relationship of (5.33) is known by
the system, the routine mode starts and the system is controlled by conventional
ORB control.

Due to system elements aging, such as the wind turbine and generator, any optimum
relationship may vary, affecting the wind energy capture efficiency [8]. Online
updating can be implemented by running the training mode again after a long period

of operation.

20 ‘
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Figure 5.15 Curves of Iq4 versus Vg at different wind speeds and the linear equation.

5.6.1 Training mode
For simplicity, in figure 5.15, the area where 6y is less than 8, is labelled Region |
(the bottom right area to Line A), and the other area is labelled Region Il (the top left
area to Line A).
Some important system features can be highlighted to aid in the design of the
advanced P&O controller.
* For a given wind speed, the power is always larger when 8y is closer to Gopt.
* Theoretically, 6w should always move in one direction until it reaches Gy as it
is independent of wind speed. That is, if Gy is in Region I, then it will always
remain in Region | until it reaches Oopt.

* The training process search speed is not important as it only occurs once.
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i. Initialization

When the wind speed is above the cut-in speed, the turbine starts up using a
conventional start-up control method that does not employ an anemometer. Thus
before the proposed MPPT is applied, the turbine already has an initial rotor speed.
In the initialization block in figure 5.16, a in equation (5.33) is determined from
equation (5.38) as illustrated in section 5.5.3.

For the initial Oy value, Oy is increased gradually to reach Gy rather than decreased,
because the power increase is smoother in Region I than in Region Il, as shown in
figure 5.15. Therefore, the initial &y should be a value smaller than 8, to guarantee
being in Region 1. For a mature WECS design, it can be assumed that the rated V.
and Iy are close to the MPP at a certain wind speed. Therefore, if a is determined by
equation (5.38), it can also be assumed that 6, is a value close to 45°. Hence the
initial Ay can be half or one-third of the estimated 6, or even smaller. Of course,
the determination of a and initial &y can also be obtained by simulation. In the
following presentation of the proposed MPPT technique, the initial 6y is assumed to

be a value smaller than 6, and lies in Region I.

ii. Evaluate wind condition

Each time the system starts to change 6y, the wind condition should first be
evaluated. The system will not change Gy unless the wind speed is stable. Thereby
unstable wind effects during the P&O process are minimized. As mentioned, the
training mode only operates once, thus a correct perturbation is more important than
search speed.

A simply stable condition determination method is to continually evaluate the
difference of successive samples of output power, 4Py An index, steady-mark, is
defined as

steady_mark = £Pout (5.39)

out

If the steady-mark is smaller than a threshold, then it can be assumed that the wind

speed is stable and the P&O process can start.

iii. Determining the sign of A6y
With a change of 46\, the corresponding change of power, AP, is measured. If a
previous positive 46y results in an output power increase, then Oy is still in Region I,

hence the next 46y should still be positive, and vice versa. Such basic P&O control
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can assure Gy moves in the right direction with a stable wind speed and gradually
approaches Gqp. However, if there is a sudden wind speed drop immediately after
adjusting Oy, the significant output power decrease may ‘fool’ the P&O process into
making the wrong decision. Such a condition slows down the search for the optimum
relationship. Advanced P&O control is employed to minimize such an influence.

As mentioned, theoretically, if the initial 6y is in Region 1, it should continually
increase until reaching Oy This process is independent of wind speed. Therefore the
signs of previous 46y can help decide the present sign. It is logical to assume that if
most of the previous 46y are positive, which means 6y is in Region I, then it is
probable that it is still in Region | even though the power change indicates that it
may now be in Region II.

To implement this concept, the previous signs of 46y are recorded in an array sign[n]
(n>0), where n is the number of previous 46y. If a previous 46y is in Region I, then
its sign is labelled +1, otherwise it is labelled -1, as shown in (5.40).

. _ (+1 (InRegionI)
sign[n] = {_1 (In Region II)

According to the comparison of successive output powers, the present sign[0] is

n>0 (5.40)

assigned either +1 or -1. Labelling in the same way as (5.40), gives (5.41)

. _ (+1 (In RegionI)
sign[0] = {—1 (In Region II) (5.41)
The sum of the sign [n] (n>0) is
R = ¥n_osignlk] (5.42)

If R>0, more than half of the previous 46y are positive, then it is possible that the
current Oy still lies in Region I, and the next 46y should be positive. Otherwise, if
R<0, 46\ should be negative. Then the array sign[n] is updated as shown in equation
(5.43), for the next time.

sign[n] = sign[n — 1]

. (5.43)

sign[1] = sign[0]
Using such a method, unless Gy lies in Region Il, a sudden wind change does not
affect R, and 6y will continue changing in the correct direction. If 6y lies in Region
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I1, then more and more -1 sign[n] appear and finally R<0. This method can therefore
effectively minimize the influence of wind speed change.

The value of n represents the resistance to the successive wind speed drops. For
example, if n=2, then two successive wind speed drops may cause an incorrect Gy
change of direction, and if n=4, three successive wind speed drops may cause
misjudgement. However, with the increase of n, the system response slows down as
more steps confirm which region 8y actually lies in. Therefore the value of n is a
trade-off between search accuracy and speed. 6y only varies when the wind speed is
stable: successive sudden wind speed drop situations are rare. Thus n can be a small
value, i.e. 4 or 6. It should be noted that n must be an even number, so the sum of the
sign[n](n>0) never equals zero. The combination of the control strategy in sections
5.6.1.ii and 5.6.1.iii make the P&O process robust and accurate in fluctuating wind

conditions.

iv. Determining the amplitude of A6y

The amplitude of 46y is determined as shown in figure 5.16. When 6Oy is around oy,
it starts to oscillate. Therefore, the amplitude of 46y should be reduced gradually,
then the oscillation range will also be reduced, and finally 6y converges to yp. Once
the optimum relationship is obtained, the training mode ends and the routine mode
starts. An array amplitude[m] (m>0) is introduced to control the amplitude of 40y
and is labelled as

+1 (In Region I)

—1 (InRegionl) ™~V (5.44)

amplitude[m] = {

Every time a change of 9y occurs, the array amplitude[m] is updated as follows
amplitude[m] = amplitude[m — 1]

o (5.45)
.
amplitude[1] = amplitude[0]
The amplitude[0]=+1 if the system confirms that 6y still lies in Region I, or
amplitude[0]=-1, if Oy lies in Region II.
The amplitude of 46\ is expressed as

Yhe, amplitude[k]

A8y | = Hf
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Yhe, amplitude[k]
m

0<

<1 (5.46)

where 6 is the fundamental amplitude. Initially, amplitude[k]=+1 (k=0,1,2,...,m) and
Yre, amplitude[k] = m. Therefore |40u|= 6, and 6v approaches 6o With a
relatively large amplitude. Once 6y is larger than 0y, and lies in Region I, the value
of Y=, amplitude[k] begins to decrease, leading to a smaller amplitude. When 6y
oscillates around 6oy, 46\ becomes progressively smaller, with the number of -1
being close to the number of +1. Also the oscillating band is gradually narrowed.
Finally when Y.7-; amplitude[k] is smaller than a threshold, the system confirms
that 6o, has been achieved, and the training mode ends.

The value of m relates to the reducing rate of the 46y amplitude. m should be large
enough, so that the 46y amplitude reduces gradually. The critical control parameters,
a, initial Gy, steady-mark, n, m, and 6 discussed in this section should be obtained
via simulation to achieve optimum performance. A flow chart of the proposed

technique is shown in figure 5.16.

5.6.2 Routine mode and online updating

When the training mode ends, the optimum relationship of equation (5.33) is
obtained. The system starts the routine mode, tracking the MPP using conventional
ORB control.

Moreover, due to system element aging and system parameter changes, the obtained
relationship may no longer be optimum. Online updating can be implemented by

running the training mode again to search for the new optimum relationship.
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Figure 5.16 Proposed technique control flow chart.
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5.6.3 Simulation experiments

MATLAB/Simulink simulations can verify the performance of the proposed MPPT
technique. The WECS is shown in figure 5.3 and the parameters of the PMSG and
wind turbine are summarized in Table 5.5, while the control parameters are
summarized in Table 5.6.

Table 5.5 PMSG and wind turbine parameters in simulation.

Items Specification
Power rating 10 kw
Rated current 11.8 A
Rated voltage 490 \Y/
PMSG stator resistance 0.672 Q
PMSG stator inductance (Lg, L) 13.47, 13.47 mH
PMSG flux 2.39 Wh
Pole pairs 12 12
Turbine inertia 30 kgm?
Turbine type 3-blade horizontal axis turbine
Maximum C,, 0.4
Maximum rotor speed 20 rad/s
Cut-in wind speed 4 m/s

Table 5.6 Control parameters.

Parameters Values
a in equation (5.33) 4e-5
Initial Oy 10 °
n in equation (5.40) 4
m in equation (5.44) 50
6 in equation (5.46) 2 °
A6y Threshold 04 | °

Simulation results are shown in figure 5.17. At time 0, it is assumed that the wind
turbine start-up period is over and it has an initial rotor speed. Before t4, the system is
in the training mode, where figure 5.17 part ¢ and d show that 9y increases gradually
and C, approaches a maximum value with a rapidly fluctuating wind condition, as
show in figure 5.17a. Figure 5.17e shows rotor speed. The training mode takes less

than 50 seconds, and the system starts the routine mode once o settles.
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Figure 5.17 Simulation result of the proposed MPPT technique: (a) wind speed,
(b) output power, (c) power coefficient, (d) angle, 6\, and (e) rotor speed.

112



CHAPTER 5: Maximum Power Point Tracking Design

Between t; and t,, the wind speed is unstable and reduces gradually as shown in
figure 5.17a. In such an unstable wind condition, the controller ensures that the P&O
process does not operate. Figure 5.18 shows the details of the t; to t, period. In figure
5.18a, the wind speed gradually decreases from 11m/s to 10m/s, and the output
power reduces as shown in Figure 5.18b. Figure 5.18d shows that the P&O process
stops and Ay is fixed until the wind stabilizes. The P&O process is not operational,

the power coefficient C, having been achieved, does not decrease, as shown in figure
5.18c.
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Figure 5.18 Detailed simulation results of t;-t, period: (a) wind speed, (b) output
power, (c) power coefficient, (d) angle, 6u, and (e) rotor speed.
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During t to t3 in figure 5.17, there is a sudden wind speed drop immediately after the
Ou adjustment. Figure 5.19d shows that at t;, Ov increases by 46y, but suddenly at t,
the wind speed drops from 10m/s to 9m/s. In figure 5.19b, the output power
decreases thereafter. The control assures that the system is not ‘fooled’ by such a

sudden speed change. As shown in figure 5.19d, once the wind speed stabilises at t.,
O\ increases.
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Figure 5.19 Detailed simulation results of t,-t3 period: (a) wind speed, (b) output
power, (c) power coefficient, (d) angle, O, and (e) rotor speed.
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Between t3 and t4 in figure 5.17, 6y is close to Oy, and it starts to oscillate. The
details are shown in figure 5.20. From t3 to t4, Oy oscillates with gradually reducing
amplitude. Meanwhile, the oscillating band decreases, which is shown in figure
5.20d between 25s and 50s. Although 6y oscillates, the power and C, are relatively
stable as shown in figures 5.20a to 5.20c. This is due to the established conclusion
that within the grey area in figure 5.7 the power coefficient is almost a maximum for
different wind speeds. (This would also be expected because of the flat-topped C,
curve.) The rotor speed is shown in figure 5.20e.
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Figure 5.20 Detailed simulation results of ts-t4 period: (a) wind speed, (b) output
power, (c) power coefficient, (d) angle, O, and (e) rotor speed.
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At t4, O\ finally converges to the optimum value as shown in figure 5.17. The total
time required for the training mode of the 10 kW system is less than 50s which
compares favourably with the overhead incurred using other techniques, while C, is
close to the maximum value in about 15s. This establishes that the proposed training
mode can obtain the optimum relationship (6opt) in & short time. After ta, the training
mode ends, and the routine mode starts. The details are shown in figure 5.21. The

system is controlled by conventional ORB control and shows a fast response and
good performance.
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Figure 5.21 Detailed simulation results of routine mode after t4: (a) wind speed, (b)
output power, (c) power coefficient, (d) angle, O, and (e) rotor speed.
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5.6.4 Practical implementation

The WECS test rig shown in Appendix A.1.2 is used to verify the proposed MPPT
technique. The system parameters are summarized in Table 5.7, and the control
parameters are summarized in Table 5.8.

Table 5.7 Experimental system parameters.

Items Specification
Induction machine power rating 2.5 kw
Driver type Emerson Unidrive
PMSG power rating 2.5 kw
PMSG rated current 7.4 A
PMSG rated voltage 195 \Y/
PMSG stator inductance 32 mH
PMSG stator resistance 3 Q
Pole pairs 4
Maximum C,, 0.43
Maximum rotor speed 40 rad/s

Table 5.8 Practical control parameters.

Parameters Values
a in equation (5.33) 2e-4
Initial Oy 3) °
n in equation (5.40) 4
m in equation (5.44) 50
6 in equation (5.46) 1 °
A6y Threshold 0.2 °

The experimental results are shown in figure 5.22, where part (a) shows the variable
wind speed. After the start-up period, the system is rotating at a certain speed. At
time 0, the proposed MPPT technique is applied. From Os to 30s, 8y increases and C,,
gradually approaches the maximum value, with a varying wind speed. From 30s to
52s, Oy oscillates with a gradually reducing 46y. The training mode is complete at
52s. The optimum 6y is determined by the proposed technique. Then the routine
mode starts, and the practical results show that even with a variable wind speed, the
system has a fast response and good performance. The results validate the proposed

combined MPPT technique.
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Figure 5.22 Experimental results: (a) wind speed, (b) output power, (c) power
coefficient, (d) angle, 6y, and (e) rotor speed.
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5.6.5 Comparison with conventional MPPT methods

The proposed technique is compared to the features of three conventional MPPT
methods; summarised in Table 5.9. The proposed MPPT technique has the
advantages of the conventional MPPT methods. Unlike the TSR method, it does not
require an anemometer which is expensive especially for small scale WECSs. Its fast
tracking speed performance is similar to ORB control but does not require system
pre-knowledge. It has the ability of online updating by re-running the training mode,
like the P&O method, but without oscillation around the MPP and has faster

response.

Table 5.9 Comparison with traditional MPPT methods.

Anemometer System Tracking Oscillation Online

pre-knowledge speed at MPP updating

TSR Yes Yes Fast No No
P&O No No Slow Yes Yes
ORB No Yes Fast No No
Proposed No No Fast No Yes
technique

5.7 Summary

The linear relationship between Vg2 and g for maximum power point tracking was
established. Theoretical analysis of this relationship shows its performance for MPPT.
The power coefficient decrease when using this relationship is small, which was
confirmed by both theoretical analysis and simulation.

Based on this linear relationship, a new P&O MPPT technique was proposed. Instead
of searching for an optimum operating point, it searches for an optimal relationship
for MPPT. Compared to conventional P&O control, it has a faster tracking speed and
better performance. Moreover, it is suitable for systems with wind turbine high
inertia. Both simulation and practical results validate the performance of the
proposed MPPT technique.

The proposed P&O control was further modified to a MPPT technique combining
conventional P&O control and ORB control. There are two control modes. In the
training mode, the technique searches for the optimum relationship in a similar way
to the proposed P&O technique but with some advanced control techniques to
improve the searching accuracy by eliminating the effects of fluctuating wind

conditions. Once an optimum relationship is found, MPPT control transfers from
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P&O control to ORB control, which is the routine mode. There is no perturbing
process in the routine mode, which decreases system performance. Online updating
can be implemented by re-running the training mode. The proposed MPPT technique
does not require an anemometer or system pre-knowledge, but has an accurate and
fast response to fluctuating wind speeds once the control mode transfers to the
routine mode. MATLAB/Simulink simulation and practical results confirmed the
performance of the proposed MPPT algorithm.

The proposed MPPT techniques in this chapter can be applied to different topologies
provided the system satisfies equation (5.20). The power rating may be extendable to
the MW level. As the proposed MPPT technique searches for an optimum
relationship rather than specific points, the system is controlled smoothly. The basic
concept of searching for an optimum relationship can be further extended to system
control based on optimal relationships such as Te=k:Q*[27], P=k,Q2® [20] or P=k5V¢c>
[25].
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Chapter 6

Current Source Based Wind Energy Conversion System

This chapter investigates a current source based wind energy conversion system
based on a parallel configuration of wind turbines. For such a configuration, a new
control technique for the current source inverter is proposed, which is able to
independently control DC link voltage and reactive power. The control for the full
bridge DC/DC converter sources is modified for this application. Simulation and
practical results confirm system performance. Furthermore, system parameter
sensitivity is tested in simulation which establishes the system stability. Finally, a
brief comparison of system operation is made between conventional LCC based

systems and the proposed current source converter based system.
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6.1 System configuration

The layout of the wind farm is important as it affects the system stability and
performance. For a VSI based system, the wind turbine modules are usually parallel
connected as the DC link voltage is maintained constant to decouple all the wind
turbine modules [1]. Another advantage is that it is easier to incorporate or remove a
wind turbine module in a parallel connection rather than in a series connection.
However, traditionally, it is more suitable for the wind turbine modules to be series
connected in a CSC based system [2-4] as shown in figure 6.1. The grid connected
CSI controls DC link current and delivers the power to the grid. In such a case, all
the wind turbine modules are decoupled as the generator-side converter output
current is maintained by the CSI. Therefore improved system performance can be
achieved. A suitable transmission voltage can be built up by the series connection of
the output power converters, eliminating the need of a step up power converter or

transformer at the wind farm side.

f\J_ :%—ﬁéf—{

Grid

CSR; CSlI

V)

CSR,

Figure 6.1 Series connected wind turbine modules.

However, this configuration suffers from the following disadvantages. First, if one of
the modules fails, a current bypass path must be established. Therefore extra
switches may be required. Also, if many converters fail, given finite boosting of the
grid connect CSI, the remaining converters will need to increase their output voltages,
beyond their normal operating voltages. Second, it is difficult to incorporate or
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remove a series connected wind turbine module for integration or maintenance if the
system is already operational. Third, the conduction losses significantly increase as
all modules are series connected, hence all carry rated current. Fourth, output voltage
sharing of the generator side converters is an issue, as their output voltages are not
balanced (some experience higher voltages depending on their output power). Finally
converters are not at ground potential.

In order to mitigate these drawbacks, the novel configuration similar to that of a VVSI
based DC network shown in figure 6.2 is proposed. The wind turbine modules are
parallel connected, while the CSI delivers the power into the grid and controls the
DC link voltage or current. To the author’s knowledge, such a system configuration
has not been investigated. However, the proposed parallel CSR system has the
following advantages. First, output voltage balancing is not required for parallel
connected CSRs, as the CSR large output reactance decouples the CSRs. Second, the
cable inductance and CSR output inductor can be utilized by the CSI, eliminating
extra bulky and expensive passive components. A novel control technique for the
grid connected CSI is proposed, superficially similar to that used in traditional
HVDC [5], to properly control such a WECS with high performance and stability

during all network operating conditions.

cable
impedance DC reactor

f\_/ | Y Y Y\  YYY | __
- _f\J
CSR, cs| Grid
r\} | Y Y Y\
CSR,
— Y YY ¢

/\J_KWY\_
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Figure 6.2 Proposed system configuration.
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6.2 Current source inverter control

The function of the grid-side CSI is not only to deliver high quality power into the
grid but also properly control the DC link. A straightforward approach is to maintain
a constant DC link current as it is a natural feature of a CSI. However, as shown in
figure 6.2, the output current of generator-side converters shares the DC-link current,
as the individual modules are parallel connected. If the DC link current is maintained
constant by the CSI, then the output current of each individual generator-side
converter depends on the ratio of its output power to the system total power. If the
power increases from one wind turbine and the other wind turbine powers remain the
same, then the output current of the first wind turbine increases while the currents in
the others drop. Because the instantaneous wind power changes for each wind
turbine, module interaction is inevitable. Such interaction is undesirable and
degrades system performance, triggering possible system oscillations. In some
extreme situations, it may cause failure of the generator-side converters. For example,
consider two turbines, one delivering low power due to low wind speeds, while the
other output is rated power as the wind speed is high. In such a case, the wind turbine
with a low power contributes a small DC link current while the other provides most
of the DC link current, which could damage the generator-side converter due to
increased current stressing. Due to such possible problems, the grid-side CSI should
not maintain the DC link current constant in such a system.

The generator-side converters are parallel connected as in a VSI based WECS. A
possible way to control such a system is to maintain a constant DC link voltage. In
such a case, the generator-side converters are decoupled without interaction, as their
output voltages are controlled constant. Since the system is CSC based, the DC-link
voltage at the CSI side is a switched voltage. The idea is to maintain the average DC-
link voltage constant; therefore the generator-side converters as current sources can

be readily decoupled.

6.2.1 DC link voltage control
The CSI control presented in this section is based in a synchronously rotating
reference frame, where the d-axis is oriented to the grid voltage vector. A grid-

voltage phase-locked loop (PLL) is used to obtain the instantaneous angular

128



CHAPTER 6: Current Source Converter Based Wind Energy Conversion System

frequency and synchronization angle. Space vector modulation (SVM) for the CSI is
employed to generate the gate signals [6].
The PWM CSI shown in figure 6.3 includes a DC-link inductor and an AC side
second-order output filter. When using SVM, the DC link voltage, v ._;ink, Can be
expressed as [7]

Vac—tink = [Mlapc[Velape (6.1)
where [m]gp. = [Ma ™Mb Mc]is a vector matrix of the modulation indices and
[Velape = [Vea Veb  Vec] is a vector matrix of the AC-side voltage at the terminals

of the capacitor filter.

Idc link
A
VY L R

Vdc link

/
BT

Figure 6.3 PWM current source inverter.

Applying dqg transformations to equation (6.1) yields

Vac—tink = [Mlaq [vc]gq = %(mdvcd + mqch) (6.2)
where [m]gq = [Ma  ™Mq] are the dg modulation indices, and [v]gq = [Vea  Veq]
are the dg components of AC voltage [Vc]anc. Equation (6.2) is valid in the linear
range of the modulation indices when m3 + m2 < 1. By controlling mq, the DC link
voltage can be regulated, while mq is used to control the reactive power. A basic
technique is to send the error between the actual DC link voltage and reference
voltage to a PI controller to generate the CSI gating signals. However, the DC link
voltage contains CSI high-frequency switching frequency and a small magnitude
300Hz low frequency harmonics (harmonic with six times the fundamental
frequency, see figure 6.24b) reflected from the AC grid. Using a low pass filter to
obtain an average DC link voltage as a feedback signal will significantly slow down
controller response. Rearranging equation (6.2)
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2«
3Vdc-link~MqVcq

my = sodetink Ta%eq (6.3)
Ved

where v;._ini 1S the reference average DC link voltage. To achieve a fast response
and disturbance rejection, equation (6.3) is used in a feed forward loop to accelerate
the control speed and improve the system’s ability to reject external disturbances.
The DC link voltage control block diagram is shown in figure 6.4. As the average
DC link voltage is controlled constant, the DC and AC side powers are balanced, and
the captured energy is delivered into the grid instantaneously. In other words, the

active power is controlled.

Ve link me
V., ,Vv.m calculation
cd “c
v — equ.(6.3)
dc—link
V. % m
dc—link
c—lin| ‘i___\\ Pl d
Low pass

filter

Figure 6.4 DC link voltage control block diagram.

6.2.2 Reactive power control
The reactive power should be controlled at zero during normal operation or to a
specified value when required by the grid. Using a dq transformation, the reactive

power can be expressed as [8]
3 . .
Q= Py (vsq lsa — vsdlsq) (6.4)
where Vs, Vsq are the grid voltage dgq components and isq, isq are the grid current dq

components. With the synchronous reference frame aligned to the d-axis, the grid

voltage g-axis component is zero, therefore equation (6.4) can be written as
3 .
Q= _Evsdlsq (6.5)
As the AC side capacitors decouple the CSI and the grid, isq cannot be controlled

directly. Applying Kirchhoff’s current law at the capacitor nodes in figure 6.3
lwa = lca + Isa (6.6)
lwg = leq T lsq (6.7)
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where iwg and iwq are the CSI output current dg components and icq and icq are the
capacitor current dq components.

Icg @nd icq can be expressed as

g = C%vcd — wCvgq (6.8)
leqg = C%ch + wCvgy (6.9)
Ved @and Vg can be expressed as
Veg = L%isd — wlizg + vsq + Rigq (6.10)
Veqg = L%isq + wlisg + vsq + Rigg (6.11)

Assuming steady state, all derivatives can be set to zero. Substituting equations (6.10)
and (6.11) into equations (6.8) and (6.9), the following equations are obtained
icqg = —wC(wLigq + vy + Rigy) (6.12)
icq = WC(—wLisg + Vsq + Rigq) (6.13)
Substituting equations (6.12) and (6.13) into equations (6.6) and (6.7) with vsq equal
to O, the relationship between iywg, iwg and isq, isq can be obtained [9].
iwa = (1 — w?CL)isq — wCRig, (6.14)
iwg = (1 — w%CL)isy + wCRigq + wCvyy (6.15)
Rearranging equations (6.14) and (6.15), iwq can be expressed as a function of i,g and

iwg = (1= 02 CL+ 250 )i + =25 + wCrgg (6.16)

Iwd and iwq are functions of my and mq respectively
lwa = Malac-tink (6.17)
lwg = Mglac—tink (6.18)

Substituting equations (6.17) and (6.18) into equation (6.16)

(6.19)

m. = (1 — Ww2CL + wzcsz) isq wCR n wCvgg
q=

1-w2CL/ igc-tink + 1—wZcL ldc-link
From equation (6.19), if the required isq is known, then mq is obtained.

The reactive power control block diagram is shown in figure 6.5.The error between
the reference reactive power and actual reactive power is fed to a Pl controller, the

result is used to obtain mq based on equation (6.19)
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Figure 6.5 Reactive power control block diagram.

6.2.3 The complete proposed CSI control system
The complete CSI control diagram is shown in figure 6.6. The obtained dq axis

modulation indices, mgy, mq are then fed to the SVM block to generate the CSI gating

signals.
Ve tink my
V. V.M calculation
cd “c
v — | cqu6.3)
de—link
V. m M
de—link d o
— \ —»@—» PI - >
Low pass csc | Gating
filter SVM >
Q Isq Mq mq a=tan™" My (24
—>©_> PI » calculation > m >

Idc—link

T equ.(6.19)
Q de T

Figure 6.6 Complete CSI control diagram.

6.2.4 Controller stability

From figure 6.6, it can be concluded that the control signals mq and m, are coupled,
so there is potential for interactive oscillation. Assume there is a disturbance Amg at
the output of the reactive power control loop. This disturbance will be transferred to
the DC link voltage control loop and cause a disturbance Amygy in the d axis
modulation index, mg. This Amq is fed back to the reactive power control loop,
causing disturbance. From equations (6.3) and (6.19), a Amq disturbance results in a

Amyg, signal, which can be expressed as

wCR  Vcq
1-w2CLv.q q

Am), = (6.20)
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In a practical system, v.q > v,and (1 — w?CL) > wCR, therefore a disturbance in
the reactive power loop will not cause oscillation. The same analysis can be applied
to the DC link voltage control loop, and the same result is obtained. Therefore the

CSlI control system in figure 6.6 is stable.

6.3 Generator side converters

A generator side converter controls its associated wind turbine to track its maximum
power point. In the proposed WECS, the generator three phase AC voltage is
converted to a DC voltage by a diode rectifier because of its simplicity, low cost, and
reliability compared to fully controlled AC/DC converters [10]. Therefore a DC/DC
converter is required to control the wind turbine and boost the output to a suitable
DC link voltage.

For grid connection reasons, especially for HVDC transmission systems, a DC/DC
converter with a high voltage step-up ratio is required. In this case, a full bridge
DC/DC converter with a diode rectifier and electrical isolation [11], as shown in
figure 6.7 is employed. It has the following advantages compared to a boost
converter. First it has the ability to step up the input voltage to a high value. Second,
the generator and DC link are electrically isolated. Third, the magnetic core
utilization is increased. Finally the output of the DC/DC converter is a current source,
therefore suitable for parallel connection to the proposed current source inverter
based system.

Idc—in ind

- Y'Y Y
Y N - AQ} X A
e [ ] [ ]
Vdc—in __C
N O 43} X A

Figure 6.7 A full bridge DC/DC converter.
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6.3.1 DC/DC converter control

The average DC link voltage is maintained constant by the grid-side CSI. The
DC/DC converter input DC side voltage, Vgc-in, 1S controlled by a standard Pl
controller. In order to track the MPP, the DC rectifier side current is sensed, and the
corresponding DC side voltage reference is given by a pre-defined look-up table [12].
The control scheme is shown in figure 6.8, where the firing signal waveform is in a

complementary mode [13].

Vdc—in
- N l Firing
ldc-in Vic—in signal
- > / 4@—> PI S
Look-up

table

Figure 6.8 Full bridge converter MPPT control block diagram.

6.3.2 Output current ripple suppression

As shown in figure 6.7, a diode rectifier is used to convert the AC generator power to
DC. The main disadvantage of the diode rectifier is that it is not typically controlled,
hence DC current ripple is produced. The fundamental current ripple frequency is six

times of the generator stator frequency, which is
opQ2

fr =%

where p is the number of PMSG pole pairs and Q is the instantaneous rotor speed.

(6.21)

From equation (6.21), the current frequency is a function of rotor speed.

Figure 6.9 parts a and b show the steady state input and output currents of the full
bridge converter, with 1000uF input capacitance and 10mH output inductance. The
converter output is assumed connected to a constant DC voltage source, since in the
proposed CSC based WECS, the average DC link voltage is maintained constant.
Figure 6.9a shows the input current ripple caused by the diode rectifier, and figure
6.9b shows the serious output current ripple, at six times the input frequency.

The DC steady state equivalent circuit of the diode full bridge converter [13] is
shown in figure 6.9c, the output of which is connected to a DC voltage source. C; and
L, represent the input capacitor and output inductor, respectively. The transformer is

a DC transformer and has a ratio of 1/k, where k is a function of AC transformer
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transformation ratio and chopper duty ratio, and is assumed constant at a given wind
speed. Such a model is valid because the input current ripple is low frequency. The
transfer function of the output current, i, to input current, i, is

i, 1 1

L= E% (6.22)
Assuming a large k and low frequency input ripple, equation (6.22) shows that the
current ripple cannot be suppressed and propagates to the output. As wind turbine
modules are parallel connected and the system is current source based, the harmonic
currents will introduce interaction between the DC/DC converters, and may cause
power oscillation in the DC network. Therefore the converter output current ripple

should be suppressed.
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Figure 6.9 Full bridge converter: (a) input current, (b) output current, and (c) DC
steady state equivalent circuit.

i. Method A: Using low-pass filter
An LC filter can be used in the DC/DC converter input side to filter the current ripple
from the diode rectifier. The topology is shown in figure 6.10a and its steady-state

equivalent circuit is shown in figure 6.10b. The output current transfer function can
be expressed as
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ip _ 1 1
iy kLrloCrG
k2

(6.23)

LoCr LoC;
2 Tz

s4+(Lfo+ )52+1
where C; is filter capacitance and L is filter inductance. Equation (6.23) shows that
the low-pass filter performance is not related to the transformation ratio, hence can
be properly designed to filter the harmonic currents.

It should be noted that it is a variable rotor speed WECS; therefore the filter cut-off
frequency should be designed to suit the lowest operating rotor speed and to avoid
any LC resonance effects. The disadvantage of using a low-pass filter is that it
requires more passive components, an inductor and capacitor. Hence the system

becomes relatively expensive and bulky.

S

> YN Y Yy

7 H = *G 5 5 °
1:k
to fu |OF
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Lf LO io
A L Lo *x°
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Figure 6.10 Full bridge converter with LC filter: topology and (b) DC steady-state
equivalent circuit.

ii. Method B: Using current control

In order to suppress the output low frequency current ripple, an alternative method is
to directly control the output inductor current (without the LC filter). The control
block diagram with two control loops is shown in figure 6.11. The outer voltage
control loop controls the input voltage for MPPT; while the inner current control

loop regulates the output inductor current iing as in Figure 6.7, to suppress the low
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frequency current ripple. Because the wind turbine mechanical assembly has a larger
time constant than the electrical part, the outer loop has a smaller bandwidth than the
inner loop. Thus the control system is stable. Compared to the method of using a
low-pass LC filter, the proposed current control method is purely a control design
solution. However, a potential problem with this method is that its output current is
controlled. In such a case, the DC link current is determined by the generator-side
converters, and cannot be controlled by the conventional grid side CSI. It should be
noticed that in the proposed CSC based WECS, the grid CSI maintains a constant DC
link voltage. Therefore the current control method can be applied to suppress DC/DC

converter output current ripple.

Vdc—in Iind
i . i . i Firing
dc—in Vicoin Ling signal
— —»@—» Pl —»@—» Pl —»

Look-up
table

Figure 6.11 The current control scheme.

6.3.3 Simulation

Simulation is carried out to validate the proposed methods to reduce the rectifier
output low frequency ripple. The full-bridge converter parameters for simulation are
summarized in table 6.1. Using the low-pass LC filter shown in figure 6.10 with a 50
Hz cut-off frequency can significantly suppress the DC/DC converter input current
ripple. The filtered input current is shown in figure 6.12a. Compared with figure 6.9a
(normal full bridge converter), the input current ripple is much smaller. The peak-to-
peak DC input current ripple reduces from 5.6A to 0.37A. The ratio of peak-to-peak
current to average current reduces from a value of 25% to 1.7%. Correspondingly, its
output current ripple also decreases with a similar percentage as shown in figure
6.12b. Although in the simulation, a transformer ratio of 1:2.2 is used, the input
current and output current average value are still of similar magnitude. This is
because the current step down ratio is also related to chopper duty ratio. The output
current ripple can be presented more clearly under this condition. Apparently the
ability to reduce the current ripple depends on the design of the low-pass LC filter.

With a low cut-off frequency, the current ripple can be suppressed, but the cost for
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the passive elements increases. Therefore it is a trade-off between performance and
input LC filter cost.

Table 6.1 Full bridge converter parameters.

Parameters Values
Full bridge converter

Input capacitor 1000 pF
Output inductor 10 mH
Transformer transformation ratio 1:2.2

Switching frequency 10 kHz
Low-pass filter

Filter capacitor L 1000 uF
Filter inductor C 10 mH

The simulation results with current control used to suppress the output current ripple
are shown in figure 6.13. Figure 6.13a shows that the input current has significant
low frequency ripple, the peak-to-peak ripple is the same as the conventional results
shown in figure 6.9a. However, the low frequency ripple in the output current is
almost eliminated as shown in figure 6.13b. Compared with normal control, the low
frequency output current ripple decreases from 4.71A to 0.13A. Therefore the low
frequency component is negligible. The high frequency current ripple is caused by
the switching, which can be minimized by increasing the converter output inductance.
Comparing figures 6.12b and 6.13b, it can be concluded that the current control
method performs better, with no extra passive components. Furthermore, with the
output current inner loop, the converter has the ability to directly control its output

current, allowing more flexibility for the system control.
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Figure 6.12 Full bridge converter simulation results (LC filter): (a) input current and
(b) output current.
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Figure 6.13 Full bridge converter simulation results (controlled): (a) input current
and (b) output current.

6.4 System simulation

The proposed WECS with its controllers is simulated in Matlab/Simulink. The
WECS includes three 16kW wind turbines and a 50kW CSI, as shown in figure 6.14.
The topology and control strategy of the full bridge converters are as discussed in
section 6.3.2.ii, with an inner current loop to suppress the output current ripple. The
CSlI stabilises the average DC link voltage and controls the reactive power. The CSI
and PMSG parameters are summarized in tables 6.2 and 6.3 respectively.

Table 6.2 CSI parameters.

Parameters Values
Power rating 50 kW
Phase RMS voltage 796 \Y
Phase RMS current 36.3 A
Frequency 50 Hz
Grid-side capacitor 125 uF
Grid-side line inductance 4 mH
DC link inductor 40 mH
DC link resistance 0 Q
CSlI switch frequency 4 kHz

Table 6.3 PMSG parameters.

Parameters Values
Power rating 16 kw
Stator inductance 13.47 mH
Stator resistance 0.672 Q
PMSG flux 2.39 Wb
Pole pairs 12
Turbine inertia 50 kgm®
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Figure 6.14 Proposed system topology.

The simulation results for the three wind turbines are shown in figures 6.15 to 6.17.
Figure 6.15 parts a to ¢ show the wind speed, rotor speed, and C, of turbine 1. The
wind speed remains at 14m/s and the C, is at the maximum value. Figures 6.16 and
6.17 show the corresponding simulation results for turbines 2 and 3, respectively,
where there are wind changes during the simulation. The rotor speed is regulated by
the full bridge DC/DC converter to track the MPP as shown in figures 6.16b and
6.17b. The simulation results confirm that the three wind turbines are decoupled
where power change in one wind turbine does not affect the other turbines.

The simulation results of the corresponding three generator side converters are also
shown in figures 6.15 to 6.17, which show wind speed, rotor speed, power
coefficient, input voltage, input current, and output current. The three wind turbines
are decoupled, and each DC/DC converter tracks the MPP by regulating the
converter input voltage and current. The input current has large low frequency ripple,
while any low frequency ripple is suppressed in the output side.

The average generator side and inverter side DC link voltages are shown in figure
6.18 parts a and b. The average DC link voltage is maintained at 750V by the CSI.
Since the CSI switching frequency is 4kHz, a low pass filter with 400Hz cut-off
frequency is used to obtain the average DC link voltages. Figure 6.18c shows the DC
link current, which varies with wind speed changes. Figure 6.18d shows the CSI
active and reactive powers. The active power flow between the DC and AC sides is
balanced, while the reactive power is controlled at zero. The active and reactive
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powers are decoupled and independently controlled. The AC side capacitor voltage
and output phase current are shown in figure 6.18 parts e and f, with a THD of 1.18%

and 0.22%, respectively. Their dq values are shown in figure 6.18 parts g and h.
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Figure 6.15 Turbine 1 simulation results: (a) wind speed, (b) rotor speed, (c) C,, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.
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Figure 6.16 Turbine 2 simulation results: (a) wind speed, (b) rotor speed, (c) C,, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.
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Figure 6.17 Turbine 3 simulation results: (a) wind speed, (b) rotor speed, (c) C,, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.
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Figure 6.18 CSI simulation results: (a) generator side average DC link voltage, (b)
inverter side average DC link voltage, (c) DC link current, (d) inverter output power,
(e) three phase currents, (f) three phase capacitor voltages, (g) phase dq current, and

(h) capacitor dq voltage.
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The simulation results confirm the ability of the proposed system to achieve good
dynamic performance. The CSI is able to control the average DC link voltage to a
constant value, while all three parallel connected wind turbines are individually

controlled for MPPT without any interaction.

6.5 System parameter sensitivity
The effect of the DC link inductance and resistance on the system performance is
investigated in this section.

6.5.1 DC link inductance

In the previous simulation, a 40mH DC link inductor is used. Its inductance can be
minimized since the generator side DC/DC converters have large output inductors at
their output side, which is indirectly utilized by the grid side CSI. Decreasing the DC
link inductance will mainly affect the magnitude of DC link current ripple, but not
the stability and performance of the whole system. To verify this, a simulation is
carried out with the parameters the same as in Tables 6.2 and 6.3 in Section 6.4
except that the DC link inductor is decreased to 4mH, 10% of its original value.

The simulation results of one of the turbines are given in figure 6.19. Comparing
with figure 6.16, the system performance is almost exactly the same except that the
CSC output current ripple increases due to the reduced DC link inductance.

The CSI side simulation results are shown in figure 6.20. Similarly, comparing with
figure 6.18, except for the increased DC link current, the system performance is
virtually the same. Therefore the simulation results establish that the DC link
inductance can be decreased to a smaller value, as the output inductors of the DC/DC
converters are also utilized by the CSI. Further simulation, with 100puH link
inductance establishes the overall system remains stable, but link ripple current

increases significantly.
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Figure 6.19 Turbine simulation results: (a) wind speed, (b) rotor speed, (c) Cp, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.
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Figure 6.20 CSI simulation results: (a) generator side average DC link voltage, (b)
inverter side average DC link voltage, (c) DC link current, (d) inverter output power,
(e) three phase currents, (f) three phase capacitor voltages, (g) phase dq current, and

(h) capacitor dq voltage.
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6.5.2 DC link resistance

Theoretically, the main effect of the DC link resistance is to cause the average DC
link voltage to rise at the generator side with increasing DC link current, as the
average inverter side DC link voltage is controlled constant by the CSI. This voltage
rise will not significantly affect the wind turbines, as the DC/DC converter has a

much higher bandwidth and the cable parasitic resistance is relatively small.

Simulation with the same parameters as summarized in Tables 6.2 and 6.3 is
performed, except 1.5Q DC link resistance is considered, in order to show the effect
of the cable parasitic resistance on the system. However, this resistance may be
excessive, as the DC cable may not actually have such a large parasitic resistance.

Figure 6.21 shows the simulation results for one of the wind turbines. Compared with
normal system simulation results as shown in figure 6.16, the two results are almost
the same. This establishes that the DC link resistance has no significant effect on the

wind turbines.

The CSI side simulation results are given in figure 6.22. Compared with figure 6.18,
the average inverter side DC link voltage in figure 6.22b is controlled constant.
However, the generator side average DC link voltage in figure 6.22a varies with the
change of DC link current and is higher than the inverter side DC link voltage, due to
the DC link resistance voltage drop. The active power shown in figure 6.22d is also
smaller than in figure 6.18d as part of the power is consumed in the DC link resistor.
But the whole system remains stable and controllable. This establishes that DC link

parasitic resistance has no significant effect on system stability.
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Figure 6.21 Turbine simulation results: (a) wind speed, (b) rotor speed, (c) Cp, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.
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Figure 6.22 CSI simulation results: (a) generator side average DC link voltage, (b)
inverter side average DC link voltage, (c) DC link current, (d) inverter output power,
(e) three phase currents, (f) three phase capacitor voltages, (g) phase dq current, and

(h) capacitor dq voltage.
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6.6 Practical implementation of grid interface

The current source inverter test rig shown in figure 6.23 is used to verify the
proposed control techniques for the grid connected CSI. The input is a DC voltage
source series connected with a resistor, allowing an adjustable input power. The
output is connected to an AC transformer and a variac for grid interfacing. The test

rig system parameters are summarized in Table 6.4.

N4 Y Grid

<+> Vdc—link : :Q E
4 4 4 _ Transfomer
=TT Filter

Figure 6.23 CSI test rig schematic.

Table 6.4 CSI test rig parameters.

Items Specification
Power rating 1.8 kw
DC link inductor 10 mH
Filter capacitor 40 uF
Grid voltage (rms) 110 \Y
Grid voltage frequency 50 Hz
Switching frequency 4 kHz
DC link resistance 8 Q
Average DC link voltage, Vyciink | 200 Vv

6.6.1 Full active power

The practical results in figures 6.24 and 6.25 show the system in steady state
delivering full rated active power. Figure 6.24a shows the AC voltage and current.
There is no phase shift between the phase current and voltage, demonstrating that the
reactive power is controlled to be zero. Figure 6.24 parts b and ¢ show the DC link
voltage and DC link current. The system parameters sensed via a DSP are given in
figure 6.25, with the values stable as the system is in steady state. The CSI efficiency
is about 95%.
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Figure 6.24 Practical results (5ms/div): (a) AC voltage and current (100V/div,
5A/div). (b) DC link voltaae (100V/div). and (c) DC link current (2.5A/div).
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Figure 6.25 Practical results sensed by DSP: (a) inverter output power, (b) average
DC link voltage, and (c) average DC link current.
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The practical results from a power analyser are summarized in Table 6.5. The phase
voltage and current THDs are mainly caused by the grid voltage distortion rather
than the CSI, as the laboratory grid voltage is distorted (2.5% THD). When the CSI
is not operating (hence the output capacitive filter dominates), the grid voltage and
phase current are as shown in figure 6.26a. The grid voltage 2.5% THD results in a
11.7% THD distorted current. The corresponding simulation phase current, using the
same system parameters, is shown in figure 6.26b. The practical and simulation
results correspond, verifying that the current distortion, when the CSI is not
operating, is mainly caused by the grid voltage rather than other factors. This
distorted current has a significant effect on the phase current when the system is
operating.

In the practical implementation, when the CSI injects full rated active power to the
grid, its output current is sinusoidal with higher amplitude and smaller THD.
Therefore the superposition of the CSI output current and original filter current
results in the current shown in figure 6.24a, the 4.0% THD of which is mainly caused
by the grid voltage distortion rather than the proposed controller. The 0.08kVAr
reactive power shown in Table 6.5 is also mainly associated with the harmonic

voltage and current rather than their phase shift.

Table 6.5 Practical results.

Items Specification
Active power 1.74 kKW
Reactive power 0.08 | kVAr
Phase voltage THD 3.2%
Phase current THD 4.0%
Filter capacitor voltage (rms) 129.3 \Y
Power factor 0.998
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Figure 6.26 Voltage and current distortion: (a) grid voltage and current (100V/div,
1A/div, 5ms/div) and (b) comparison of actual phase current and simulation result.

6.6.2 Input real power change

If there is an input real power change, the proposed CSI controller should maintain
the average DC link voltage constant. The practical results in figure 6.27 show the
active power increasing from 1.1kW to 1.7kW, (about 55%) within 2 seconds, which
is a reasonable interval considering the large time constant of a wind turbine. Figure
6.27a shows the system active power change while the reactive power is controlled at
0. Figure 6.27b shows that the average DC link voltage is controlled at 200V without

any change, but figure 6.27c shows the rising average DC link current.
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Figure 6.27 Practical results with active power change:(a) inverter output power, (b)
average DC link voltage, and (c) average DC link current.
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6.6.3 Reactive power control

As required by the grid code, a wind farm must be able to control its reactive power.
The following practical results demonstrate the ability of the proposed system to
fully control reactive power. The average DC link voltage is controlled to 30V,
needed to limit the active power to a near zero value. A reactive power reference (the
grey dotted line on figure 6.28a to the controller can demand generated or consumed
reactive power. Figure 6.28a shows the transient response of system output power.
The active power is maintained at 0.24kW, while the reactive power is controlled
according to the reference (OKVAr between 0Os to 1s, 1.6kVAr between 1s to 5s, and
-1.2kVAr between 5s to 10s). The average DC link voltage and current are shown in
figure 6.28 parts b and c, respectively. The small disturbance in the voltage is due to

the step change of reactive power.
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Figure 6.28 Practical results of reactive power control (via dsp): (a) output power, (b)
average DC link voltage, and (c) average DC link current.

When the system supplies reactive power to the grid, the AC voltage and current are
as shown in figure 6.29a with current lagging the voltage. Figure 6.29 parts b and c
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show the DC link voltage and current, respectively. The system power analyzer

experimental data is summarized in Table 6.6.
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Figure 6.29 Practical results of supplying reactive power (5ms/div): (a) AC voltage
and current, (100V/div, 5A/div) (b) DC link voltage (100V/div) and (c) DC link
current (2.5A/div).

Table 6.6 Practical results when supplying reactive power.

Items Specification
Active power 0.235 | kW
Reactive power +1.589 | KVAr
Phase voltage THD 3.5%
Phase current THD 4.5%
Capacitor voltage (rms) 123.9 \Y
Power factor +0.146

When the system consumes reactive power from the grid, the AC current leads the
AC voltage as shown in figure 6.30. Figure 6.30 parts b and ¢ (100V/div, 2.5A/div)
show the DC link voltage and current, respectively. The system data from the power

analyser is summarized in Table 6.7.
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Figure 6.30 Practical results of consuming reactive power (5ms/div):
(a) AC voltage and current (100V/div, 5A/div), (b) DC link voltage (100V/div), and
(c) DC link current (2.5A/div).

Table 6.7 Practical results when consuming reactive power.

Items Specification
Active power 0.237 kw
Reactive power -1.210 kVAr
Phase voltage THD 3.4%
Phase current THD 4.2%
Capacitor voltage (rms) 104.3 V
Power factor -0.193

Based on these practical results, the reactive power control capabilities of the

proposed CSI control concept are verified.
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6.7 Practical implementation of the generator side current controlled
converters
The performance of the proposed CSI controller was demonstrated in the previous
section, where for simplicity, the DC/DC converters were hardware emulated. To
further establish the system configuration shown in figure 6.2, the generator side
converter practical results now presented are from another work package of the
collaborative project supporting this research. The test rig schematic is show in
figure 6.31. The induction machines, IM; and IM,, are controlled as turbine
emulators to drive the PMSGs. The load end of the DC link is controlled to emulate a
current source inverter. Its control strategy is the same as the CSI controller proposed
previously in this chapter, viz., to maintain a constant grid side average DC link

voltage.
LYY Y\ LYY Y\ i_ - -|
@ — @ zig Full bridge I |
converter | |
Csc1 | 3 |
Full bridge |
- converter . |
|| i !
CSC2 — — —
CSI emulator

Figure 6.31 Test rig schematic.

The test rig is used to establish the stability and decoupling of the generator side
DC/DC current source converters (and from the grid CSI) of the proposed system.
The practical results shown in figure 6.32 confirm the concept. Figure 6.32a shows
the system transient response of scenario 1, where the wind speed of one turbine
changes. Vgaink and lgqink in figure 6.32 represent the average DC link voltage and
current; while 13 and Iy, represent controlled output currents of CSC; and CSC..
Figure 6.32a establishes that when there is a step output current change from one
DC/DC converter, the other DC/DC converter is unaffected and the DC link voltage
is controlled stable. Figure 6.32b shows another scenario where both DC/DC

converters have an output current step change. Again there is no interaction between
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the two DC/DC converters and the DC link voltage remains constant. Figure 6.32c is
the situation when one of the turbines is shut down, and the system remains stable.

The practical results demonstrate the stability of the proposed system shown in figure
6.2. With the proposed CSI grid side control strategy, the generation side DC/DC

current source converters are decoupled from each other and from the grid side
converter; there is no uncontrollable interaction.
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Figure 6.32 Practical results of generator side converters (100V/div, 2.5A/div for Iy,
and lyciink, LA/div for 1y, 2s/div): (a) one converter has a step current change , (b)
two converters have current step changes, and (c) one turbine is shut down.

6.8 Further conceptual investigation

6.8.1 Proposed HVDC WECS

The proposed WECS configuration in figure 6.2 can be simplified as shown in figure
6.33a. Each generator side converter is modelled as a variable voltage source (PMSG)
series connected with an output inductor to produce a MPPT current source. The grid
side CSI is similarly modelled with an input inductor, L;, and controlled in a voltage

mode. L, represents the DC link cable parasitic inductance. The higher the CSR
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switching frequency, the smaller the necessary series inductance requirement. The
equivalent circuit can be further simplified as shown in figure 6.33b (after a number
of pseudo Thevenin to Norton to Thevenin equivalent circuit transformation steps)
with all the generator side converters modelled as one converter. Mathematically,
being in series, the CSR output inductor and CSI input inductor can be treated as one
inductor as shown in figure 6.33c. Theoretically, the CSI can utilize the CSR output
inductance as its own input inductance (and vice versa). Therefore with such a
configuration, the system inductance can be reduced and more effectively utilized. In
practice, with proper design of the CSR output inductance, the CSI input inductance
may not be required. Furthermore, the cable parasitic inductance as well as
transformer leakage inductance can be utilized advantageously by the system. This is

a merit of the proposed system.

6.8.2 Comparison with conventional HVDC transmission

The conventional two-terminal LCI-based HVDC transmission system is shown in
figure 6.34, where |4 is the DC link current, Vg, is the rectifier side DC link voltage,
and Vy; is the inverter side DC link voltage. Assuming an ideal system, under steady
state, the rectifier V-1 characteristic is shown in figure 6.35a. During normal
operation, the DC link current is phase angle controlled by the rectifier at I4 .
Simultaneously the inverter controls the DC link voltage at Vg with a V-I
characteristic as shown in figure 6.35b. The operating point of the system is where
the rectifier characteristic intersects the inverter characteristic, which is at point A on
figure 6.35c. Based on this approach, the DC link voltage and current can be
independently controlled at the required voltage and current values [14].

In the proposed system given in figure 6.2, the CSI stiffly controls the DC link
average voltage to a reference for any input DC link current, with a V-1 characteristic
shown in figure 6.36b. When considering the effect of DC link resistance, the V-I
characteristic of the DC link at the generator side exhibits an average voltage

increase with an increasing DC link current, as shown in figure 6.36c.
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Figure 6.33 Equivalent circuits of the proposed system.
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Figure 6.34 Conventional two-terminal CSl-based HVDC transmission system.
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Figure 6.35 Steady-state V-I characteristics for a two terminal HVDC system: (a)
rectifier characteristic, (b) inverter characteristic, and (c) system operating point.
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Unlike conventional HVDC, the rectifier current controller does not override or
dominate the grid side inverter mode of operation. For the generator side converters,
which assure MPPT control, the output power is assumed slowly varying. The V-I
characteristics of two converters (P1 and P,) are shown in figure 6.36a, with different
output powers P1, P, and the total power Py Similarly the operating point of the DC
link is where the characteristics intersect, point D showing the generator side DC link
operating voltage and current. Assuming the two DC/DC converters have a common
connection point, the operating voltage is same for both converters, and the operating
current is the sum of the two converter output currents. Hence the point B and C on
figure 6.36 are the operating points for the two converters.

Therefore compared with the conventional LCI-based system, in the proposed system,
the CSI stiffly controls the DC link average voltage; while the generator side
converters inject all the current from the generators to the DC network, thereby
allowing multi-terminal uni-direction operation.
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Figure 6.36 Steady state V-1 characteristics for the proposed system: (a) generator
side converter characteristic, (b) CSI characteristic, (¢c) DC link characteristic , and (d)
system operating point.
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6.9 Summary

In this chapter, a current source based wind energy conversion system based on a
new configuration was proposed. Similar to a voltage source based system, the
generator side converters are parallel connected to a common DC network. The CSI
controls the DC network voltage at a constant value hence the generator side
converters can inject all their currents into the network. Based on such a concept,
new control techniques for the CSI were proposed to control the system. Also, the
generator side converter control was modified for such a system configuration. The
system performance was confirmed by the simulation results. The sensitivity of the
DC link parameters were tested by simulation. It shows that the DC link inductance
can be minimized as the output inductors of the generator side converters can be
indirectly utilized by the CSI. Also, DC link resistance does not significantly affect
system stability. The concept and performance of the proposed system was further
verified by practical implementation. Finally, a comparison of characteristics
between the proposed system and conventional current source based HVDC system

was presented.
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Chapter 7

Protection of a Current Source Based Wind Energy Conversion

System

This chapter discusses protection for the proposed current source based wind energy
conversion system. A new low voltage ride through technique and control technique
is proposed for the CSI topology. The system control and component design are
discussed. A modified space vector modulation technique is proposed to suit the
proposed system. AC grid fault ride through is analysed to demonstrate the resilience
of the proposed WECS to AC side network faults including a single-phase to ground
fault, phase to phase fault, and three-phase fault. To illustrate the inherent DC fault
ride-through capability, the proposed WECS is subjected to a DC side short circuit
fault, which is analysed. The full-bridge DC/DC converter at the generator side is
modified to ride through DC side faults. Control for system restart from a DC fault is
proposed. Matlab/Simulink simulations are used to validate the proposed system and
control techniques employed. The protection for open circuit faults and system shut-

down for permanent faults are also discussed.
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7.1 The Grid Code

Previously, WECS protection mainly focused on the wind turbine, not the converter
and its effect on power system was not considered since wind energy penetration was
relatively low [1]. However, with wind energy integration increase and connection to
the high voltage grid, the loss of a large part of wind generation due to network
disturbances which may lead to system instability and possible failure, is
unacceptable [2]. Countries and their network operators have developed Grid Codes
for wind power generation to ensure network power quality [2-5]. The operation
boundary for a wind turbine connected to the network is defined in terms of power
factor, frequency range, voltage tolerance, and fault ride through capability [6].
Voltage sag is a serious wind farm disturbance, as the output power cannot be
delivered into the grid, leading to a significant rising current or voltage, possibly
damaging system equipment. The grid code requires that, when a short circuit fault
occurs on the grid, the wind farm must be able to remain connected to the grid and
supply reactive power to support the grid voltage in order to prevent risk of system
collapse due to voltage instability [7]. The low voltage ride through (LVRT)
requirement for Great Britain is shown in figure 7.1a. The wind turbines are required
to remain transiently stable and connected to the grid for any balanced or unbalanced
voltage dips on the grid side whose profile is anywhere on or above the black line [8].
Similar requirements have been specified by the German transmission network

operator, E.ON, as shown in figure 7.1b [9].
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Figure 7.1 LVRT requirement: (a) Great Britain national grid code and (b) German
E.ON Netz grid code.
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The reactive current supply during a voltage dip has also been specified. It is
required by the E.ON code that a reactive current on the low voltage side of the
generator transformer must amount to at least 2% of the rated current for each

percent of voltage dip up to a maximum of 100% of rated current [9].

7.2 Low voltage ride through for CSC based system

Low voltage ride through (LVRT) of CSC based systems is rarely studied in the
literature. In [10], a LVRT technique for the CSC is proposed. During the fault, the
generator and grid side CSCs coordinate to limit the DC link current. The redundant
power is stored in the turbine inertia. No extra components are required, and the
technique is purely based on control design. However, the main limitation is that
communication is required between the generator and grid side. Also, the technique
is based on a point-to-point system with one wind turbine and one CSI. Hence it
cannot be directly applied to a DC network with a number of wind turbine sources.
Furthermore, the extra power is stored in the wind turbine by increasing the rotor
speed. In some situations, when the maximum rotor speed has been reached, then the
extra power can no longer be stored in the wind turbine, as it can damage the
mechanical system.

For the protection of a wind farm, a possible solution is to connect a resistor in series
with the DC link cable as shown in figure 7.2. During normal operation, the
protection switch, s,, conducts and the series resistor is short circuited. When a grid-
voltage drop is detected, the protection switch operates in a PWM mode. The extra
power that cannot be delivered to the grid is dissipated in the resistor. However, in
such a protection scheme, the protection switch has to carry the rated current during
normal operation, causing a significant power loss. Undesirably, to cater for all
possible fault modes, the switch has a high voltage rating requirement. Moreover, if
this switch fails during normal operation, the whole system will break down. Due to

these drawbacks, such a protection scheme is impractical.
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Figure 7.2 CSI with a shunt resistor.

7.2.1 Proposed system topology for low voltage ride through

The proposed protection scheme for the CSC based WECS is shown in figure 7.3.
The dumping resistor is parallel connected to the CSI to dissipate the excess power
that cannot be delivered to the AC side, since the converter terminal voltage
collapses during AC side faults. During normal operation the protection switch is
inactive, disconnecting the dumping resistor from the DC link. When a voltage drop
is detected at the converter AC terminals, the switch operates to dissipate the power,
thereby limiting the rise in DC link current. There are two possible control modes for
the protection switch. One is to maintain the constant instantaneous DC link current;
an alternative control mode is to maintain constant average DC link voltage.
Simultaneously, the CSI starts to supply reactive power to help the grid recovery.
With some techniques [10], excess power can be stored as kinetic energy by allowing
the turbine to speed up. In a practical system, this is not an ideal solution due to
constraints imposed by the maximum allowable rotor speed limit or the possibility of
pitch control failure. This may be exacerbated in the case of a permanent fault where,
if there is no power dump resistor, the wind turbines cannot be slowed down.
Moreover, a resistive DC chopper is able to properly control the DC link, which is a
precondition for a CSI to supply reactive power to the grid as required by the grid

code

170



CHAPTER 7: Protection of a Current Source Based Wind Energy Conversion System

.
A

Figure 7.3 Proposed LVVRT topology.

7.2.2 LVRT control

To improve the low-voltage ride-through capability of the proposed WECS, the
control scheme proposed in figure 6.5 of Chapter 6 is modified as shown in figure
7.3 during the grid fault. Figure 7.4a shows the inverter control scheme, while parts b
and ¢ show the two possible protection switch control modes. When a grid-voltage
drop is detected, the power flow is balanced by the shunt protection switch. The
priority of the control system is to limit the rise in DC link current, so that the whole
system is protected. In the modified WECS topology, the operation of the CSI and
protection switch should be coordinated and complementary. When the protection
switch is on, all six CSI switches should be turned off, forcing the DC link current to
flow through the dumping resistor; only when the protection switch is off, can the

CSI operate according to the grid code to inject reactive power.
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Figure 7.4 LVRT control scheme.
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i.  Protection switch control

Once a fault is detected, the protection switch starts to operate in a PWM mode to
dissipate the redundant power so as to maintain the CSI DC link current within limits,
thus the system can ride through the AC fault.

For the current control mode as shown in figure 7.4b, the DC link current reference is
obtained from the previous DC link current value before the fault occurred.
Therefore the system could maintain its stability and all the wind turbines operate as
if there is no grid fault because there is no change in the DC link. However, as
mentioned in Chapter VI, a constant DC link current is not recommended as it will
initiate low frequency interaction between the generator side converters due to the
change of the wind turbine output powers. But considering the wind turbine large
time constant and relatively short fault clearance times permitted in many grid codes,
such a control mode is compliant.

Figure 7.4c shows the voltage control mode where the CSI maintains a constant
average DC link voltage during the grid fault. In the proposed system as discussed in
Chapter 6, the average DC link voltage is controlled constant in normal operation.
For the generator side converters, the DC network behaves the same during both
normal and fault operation. Therefore there is no impact on the wind turbines due to
the grid faults (wind turbines remain completely decoupled from the grid and less
sensitive to grid disturbances). As average DC link voltage is controlled, the control
response is relatively slow. Hence a current limiter in the control system is required

to restraint DC link current when the system is operated in a voltage control mode.

ii. CSI control
In order to coordinate control between the protection switch and the CSI, a
modulation index limiter, M;in, is introduced as shown in figure 7.4a, which can be
expressed as

Mjm =1—d, (0 < My < 1) (7.1)
where d, is the protection switch duty-cycle ratio. The unutilized modulation index
margin of the CSI is used for the protection switch conducting while all the CSI
devices are turned off. During normal operation the protection switch does not
operate, hence d, = 0.

172



CHAPTER 7: Protection of a Current Source Based Wind Energy Conversion System

Figure 7.4a shows the inverter control scheme. As the protection switch now
balances system power flow, the DC link current is limited. Therefore the d axis
modulation index, mg, which is used to control the active power in normal operation,
is redundant. It can be set to a constant value during the fault, without concern. This
is different from a VSI based system, where myg must be controlled to limit the
current as two voltage sources are parallel connected. This is an advantage of CSC
based systems over VSI based systems for grid interfacing, as a current source is
parallel connected to a voltage source. Provided the DC link current is limited, the
current injected into the grid is limited.

The detailed reactive power control scheme is the same as for normal operation, as
illustrated in Chapter 6. The reactive power reference is obtained from the grid code

to aid grid voltage recovery.

iii. CSI performance

The modulation index, M, and angle, a, are expressed as

M = /mczi + m3 (7.2)

@ =tan"124¢ (7.3)

mq
When the actual modulation index is limited to Min as shown in figure 7.4, then the

dg modulation index m’q and m’q can be expressed as

Miim 2 2
m'y = {vm (7.4)
my mi+mi < My,
M .
— Jmi +mi = My,
m’q = <A 1+tan2a (75)

mg  Jm§ +mi < My,

Introducing M, can affect CSI performance, especially the reactive power
generation. During voltage sags, reactive power control is the main concern.
With the aligned synchronous frame, the g axis grid voltage equals zero and the

reactive power is

Q= _zvsdisq (7.6)
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The steady state relationships between mgy, mg, and i, isq are
mdidc_link = (1 — Q)ZCL)I:Sd - (l)CRisq (77)
mqidc_link = (1 — (UZCL)I:Sq + (UCRI:Sd + a)Cvsd (78)

From equations (7.7) and (7.8), isq can be expressed as

_ (1—w2CL)idC_ll-nkmq—a)CRidC_linkmd—wC(l—wzCL)vsd

isq = (7.9)

(1—w?2CL)2+(wCR)?

In equation (7.9) w?CL «< 1 and wCR « 1, therefore is is dominated by m,. Since
the maximum value of the actual q axis modulation index m', is limited by Mn, the
ability to inject reactive power into the grid is therefore affected. With a larger My,
the reactive power generation is better. In an ideal situation, where M;in=1, the

reactive power generation is the same as in normal operation.

7.2.3 Value of dumping resistor
The dumping resistor should be designed to achieve a good performance, as follows.
Miim is defined as in equation (7.1), where dj, is the protection switch duty-cycle ratio.
Hence the protection resistance determines the value of M. Its value should be
large enough to consume the redundant power, but it cannot be too large to cause an
overrated DC link voltage as the current flowing through the resistor is the DC link
current during the grid fault.
As the protection resistor is modulated by the switch, its effective value is
Requ = dpRace (7.10)
where Ryt is the actual resistance.

During the fault, the electrical system energy is dissipated in the resistor, hence

dp IozlcRact =R, —F
where Py is the total power from the generator side and Py is the active power
delivered to the grid. Assuming an extreme situation where the grid voltage is zero
whence no real power can be transferred into the grid

dp IécRact =k, (7.11)
As 0 < d,, < 1, the minimum dumping resistance is
Rgee = mycrated (7.12)
Idc—rated
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where Py.raed, and lgcraed are the rated system power and DC link current,
respectively. If the resistance is smaller than the minimum value, then even if the
protection switch conducts continuously, it is not able to dissipate all the power.

On the other hand, the instantaneous DC link voltage, during the fault, is partially
determined by the resistor, and can be expressed as

| I when the protection switch turns on
Viac—ins = { Vine  When the DClink is connected to the grid (7.13)
0 when the DC link is short circuited by CSI

During normal operation the instantaneous DC link voltage can be expressed as

when the DC link is connected to the grid

_ Vline
Vac-ins = { 0  when the DC link is short circuited by CSI (7.14)
If the system is designed so the maximum DC link voltage is the corresponding grid

line voltage, then the maximum resistance is

Ryer < —Line (7.15)

ldc—rated

Otherwise, the instantaneous DC link voltage exceeds the rated value, since the DC
link is a current source.

Based on equations (7.12) and (7.15), the range of the protection resistance value is

P, _ Vi
2w rated <R ot < line (7]6)
I a 1

dc-rated dc-rated

As discussed, Min can affect CSI reactive power generation performance. During the
fault, a large M, is required to minimize its effect on the CSI reactive power
generation. Previous analysis of the relationship between the ability of reactive
power generation and protection resistance shows that large protection resistance is
required to obtain a large Min. Figure 7.5 shows the reactive power generation
during a grid three-phase short circuit fault as displayed in figure 7.9. Different
curves represent the simulation results of different protection resistance, or
alternatively, different M;ir, values. The simulation results also confirm the influence
of the protection resistor on CSI performance. The reactive power generation ability
is positively related to resistance. This is because with increased resistance, the duty-
cycle ratio required to consume the active power reduces, and the value of Mn
increases. As discussed in Section 7.2.2.iii, the ability to inject reactive power is

positively related to Mjin.
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Considering the resistance range defined in equation (7.16), to obtain the best

performance to inject enough reactive power into the grid, the resistance can be

specified as
30
=
<>E 20
'S
N—r
S
o 101
o
(<5}
=
e}
&
5 0
o

8.

Ryer =

(7.17)

ldc—rated

Increase of protection resistance
o (increase. of Miim).. . .

time (s)

1.2 1.4

Figure 7.5 Reactive power generation during fault.

7.2.4 Modified CSI SVM
As discussed, special control is required to coordinate the protection switch and the

CSI during grid faults. Therefore conventional CSI SVM needs modification to

achieve this goal.

The PWM switching pattern constraint for a conventional CSI, shown in figure 7.6a,

is that only two switches conduct at any time instant, one in the upper half of the CSI

and the other in the bottom half [11]. Under this constraint, there are nine switch

states which can be classified as active switch states and zero states. Table 7.1 shows

these switch states, and the corresponding space vectors are also given. The space

vector diagram is shown in figure 7.6b, where I_r) represents the current reference

vector from the controller.
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Figure 7.6 Conventional CSI: (a) topology and (b) space vector diagram.

Table 7.1 CSI switch states and space vectors [11].

Type On-State Inverter PWM Current Space
Switch Iwa Iwb Iwe Vector
S1, Sa
Zero States Ss, Se 0 0 0 I
S5, S2
Se, S1 Idc-link ~lgc-link 0 I
_ S1, S2 Idc-link 0 - Idc-link L
Active : ; >
S2, S3 0 Idc-link = Idc-link i
States . . =
S3, S4 - Idc-tink Idc-link 0 I
S4, S5 - dclink 0 Ic-link Iy
Ss, Se 0 - lgc-link Idc-link I,

During one switching period Ts, conventional PWM modulation can be summarized
as
LTy = LTy + Iia To + [Ty (7.18)
Te=T,+T, + T, (7.19)
where Ty, Ty, and Ty are the conducting times of the chosen switches, and i=0,1,2,..,6.
The i value depends on the sector fr lies in.
In the proposed LVRT control scheme, the modulation index magnitude, M:|7r|, has
a maximum value, and the extra margin in a switching period Ts is used for
protection switch conduction. Equations (7.18) and (7.19) can be modified to
[T, =ITy + [ Ty + [,To + 4T, (7.20)
Te=Ty+Ty+Ty+ T, (7.21)
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where 7_1 is a new space vector denoting that all six CSI switches are in the off state,
except the protection switch. The new CSI space vector diagram is shown in figure

7.7. The dotted circle represents the normal operation region for the CSI current

reference fr, where the maximum modulation index is 1. The solid circle is the actual

operation region limited by Mi, during a fault.

Sector IV

8
Figure 7.7 The new CSI space vector diagram.

In LVRT operation, the system priority is to limit the DC link current. Therefore the
duty-cycle ratio of the protection switch is first determined by the control schemes
shown in figure 7.4b and c. Hence T.; is first obtained as

T_y = dpT, (7.22)
Based on this duty-cycle ratio, the maximum modulation index, My, is calculated

based on equation (7.1). The actual modulation index M can be expressed as

{\/mé + m2 \/mczi +mZ < My,
M =

k Mlim /m?i + mtzq = Mlim

Similar to conventional SVM [11], T;, T, and T, can be calculated from the

(7.23)

following equations.

Ty = Msin (5 - 6) (T, - T_,) (7.24)
T, =Msin (3 +6) (T, - T_,) (7.25)
TO == TS - T—l - Tl - TZ (726)
0=a—(k—-1)73 (7.27)

where k=1,2,...,6 for sectors I, I1,..., VI, respectively.
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7.2.5 Simulation results

Simulations are presented to evaluate the LVRT performance of the proposed system.
A three-phase short-circuit fault is assumed to occur near the common coupling point
with low fault impedance, and the grid voltage drops significantly. Although this
rarely occurs in the grid, it is a serious fault. As discussed, the protection system
starts to dissipate the active power and to maintain a constant average DC link
voltage.

The system configuration is the same as in normal operation in Chapter 6 and is
shown in figure 7.8. System parameters are summarized in Tables 7.2, 7.3, and 7.4.

Grid

45 N Full bridge i

converter {% csi

CSC, 4

Full bridge
converter

CSC,

— e
45 Full bridge

converter

773

CSC;
Figure 7.8 WECS for LVRT.

Table 7.2 PMSG parameters.

Parameters Values
Power rating 16 kw
Stator inductance 13.47 mH
Stator resistance 0.672 Q
PMSG flux 2.39 Wb
Pole pairs 12
Turbine inertia 50 kgm®

Table 7.3 Full bridge converter parameters.

Parameters Values
Input capacitor 1000 pF
Output inductor 10 mH
Transformer transformation ratio 1:2.2
Switching frequency 10 kHz
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Table 7.4 CSI parameters.

Parameters Values
Power rating 50 kW
Phase RMS voltage 796 \Y
Phase RMS current 36.3 A
Grid frequency 50 Hz
Grid-side capacitor 125 uF
Grid-side line inductance 4 mH
DC link inductor 40 mH
CSI switch frequency 4 kHz
Protection resistor 17 Q

The system simulation results are shown in the following figures, where figure 7.9
shows the grid voltage d axis component. In the aligned synchronous frame, the g
axis component is zero. The three phase fault occurs at 0.5s, and after 150ms the grid

voltage starts to recover. At 2s, the voltage recovers to the rated value.

800

600_ .............. ........ -
400_ ............... S -

D00 | A e E N

Grid d axis voltage (V)

0 0.5 1 1.5 2 2.5
time (s)

Figure 7.9 Grid voltage d axis component.

The DC link voltage and current are shown in figure 7.10 parts a and b. When the
fault occurs the protection switch operates immediately to balance the power. Figure
7.10a shows that the average DC link voltage is controlled constant by the protection
switch. The average DC link voltage overshoot at 0.5s is due to the transient
response of the LVRT control taking over the system. There is no actual
instantaneous DC link voltage overshoot, because during normal operation, the DC

link voltage is mirrored from the grid, which is naturally limited, as given in equation
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(7.14). During the grid fault, the DC link voltage is specified by equation (7.13).
Because the DC link current is limited as shown in figure 7.10b, the DC link voltage
will not exceed the rated value. The drop of DC link current at 1s is due to the
decrease of input power from the generator side, which will be shown later. The
oscillation at about 1.7s is the transient response when normal operation
recommences. Although the grid voltage has not recovered back to its rated value, it
is enough to support the DC link voltage.

—
>1000 - 80
g \ <
S 750 e £\t = 60 ]
o [
> 1 oL
b
=< 500 3 40
O =
A 250 = 20
@ O
g | N R B |
e 0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25
< Time (s) Time (s)
(a) (b)
s ; 60
- X .
g_, 40 %’ 40 Active pow<
3 S
5 20 2 20
n =] [ \.\
i = AT .
8 QO 8 0 LISV
f@é; i Reactive power
=220 : : ' o -20 '_ : : .
2™ 0.5 1 1.5 2 25 € 70 0.5 1 1.5 2 2.5
< Time (s) = Time (s)
(c) (d)

Figure 7.10 Three phase short circuit fault simulation results: (a) average grid side
DC link voltage, (b) DC link current, (c) protection resistor current, and (d) injected
active and reactive power.

The current flowing through the dumping resistor is shown in figure 7.10c. At 0.5s,
when the fault occurs, the protection switch conducts immediately and the majority
of DC link current flows through the resistor. At about 1.7s, the protection switch has
its duty-cycle ratio decreased. The current reduces gradually to zero as shown in
figure 7.10c. Then the switch ceases to operate and the normal control is resumed.

Figure 7.10d shows the CSI active and reactive powers, as denoted. At 0.5s, both
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powers drop to zero due to the zero grid side voltage which is shown in figure 7.9.
Then the CSI starts to inject reactive power into the grid. At 1.7s, normal operation
recommences and the reactive power begins to decrease to zero and the active power
is balanced by the CSI. The active power before and after the grid fault is different
because during the fault the wind speed at Turbine 1 drops. The grid phase current
and filter capacitor voltage are shown in figure 7.11 parts a to d. The grid phase dq
current and filter capacitor dq voltage are shown in figure 7.11 parts e and f,
respectively. The simulation result shows that the proposed system and control are
capable of low voltage ride through.

The simulation results for the three wind turbines are shown in figures 7.12 to 7.14.
At 1s the wind speed of turbine 1 drops. The generator side converter still operates
normally to track the MPP although there is a grid fault. Therefore the captured
power decreases which results in the DC link current drop shown in figure 7.10b.
The other two wind turbines experience no wind speed change. The results show that
the grid fault has no impact to the wind turbines. It shows that the proposed

techniques decouple the wind turbines from the grid side disturbances.
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Figure 7.11 Three phase short circuit fault simulation results: (a) grid phase current,
(b) zoomed grid phase current, (c) filter capacitor voltage, (d) zoomed filter capacitor
voltage, (e) grid dq axis current, and (f) filter capacitor dq axis voltage.
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Figure 7.12 Turbine 1 simulation results: (a) wind speed, (b) rotor speed, (c) C,, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.
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Figure 7.13 Turbine 2 simulation results: (a) wind speed, (b) rotor speed, (c) C,, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.
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Figure 7.14 Turbine 3 simulation results: (a) wind speed, (b) rotor speed, (c) C,, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.

7.3 Single-phase to ground short circuit fault

The single-phase to ground circuit fault is analysed in this section using the same
system as in section 7.1. The control strategy is modified to ensure the system
survives such a fault.
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7.3.1 Grid behaviour with a single phase to ground fault

A grid three-phase short circuit fault is the most serious fault in power systems.
However, a single-phase to ground fault is more likely to occur. Such a fault can
cause voltage sag in one phase, but the other two remain at the rated value. Figure
7.15 shows the grid voltage when a single-phase to ground fault occurs at 0.5s.
Figure 7.15a shows the three-phase voltage, part b shows details of the single phase
to ground fault, and part ¢ shows its dq components.
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Figure 7.15 Single phase fault: (a) grid phase voltage, (b) details of single phase fault,
and (c) grid phase voltage dg components.

With an isolating transformer between the inverter and the grid as shown in figure
7.16, the three phase voltages at the inverter side will not behave exactly the same
but the three phase voltages are unbalanced. Assuming the CSI is shut down and the
switches short circuit the DC link continuously, when a single-phase fault occurs,

figures 7.17 parts a and b show the unbalanced three phase voltage and current
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without any contribution from the CSI. The active and reactive powers at the inverter
side are shown in figure 7.17c. The active power oscillates between the filter
capacitor and the grid, but with a zero average value; while the reactive power is
supplied by the capacitors. Figure 7.17 shows the serious situation that a CSI has to

deal with when a single-phase to ground fault occurs.
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Figure 7.16 CSI connected to the grid via a transformer.
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Figure 7.17 Inverter side: (a) phase voltage, (b) phase current, and (c) active and
reactive powers.

7.3.2 Control strategy

SVM is used to generate PWM gating signals for the CSI. Due to SVM
characteristics, it is inherently unable to deal with the unbalanced grid voltages
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shown in figures 7.15 and 7.17. This is because the generated PWM signals from
SVM are based on the assumption of balanced AC voltages which allows three
identical phase voltage vectors, displaced by 120 degrees, to be constituted into one
rotating vector. To deal with an unbalanced AC network, SVM with a modified
voltage vector length is required, which is beyond the scope of this thesis. However,
the system can survive such an unbalanced condition with the proposed LVRT
techniques.

The control strategy during the fault involves the CSI remaining connected to the
grid but without delivering any output power. The active and reactive power outputs
are limited to small values, ensuring the CSI is connected to the grid but not so as to
enhance any power oscillation between the filter capacitors and the grid. Therefore
both dg modulation indices are set to a small value as shown in figure 7.18.

The active power from the generator side is dissipated into the dumping resistor to
limit a DC link current rise in the system. The protection switch can operate in a
voltage mode or current mode to control the system, as shown in figure 7.4 parts b
and c. The protection switch and CSI are coordinated, to achieve the control strategy,
by incorporating a modulation index limiter, My, The basic control techniques are
the same as illustrated in Section 7.1, including the protection switch control and
SVM technique. When the single-phase to ground fault is cleared, and the grid
voltage recovers, the system operates in a normal mode again and is able to supply

reactive power if required.
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Figure 7.18 CSI control schematic.

Such a control strategy is valid because a single-phase to ground circuit fault should
be cleared within 7 cycles according to the grid code, where in such a short period,

just remaining connected is acceptable for a wind farm.
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7.3.3 Simulation results

The WECS configuration and parameters are the same as discussed in Section 7.1 for
LVRT. In the simulation the single-phase to ground circuit fault occurs close to the
grid-side inverter with negligible fault impedance. It occurs at 0.5s as shown in
figure 7.15, when the system is assumed to be in steady state, and the wind speed
remains constant during the simulation. This assumption is to make the simulations
clearer, but the system can survive a changing wind speed during such a fault. This is
because the protection resistor is able to support the DC link at the grid side, as if the
CSI were operating normally, hence the wind turbines will not be influenced by any
grid fault, particularly with such a short fault period.

The average DC link voltage and DC link current are shown in figure 7.19 parts a
and b. When the single-phase to ground fault is detected, the LVRT mode assumes
control and the protection switch operates to dump the unbalanced power from the
wind turbines. During the fault, the DC link current is controlled in a current mode as
shown in figure 7.4b, with a value the same as before the fault. This approach is used
because the single-phase fault current must be cleared in 7 cycles, plus current
control is more robust than average DC link voltage control in such a situation as the
system output power is now unbalanced and oscillating. Figure 7.19a shows a second
order harmonic ripple in the DC link voltage due to the unbalanced grid voltage. The
average current through the protection resistor is shown in figure 7.19c. When the
fault occurs, the majority of the power is immediately consumed in the dumping
resistor to prevent DC link current overshoot. When the fault is cleared in 7 cycles,
the resistor current drops gradually to zero, and normal CSI operation recommences.
Figure 7.19d shows the system active and reactive powers, where during the fault
period, the power oscillation is mainly due to the interaction between the filter

capacitors and grid, as shown in figure 7.17c.
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The three phase current and capacitor voltages are shown in figure 7.20 parts a and c.
Phase current and capacitor voltage details during the fault are shown in figure 7.20
parts b and d, respectively, confirming the voltage and current imbalance during the
fault. The SVM is unable to deal with such conditions, as the generated PWM for the
three phases assumes balance. Therefore other techniques such as SPWM or
selective harmonic elimination (SHE) should be used to deal with unbalanced phase
voltages, which are outwith the scope of this investigation. The dg axis components
are shown in figure 7.20 parts e and f, respectively.

The simulation results confirm the LVRT performance of the proposed system with a
single phase to ground fault. The wind farm remains connected to the grid during the
fault and recovers in a short time after the fault is cleared.
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Figure 7.20 Grid side simulation results: (a) three phase output currents, (b) zoomed

three phase output currents, (c) three phase capacitor voltages, (d) zoomed of three

phase capacitor voltages, (e) phase dq axis output currents, and (f) capacitor dq axis
voltages.

The generator side simulation results are shown in figure 7.21. It is assumed during
the fault all the wind speeds remain the same. Therefore only the turbine 1 results are
given as the other two turbines behave similarly. Although there is small disturbance

of the input and output currents due to the grid fault as shown in figure 7.21 parts e
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and f, they do not affect the wind turbine performance as shown in figure 7.21 parts b

and c, hence can be neglected.
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Figure 7.21 Turbine 1 simulation results: (a) wind speed, (b) rotor speed, (c) C,, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.

7.4 Phase to phase short circuit fault
A grid phase to phase short circuit fault is another severe AC fault. Once the fault

occurs, the shorted two phases establish a common sinusoidal voltage, with a peak
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that depends on the line impedance; but the third phase is unchanged. Figure 7.22a
shows the grid voltage when the fault occurs, while figure 7.22b shows details within
the fault period. There are small oscillations at the beginning of the fault due to cable
reactive impedance and capacitance interaction (which are incorporated within the

simulation models).
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Figure 7.22 Phase to phase fault: (a) gritlzitphase voltage and (b) zoomed grid phase

voltage.

Due to the isolation of the three phase transformer shown in figure 7.16, the AC
voltage at the inverter side is not exactly as shown in figure 7.22. The ability to
deliver active power is limited due to the fault, which must be dissipated to maintain
the power flow balanced. As mentioned, SVM is unable to cope with unbalanced
grid voltages. The strategy used to survive a phase to phase short circuit fault is the
same as that used previously for a single phase to ground fault simulations. The
details are as given in section 7.2 and the simulation results to be presented will
confirm the system fault ride through capabilities.

The phase to phase fault is assumed to be cleared within 7 cycles, during which it is
valid to assume the wind speeds remain constant. The average DC link voltage is
maintained constant by the dumping resistor, hence even if the wind speed changes,
the turbines will continue to function normally.

The average DC link voltage and the instantaneous DC link current are shown in
figure 7.23 parts a and b, respectively. When the fault occurs at 0.5s, the dumping
resistor establishes DC link control to stabilise the DC link. The resistor average
current is shown in figure 7.23c. When the fault is cleared after 0.15s, specifically

7.5 cycles at 50 Hz, the grid voltage recovers back to the rated value as shown in

194



CHAPTER 7: Protection of a Current Source Based Wind Energy Conversion System

figure 7.22. The CSI gradually regains system control, as the dumping resistor
current slowly decreases and the active and reactive powers injected into the grid are
controlled at their reference values, as shown in figure 7.23d. The power overshoot
in figure 7.23d when the short circuit fault is cleared, is associated with the grid

voltage stepping up to its rated value.

2000 - ; 80
(] ~~
g 750 < 60
8 —
3 ol =
: :
£ 50 S 40
9 =
o 250 = 20
) O
g &)
Z % 05 1 15 % 05 1 15
Time (S) Time (s)
(a) (b)
—_
L 60 < 60
: : T
£ a0 = 30 y /
(5} R
3 = " /" Active power
S 20 < — WH‘ S N — —
% = l /
3 g
S -
o Y 3 307 Reactive power -
(@)
& o}
D _ . i £ . ‘
Z % 05 1 15 9 % 05 1 1.5
Time (s) = Time (s)
(©) (d)

Figure 7.23 Grid side simulation results: (a) average grid side DC link voltage, (b)
DC link current, (c) protection resistor current, and (d) active and reactive power.

The AC side simulation results in figure 7.24 show the output phase currents in parts
a and b, and the capacitor voltages in parts ¢ and d. With an isolation transformer,
two of its phase voltages are the same but phase shifted by 180° and the third is zero,

which are different from the grid side phase voltages, as shown in figure 7.22.
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Figure 7.24 Grid side simulation results: (a) three phase currents, (b) zoomed three
phase currents, (c) three phase capacitor voltages, (d) zoomed three phase capacitor
voltages, (e) phase dq axis currents, and (f) capacitor dq axis voltages.

Figure 7.25 shows the simulation results of one of the turbines, from which it can be
concluded that the turbine is unaffected by the phase to phase short circuit fault since
it continues to operate normally. The simulations for the other turbines are similar to
the turbine 1.
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The simulations in figures 7.23 to 7.25 confirm the ability of the proposed CSC

based system to survive a grid code specified, grid side phase to phase short circuit
fault.
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Figure 7.25 Turbine 1 simulation results: (a) wind speed, (b) rotor speed, (c) C,, (d)
full bridge converter input voltage, (e) full bridge converter input current, and (f) full
bridge converter output current.
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7.5 DC network short circuit fault

The previous sections considered AC side short circuit faults. The following sections
investigate DC network short circuit faults. However, an open circuit fault will not be
considered in detail as this is usually a permanent fault (and would involve WECS
controlled shutdown). Furthermore, a single pole to ground fault is also not
considered because the system is electrically isolated from the grid by a three phase
transformer (AC grounds are isolated). Therefore, such a fault will not affect the

system. A pole to pole DC fault is investigated.

7.5.1 Control strategy

Normal VSC based systems are vulnerable to a DC side short circuit fault due to DC
side discharge of the DC link capacitors (and the AC side feeding the fault through
the uncontrolled three phase rectifier formed by the inverter freewheel diodes). The
short circuit can cause a severe discharging current which may damage equipment
connected to the DC side such as switchgear and DC filters. Unlike VSC based
systems, CSC based systems are naturally resilient to DC short circuit faults due to
the large link inductance. In grid connected current source inverters, the DC link
current is controlled and gradually drops to zero as no power is transferred from the
generator side. Theoretically, even if no protection action is taken, the CSI can
survive such a fault with minimum risk to semiconductor switches. The CSI
bidirectional voltage blocking switches prevent rectification current from the AC
side flowing into the DC side. These are advantages of the CSC based system over
the VSC based system. With zero DC link current, the CSI can no longer deliver any
active or reactive power. Therefore its modulation index can be set to a constant

during the fault, as shown in figure 7.26.

mg=constant value M
M= \/mj +mi g CSlI
firing signal
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SVM —
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Figure 7.26 CSI control schematic.
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The generator side DC/DC converters should be disconnected from the DC network
to prevent the output current from rising due to power injected into DC network with
effectively zero DC voltage and impedance seen from the generator side. The fault
prevents the generated power from being delivered into the grid and must be
dissipated into dumping resistors to prevent turbine over-speed due to severe active
power imbalance between the AC and DC sides. As full bridge DC/DC converters
are used, power will be accumulated on the converter input DC capacitors, which
adversely are minimised. If no action is taken, a significant capacitor voltage rise
may damage the DC/DC converter switches. Therefore a dumping resistor must be
parallel connected to the capacitor as shown in figure 7.27 to consume the extra
power during the fault. Such a resistive DC chopper protection technique is similar to
that currently used on VSI based systems.

An alternative, avoiding the drawbacks of a DC approach, is to use a three phase AC
contactor and a three-phase delta-connected resistor bank, on the uncontrolled

rectifier input.

idc‘"‘: Y
N QN N = —H} N N
4(}
[ ] [ ]
Vdcin T 3 g
Y NN } S —S} A K

Figure 7.27 Modified full bridge converter topology.

To limit interaction between the wind turbines and the DC fault, and to minimize the
mechanical stress, the DC/DC converter input voltage can be controlled to track the
MPP by modulating the protection switch. Such a controller is shown in figure 7.28.
Other possible control strategies include using super-capacitors or storing energy in

the turbine mechanical inertia.
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Figure 7.28 Control schematics for the protection switch.

During the DC link short circuit fault, the CSI stops operating as there is no power
delivered from the DC link, and the DC/DC converters stop transferring power to the
DC link. The captured wind energy is dissipated in the dumping resistor, while the
capacitor DC voltage is controlled to track the MPP, thereby minimizing any DC
fault influence on the wind turbines.

When the DC link short circuit fault is cleared, the DC/DC converters and current
source inverter should co-ordinate a system restart. Notice that no communication is
required between the AC grid and the generators (or between generators), which is
advantageous given the long distance between the wind turbines and the AC grid
interfacing point. Therefore cooperation between the converters is important to
system recovery. The key control issue is how to charge the inductive DC link.

There are two possible control strategies to re-start the system.

One strategy is controlled by the grid side CSI. As mentioned, the modified CSI
topology shown in figure 7.3 has the ability to balance the power between the DC
link and the grid due to the assistance of the additional switch and resistor. Therefore
once the fault is cleared, the DC/DC converters start to transfer power into the DC
link. Since the turbines operate normally, there will be a large inrush current at the
wind farm side. Therefore the protection resistor circuitry initially operates to limit
the DC link current overshoot. Once the system is in steady state and DC link has
been charged, control of the DC link is taken up by the CSI (DC link voltage
regulation- the normal steady state operating control mode). CSI operation is similar
to that for grid fault ride through discussed in the previous sections. In summary,
charging of the DC link is controlled by the CSI.

The second start up strategy uses control by the generator side DC/DC converters.
The CSI dumping resistor does not operate during the recovery period. Therefore a
conventional CSI can be used. The DC link current is limited by the DC/DC
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converters. Once DC short circuit fault clearance is detected, the CSI begins to
operate, although there is initially no power flow. The DC link current is therefore
energised gradually, which avoids current overshoot. As the CSI controls the average
DC link voltage only, WECS startup can be achieved by any or all of the generator
side DC/DC converters.

For start-up, the basic control block schematic presented in Chapter 6 is modified as
shown in figure 7.29. It has an inner current loop and an outer voltage loop. The
voltage loop controls the generator side DC/DC converter input voltage according to
the reference given by a look-up table to track the MPP. The inner current loop
controls the output inductor current. In normal operation, the inner current loop is
used to eliminate the low frequency harmonic currents. During start-up, the output
current is limited by a saturation block shown in figure 7.29 to achieve a gradually
increasing output current. Hence the inner current loop controls the output current to
gradually increase the DC link current. The power dissipated in the protection
resistor is simultaneously gradually transferred to the grid. Finally the DC/DC
converters take over control of the wind turbines and the system operates in a normal

condition. This control strategy is supported by simulation.

Vdc—in Iind
i . " i Firing
dc—in VvV, . 1. Y signal
/ dc—ip Pl - ind, . » Pl

Look-up
table

Figure 7.29 DC/DC converter control schematic.

7.5.2 Simulation investigation

Assume the DC link short circuit fault occurs at the middle of the DC cables between
the wind farms and the inverter with negligible fault impedance, as shown in figure
7.30. The average generator side and inverter side DC link voltages are shown in
figure 7.31 parts a and b. The DC link currents at the generator and the inverter sides
are shown in figure 7.31 parts ¢ and d, respectively. The short circuit current is
shown in figure 7.31e.
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The short circuit fault occurs at 0.5s, the average DC link voltage at the generator
side drops to zero immediately. The average DC link voltage at the inverter side has
a negative voltage overshoot due to polarity reversal of the voltage across DC link
inductor, as the energy stored in the inductor is released into the fault. The DC link
current at the generator side decreases gradually as the current flows into the short
circuit. Simultaneously the generator side DC/DC converters shut down. But at the
inverter side, the DC link current drops to zero immediately. The short circuit fault is
cleared at 0.65s as shown in figure 7.31e. Once the fault clearance is detected, the
system starts to recover to normal operation. The CSI starts to operate, ready to
deliver the power from the generators. Then the generator side DC/DC converters
start to delivery energy into the DC link. There is a time delay between the operation
of the CSI and DC/DC converters to ensure that the energy does not accumulate in
the DC link. As shown in figure 7.31 parts ¢ and d, the DC link current increases
gradually when the fault is cleared. The average DC link voltage is established
immediately by the CSI because the DC link voltage is the transformed reflected grid
voltage through the CSI, rather than related to the power from the generators. At 1.5s,
the system has attained normal operation conditions and delivers the captured power
to the grid. The CSI active and reactive powers are shown in figure 7.31f. The fault
and its clearance activate the power oscillations at 0.5s and 0.65s. During the fault,
the active power drops to zero as there is no power from the DC link; while the
reactive power is maintained at a certain value, being supplied by the capacitor filters
at the CSI output.

Full brid
|| L]

CSC1

|| l A g _—T

# Full bridge

converter

CSC2
# N Full bridge

converter

CSC3

Figure 7.30 DC link short circuit fault schematics.
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Figure 7.31 Simulation results: (a) average generator side DC link voltage, (b)
average inverter side DC link voltage, (c) generator side DC link current, (d) inverter
side DC link current, (e) short circuit current, and (f) active and reactive powers.

The AC side output phase current and voltage are shown in figure 7.32. The phase
output current and the capacitor voltage are shown in figure 7.32 parts a and c. The
details are shown in figure 7.32 parts b and d, respectively. Their dq transformations
are shown in figure 7.32 parts e and f. The AC side simulation confirms the validity
of the proposed system and control strategy. Figure 7.32b shows that the DC side
fault does not impose any risk on the voltage stability of the grid, as the grid sees the
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CSI during the fault period as an open circuit terminated by the capacitors. Therefore,
no significant current will be withdrawn from the AC grid.
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Figure 7.32 Grid side simulation results: (a) three phase output current, (b) zoomed
three phase output currents, (c) three phase capacitor voltages, (d) zoomed three
phase capacitor voltages, (e) phase dq axis output currents, and (f) capacitor dq axis
voltages.
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Figure 7.33 Turbine 1 simulation result: (a) wind speed, (b) rotor speed, (c) C,, (d)
full bridge converter input voltage, (e) full bridge converter input current, (f) full
bridge converter output current, and (g) protection resistor current.
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Figure 7.33 shows the simulation results of the generator side associated with turbine
1. The wind speed changes at 0.8s, which occurs during the DC link short circuit
fault. Figure 7.33 parts d and e show the DC/DC converter input current and voltage,
respectively. Their values are controlled to track the MPP as shown in figure 7.33c.
The DC/DC converter stops delivering output power during the fault, but the turbine
is fully controlled by the shunt resistive DC chopper shown in figure 7.27, which
dissipates the turbine generated power. Figure 7.33g shows the current through the
dumping resistor, and figure 7.33f shows the DC/DC converter output current. They
are controlled to slowly charge the DC link. The other wind turbines behave

similarly to turbine 1.

7.6 DC link open circuit fault

The CSC based system is inherently resilient to DC network short circuit faults;
however, it is vulnerable to DC network open circuit faults. Although an open circuit
fault is rare, if it occurs, the link inductance energy will cause extremely high DC
voltages, damaging devices in the system. Assuming an open circuit fault occurs as
shown in figure 7.34, there will be a high voltage overshoot at the DC link generator
side. The metal oxide varistor (MOV) used for overvoltage protection in traditional
AC systems [12] can be employed in the proposed system for open circuit fault
protection. The MOV is implemented close to the power electronic converters to
clamp voltages to a safe level. Once the fault is detected, the shunt resistive DC
choppers shown in figure 7.27 operate (within tens of micro seconds) to dissipate the
active power, while the full bridge DC/DC converters stop operation, therefore the
current in the DC link drops to zero in short time and the MOV no longer needs to
clamp the DC link voltage. If the fault is permanent, the system should shut down all

the wind turbines.
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Figure 7.34 DC link open circuit fault schematic.

7.7 Permanent faults and system shutdown

In the previous discussion, faults are assumed to be cleared within several ac cycles;
hence the dumping resistors are power rated on a short-term dissipation basis and the
turbines are controlled to track the MPP to minimize the impact of short term faults.
The dumping resistors are only rated for full power for about 30 seconds, hence the
system should be shut down within this time if a permanent fault occurs. A control
strategy is that if the fault is not cleared within a reasonable time (a few seconds), the
pitch control as well as other necessary controls should start to safely shut down the
wind turbines within the 30 second period.

If the fault occurs on the DC network, the wind turbine modules are able to sense the
fault and activate a suitable control strategy.

If the fault occurs on the grid, the DC network is controlled as usual by the CSI shunt
resistive DC chopper. Thus the wind turbine modules are decoupled from grid faults
and their controllers will not shut down the wind turbines. A solution is that if the
grid fault is not cleared within the time required by the grid code, the average DC
network voltage can be controlled above the nominal value. Then the wind turbine
controllers will sense the abnormal voltage condition and start to shut down the wind
turbines within the 30 second period.

A general braking strategy is to control the pitch angle to decrease the aerodynamic
power to zero and to finally use a mechanical brake to hold the wind turbine
stationary. Once the braking operation starts, the pitch angle is gradually increased

from 0° to 90°. In the latter case, the aerodynamic torque developed by the wind is
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decreased to zero. The pitch control requires a period for 10 to 30 seconds due to the
slow mechanical pitch response. In the meantime, the DC/DC converter no longer
tracks MPP, but imposes a large electromagnetic torque to decelerate the wind
turbine. A simple control method is to gradually control the DC/DC converter input
voltage, Vgc.in, @S shown in figure 7.27, to zero. At a subsequent time, the AC

breakers disconnect the grid side inverter from the grid.

7.7.1 DC permanent fault

Assuming a permanent short circuit fault occurs on the DC link as shown in figure
7.30, simulation results establish the ability of the braking system. Due to the long
time and computer memory required by MATLAB/SIMULINK to simulate a 20-
second period, the pitch control is assumed to occur within 5 seconds to accelerate
the simulation, although in practice it may take 20 seconds. This assumption does not
affect the validity of the results. Once the fault occurs, the protection for DC network
short circuit fault as discussed in Section 7.5 operates first. However, if the fault is
not cleared within 10 cycles (0.2s), the system starts to shut down all the wind
turbines and the grid side inverter.

Figure 7.35 parts a and b show the DC link voltage at the generator and grid sides.
Both voltages drop to zero in a short time at 0.5s due to the short circuit fault. The
DC link currents and short circuit current are shown in figure 7.35 parts c to e. The
inverter output power is shown in figure 7.35f. Figure 7.35g shows the three phase
output currents from the inverter, which cease due to an AC breaker. The simulation
results in figure 7.35 establish that the DC network and the inverter can be properly
shut down due to a permanent fault.

The shut down process of one turbine is shown in figure 7.36. As the fault occurs in
the DC network, the shunt resistive DC chopper as shown in figure 7.27 controls
each wind turbine and dissipated real power. With the pitch angle linearly increased
to 90° as in figure 7.36¢ and input voltage decreased to 0 V as in figure 7.36d, the
rotor decelerates to 0 m/s in approximately 6s. The DC/DC converter input current,
output current and dumping resistor current are shown in figure 7.36 parts e to g. The
other turbines have similar simulation results and are not shown here. Therefore it is
established that the system can be shut down smoothly within a required period, due

to a permanent DC fault.
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Figure 7.35 Simulation results: (a) average generator side DC link voltage, (b)
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side DC link current, (e) short circuit current, () active and reactive powers, and (g)

three phase currents
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Figure 7.36 Turbine 1 simulation result: (a) wind speed, (b) rotor speed, (c) pitch
angle, (d) full bridge converter input voltage, (e) full bridge converter input current,
(F) full bridge converter output current, and (g) protection resistor current.
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7.7.2 AC permanent fault

If the permanent fault occurs at the grid side, the average DC network voltage can be
controlled above the nominal value by the shunt resistive DC chopper, which is
shown in figure 7.3, to indicate to the generator side controllers to shut down all the
wind turbines. The control strategy is similar to the shut down for a DC permanent
fault as discussed in Section 7.7.2. The difference is that the real power is dissipated
in the DC link dumping resistor, and the DC/DC converters control the wind turbines
for electrical shut down. During the shut down process, the DC link voltage should
also be controlled by the shunt DC chopper to decrease to zero gradually.

Assuming a three-phase short circuit fault occurs at 0.5s, as shown in figure 7.37f,
the LVRT control as discussed in Section 7.2 starts to operate and the DC link shunt
resistive chopper controls the DC link voltage. Since, the fault is not cleared within
10 cycles (0.2s), the shut down system starts to operate. The DC link voltage is first
increased to 850 V to notify the generator side controllers, and then decreases to zero
gradually as shown in figure 7.37a. As the wind turbines are also shutting down, the
DC link current shown in figure 7.37b drops gradually indicating a decreasing
aerodynamic power. Figure 7.37 parts ¢ and d show the dumping resistor current and
the inverter output power.

The shut down process of one of the turbines is shown in figure 7.38. The wind
turbine pitch angle is increased to 90° within 5 s as shown in figure 7.38c, and the
DC/DC converter input voltage is decreased to 0 V by the converter as shown in
figure 7.38d. Hence the rotor speed decelerates to O m/s. The converter input current
and output current are given in figure 7.38 parts e and f. The simulation results of
other turbines are similar and are not shown. The simulation results in figure 7.37

and 7.38 establish shut down capability due to a permanent AC fault.
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Figure 7.37 Simulation results: (a) average grid side DC link voltage, (b) DC link
current, (c) protection resistor current, (d) injected active and reactive power, (e)
phase current, and (f) phase voltage
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Figure 7.38 Turbine 1 simulation result: (a) wind speed, (b) rotor speed, (c) pitch
angle, (d) full bridge converter input voltage, (e) full bridge converter input current,
and (f) full bridge converter output current.

7.8 Summary
A low voltage ride through technique was proposed involving a modified CSI
topology. A parallel connected dumping resistor and switch are added to dissipate

unbalanced power during a fault. Necessary control strategies and space vector
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modulation techniques were proposed to control the system with low voltage ride
through. A three-phase short circuit fault, single-phase to ground fault, and phase to
phase fault were tested on the proposed WECS. There is some variation to the
control system to accommodate the different fault scenarios. Simulation results have
confirmed the validity and performance of the proposed system to survive grid faults
and operate according to the grid code. Possible DC link short circuit faults were also
analysed. A pole to ground fault is not considered as the system is electrically
isolated by a grid side transformer. The generator side DC/DC converter topologies
were modified (with the addition of shunt resistive DC choppers) to survive a pole to
pole DC fault, while the current source inverter itself is inherently robust to short
circuit faults. A restart strategy was proposed for recovery from a DC network fault.
The simulation results confirmed the proposed system performance during such a
fault. An open circuit fault and permanent faults are also briefly discussed. No
communication is required between the generator side and the grid side, therefore the
proposed control techniques are suitable for a CSC based WECS.
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Chapter 8

Conclusions

8.1 General conclusion

Wind energy applications have been developing for decades. The wind energy
conversion system trend is to use fully rated power electronic converters to achieve
high performance. Still there are many challenges to be addressed, as discussed in
chapter one.

Chapter four investigated the low frequency generator torque ripple caused by a
diode rectifier, which is employed rather than a controlled PWM rectifier, due to its
low cost, no control requirement and high reliability. Different control approaches
were proposed to mitigate the torque ripple. DC-side current control which removes
the DC side capacitor and controls DC side current is able to reduce torque ripple. It

is simple to implement but its performance effectiveness depends on system
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parameters. Indirect torque control feeds back an instantaneous torque signal to a
conventional feedback control system, which gives the best performance in terms of
torque ripple reduction but requires a torque signal. The power factor correction
method can effectively decrease stator harmonic current but the system operates in a
discontinuous mode leading to high switch current stress.

Chapter five focused on maximum power point tracking techniques for wind energy
conversion systems. A relationship between the DC side voltage and current was
established to be accurate and efficient for maximum power point tracking. A new
P&O technique, based on this relationship, offers faster tracking and better
performance than the conventional P&O technique. This new technique was further
modified to a combination of conventional P&O and ORB techniques, with their
advantages but eliminating their drawbacks. It does not require an anemometer or
system pre-knowledge, but has an accurate and fast response to fluctuating wind
speeds. Online control updating due to system aging can also be implemented.

Power transmission and grid interfacing is a challenge in wind energy applications,
especially offshore wind farms. Possible solutions are discussed and surveyed in
chapter two. A pulse-width modulation, grid connected, current source converter
based system was presented in chapter six, which offers independent active and
reactive power control and is resilient to DC and AC side short circuit faults. A wind
farm configuration with parallel connected wind turbines using current source
converters, was investigated. The novel control technique for the current source
inverter proposed is capable of controlling average DC link voltage to achieve
controlled predictable system performance. Generator side full bridge converter
control was modified to mitigate current ripple caused by the diode rectifiers used. It
was shown that such a system is robust and not sensitive to system parameters. It has
satisfactory performance and is suitable for grid integration as it is a current source.
Chapter seven investigated the fault ride through capability of the proposed parallel
connected current source converter based system. A novel controller is proposed to
coordinate operation of a shunt resistive DC chopper and current source inverter to
dissipate the redundant active power and supply reactive power to the grid. The
current source inverter space vector modulation technique is modified for this

cooperation. Design of the dumping resistor and its effect on current source inverter
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reactive power control, were presented. It was established that the proposed system

has fault ride through ability for three-phase short circuit faults, single-phase to

ground faults, and phase to phase short circuit faults. Furthermore, it was confirmed

that the current source inverter is inherently robust to DC link short circuit faults.

The generator side full-bridge converter with a dumping resistor is controlled to ride

through a DC link short circuit fault. Restart of the system having experienced such a

fault was also presented. Open circuit fault protection using a metal oxide varistor

was briefly discussed.

8.2 Author’s contribution

The thesis contributions can be summarized as follows:

A technique to reduce the torque ripple caused by diode rectifier by removing
the DC link capacitor and controlling the DC side current for PMSG based
wind energy conversion system is proposed and theoretically analysed.

To reduce the torque ripple, an indirect torque control technique is proposed
by feeding back a torque signal to a conventional feedback control system
which results in significant torque ripple reduction. Small signal analysis
shows the linear relationship between torque and DC side current, which
gives the ability to eliminate torque ripple, using the proposed technigue.

A relationship between DC side voltage and current for maximum power
point tracking is established to be efficient and accurate. Theoretical analysis
is derived to calculate the possible coefficient decrease for any given wind
turbine model.

A new P&O technique based on the derived voltage and current relationship
is proposed. Its control details are presented.

A combined maximum power point tracking technique is proposed. An
advanced control technique is used to search for and locate the optimum
relationship despite fluctuating wind conditions.

A novel current source inverter controller is proposed for parallel connected
wind farm grid interfacing. The current source inverter is able to maintain a
constant average DC link voltage therefore the parallel connected generator
side converters can inject any output current into the DC link. Additionally,

reactive power can be independently controlled.
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The generator side full bridge converter controller is modified to mitigate
output current ripple caused by the diode rectifier.

Fault ride through ability of the current source converter based system due to
the grid short circuit faults is achieved. The controller, which cooperates the
shunt resistive DC chopper and inverter during fault, is proposed. Space
vector modulation for the current source inverter is modified for this
cooperation.

The dumping resistor design is presented and its effect on current source
inverter reactive power control is discussed.

System protection for a DC link short circuit is proposed. The generator side
full bridge converter topology is modified with an additional shunt resistive
DC chopper to dissipate the trapped real power. The system restart strategy
and control after a DC link short circuit fault is presented.

8.3 Suggestions for future research

The research undertaken in this thesis addresses some challenges in wind energy

conversion systems related to the low frequency torque ripple, maximum power

point tracking techniques, power transmission, and grid integration. Suggestions for

future research are:

The research shows that the low frequency torque ripple caused by a diode
bridge rectifier can be effectively eliminated by an indirect torque control
method. An accurate and low cost torque signal estimator is important to
make this approach practical.

The proposed maximum power point tracking techniques are based on a
specific DC side voltage and current relationship. This control concept for
power tracking can be extended to other relationships, i.e. the relationship
between rotor speed and torque.

A full theoretical analysis with transfer functions of the proposed PWM CSC
based system to verify its stability and response.

Consider the possible advantages of using a Z-source inverter for grid
connection. Such a converter offers the desirable features of both the CSI and
VSI.
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Appendices

The appendices show details of the practical implementation. The test rigs, circuit
boards, programme codes as well as simulation schematics are presented. The list of

tables and figures, and the author’s publications are also included.
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Appendix A Test Rig Structure

Al

Test rigs

As the chapters have covered different topics, three different test rigs have been set

up for practical implementation.

All

Test rig in chapter four

The test rig as shown in figure A.1 parts a and b is set up to verify the approach

proposed to minimize torque ripple. It includes the following main components:

2.5 kW induction machine

Unidrive SP machine drive

Torque transducer

2 kW induction generator

TriCore 1796B digital signal processor
Interface circuits for DSP

Gate drive circuits

Voltage and current measurement circuits

Boost converter circuits
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Figure A.1 Test rig in chapter four:
(a) system photo and (b) system schematic diagram

Test rig in chapter five

The test rig as shown in figure A.2 is set up to verify the maximum power point

tracking techniques proposed in chapter five. It includes the following main

components:

2.5 kW induction machine

Unidrive SP machine drive

2 KW permanent magnet synchronous generator
TriCore 1796B digital signal processor
Interface circuits for DSP

Gate drive circuits

Voltage and current measurement circuits

Boost converter circuits
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Figure A.2 Test rig for MPPT techniques:
(a) test rig photograph and (b) schematic diagram
A.1.3  Testrig in chapter six

Figure A.3 shows the test rig used to verify the performance of the proposed

controller for the current source inverter. It includes the following main components:

TriCore 1796B digital signal processor

Interface circuits for DSP

Gate drive circuits

Voltage and current measurement circuits
Current source inverter circuit

DC power supply

o Danget | 1
A | \ive terminals |
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Figure A.3 Test rig for CSI implementation:
(a) test rig photograph and (b) schematic diagram

A.2  Test rig components
The main components and their specifications used in the practical implementations

are introduced in this section.

A.2.1 Digital signal processor
The main task of the digital signal processor (DSP) is to sense the circuit analogue
signals and to generate the required switching pattern driving signals for the power
electronic devices according to the implemented software algorithm. The 32-bit
TriCorel796B DSP shown in figure A.4 is employed as the controller for all
practical implementations.
The main features of the DSP related to the practical implementation are listed below:
e High-performance 32-bit super-scalar TriCore V1.3 CPU with 4-stage
pipeline
—Superior real-time performance
—Strong bit handling
—Fully integrated DSP capabilities
—Single precision Floating Point Unit (FPU)
—150 MHz operation at full temperature range
e 32-bit Peripheral Control Processor with single cycle instruction (PCP2)
-16 Kbyte Parameter Memory (PRAM)
—-32 Kbyte Code Memory (CMEM)

e Multiple on-chip memories
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—2 Mbyte Program Flash Memory with ECC

—128 Kbyte Data Flash Memory usable for EEPROM emulation

—192 Kbyte on chip SRAM

-16 Kbyte Instruction Cache

-16 Kbyte BootROM

32-bit External Bus Interface Unit (EBU) with

High performing on-chip bus structure

Versatile On-chip Peripheral Units

—Two General Purpose Timer Array Modules (GPTA) with additional Local

Timer Cell Array (LTCAZ2) providing a powerful set of digital signal filtering and

timer functionality to realize autonomous and complex Input/Output management

—Two 16-channel Analog-to-Digital Converter units (ADC) with selectable 8-

bit, 10-bit, or 12-bit resolution

—One 4-channel Fast Analog-to-Digital Converter unit (FADC) with

concatenated comb filters for hardware data reduction: supporting 10-bit resolution,

min. conversion time of 280ns

123 digital general purpose 1/O lines, 4 input lines

Digital 1/0 ports with 3.3 V capability

On-chip debug support for OCDS Level 1 and 2 (CPU, PCP3, DMA)
Power Management System

Clock Generation Unit with PLL

Core supply voltage of 1.5 V

I/0 voltage of 3.3V

Full automotive temperature range: -40° to +125°C
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Figure A.4 DSP :32-bit TriCorel796B

A.2.2 Interface circuits

Two interface boards are used to electrically isolate the DSP from external circuits
using optocouplers due to protection reasons. One board isolates the ADC channels
of the DSP from the voltage and current transducer circuits; while the other isolates
the PWM channels on the DSP from the driving circuits. A photo of the interface
boards is shown in figure A.5, with their circuit schematics shown in figure A.6 and
AT.

227



Appendices

! penoP IN

T

Figure A.5 Interfacing boards
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LAYOUT OF OUTPUT PINS ON CONNECTION BOARD
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Figure A.6 Interface circuit schematic for PWM channels.
230

DESIGNER = T.C. LIM DSP_GATE DRIVE INTERFACE 32 OUTPUTS

[Title

DSP-Gate Drive Interface Board_X904 (Output Pin Layout)

ize
A4

Document Number ﬂ@

[Date: Monday June 30_2008 FBheet 1 of 1




Appendices

+15V 5V0 VDDM
9 9
1 CTL D5
K D12
R14
© D1N414 o
10k u7A 8 UL1A BATS5/PLP
CTIA 3 | R24 u17 3
CT1.1 1 CTIC CT1D 211 1
ctB 2 | M,H\w T 2| < Jan21
LM258 5116 LM258
R45 < — < 1l
POT 20k c22 300
10pF 1
CTIE B AN21 .
CT1_2 5V0 =
K C16
R15 S R31 > R38 100nF
10k 100k W 82k
+15V =i 5V0 VDDM =.
9 9
cT2 CT2 D6
K D13
R16 © ©
10k u7e DIN4148 u11B BAT85/PLP
CT2A 5 [ R25 uig 5
CT2_1 7__CcTC CT2D 211 7
cT2B 6 | )m\%,u\ 4213 6| <__JAnz22
LM258 5116 LM258
R46 < [ ] <
POT 20k c23 300 Ul2
10pF
= 1
CT2E AN22
CT2.2 +
5V0 —
R17 R32 R39 K c17
10k 100k 82k 100nF
+15V =i 5V0 VDDM
o o o —
CcT3 CT3 D7
K D14
R18 © ©
10k UBA DIN4148 U12A BAT85/PLP
CT3A 3 N\ R26 u19 3 >
CT3.1 1__CT3¢ CT3D 2 [ 11 1
cTB 2 | )mp\ﬁ,u\ 4T3 2 | <__JAnz3
LM258 5116 LM258
R47 Dt
POT 20k N C24 1300 ¥
10pF
\ =
CT3E AN23
CT3.2
Ja R19 R33 [z 18 R40
10k 100k 82k
o—-| 8 8
AGND v AGND —[DESIGNER = T.C. LIM
. . SP - ADC OPTOCOUPLER INTERFACE_12 INPUTS
CT1O0———<__|CT1 (AN21) sy By it
cT2o. lm_o._.m (AN22) - m%%:_n - m%%:_n DSP - ADC Optocoupler Interface_X903 (Current Transducer: No1,2,3)
cT30 <]CT3 (AN23) w_NM Document Number mmw
AINID———"JAINL (AN20) Date: Monday _June 30, 2008 Bheet 1 o 1

for ADC channels.

it schematic

Ircul

Figure A.7 Interface ¢

231



Appendices

A.2.3 Gatedrive circuit

The gate drive circuit should be able to supply enough gate drive voltage and to
source enough current for the switching devices to operate. The electrical isolation
between the interface circuit and gate drive circuit is implemented using optocoupler.
Figure A.8 shows the gate drive circuit photo and figure A.9 shows the circuit

schematic.

Figure A.8 Gate drive circuit photo.
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A.2.4 Current and voltage transducer circuit

An accurate current data is required for the controller. The current transducer circuit
schematic is shown in figure A.10. The transducer used is a Hall effect current
sensing device LA5S5P, which has high accuracy, good linearity and optimized
response time with its features to follow. The photo of both transducers is given in
figure A.12.

+15Vv

RS

10k

V. R2 R4 R5

OFFSET 10k 10k NA
+15V
-15v H
I C1
" +15V
% ™ Current R7 0-10Vpx
Transducer | 47 Vour
LAS5P M SN

-15V

R8
47

Figure A.10 Current transducer circuit schematic.

The voltage transducer circuit schematic is shown in figure A.11. The voltage
transducer LVV25P uses the Hall effect to measure the voltage signal.

+15V

R3 ;1;\/\ A A A
10k e/\/V\/*

VOFFSET Rz R4 R5
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+15V
-15V } }
VAV T A
" +15V
+VE Ion
VR vl \ HT Voltage R7 0-4QVex
Vin P Transducer a7 Vour
VE Isn

A A A +HT LV25P M

-15v

-15V =

Figure A.11 Voltage transducer circuit schematic.
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Figure A.12 Photo of voltage and current transducers.
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Current Transducer LA 55-P | = 5H0A

PN
For 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

b Primary mominal r-m.s. current 50 A Features
I, Primary cumrent, measuring rangs 0. +£70 A
R, Measuring resistance (@ T, =70°C| T, =85C * Closed loop (compensated) cumrent
Ryi R | P R transducer using the Hall effect
with £ 12 v £50A 10 100 | B0 @5 o * Printed circuit board mounting
@ tTﬂAn“ o so0 | BDY BDY A * |nsulated plastic case recognized
with £ 15V @504 50 180 [125 155 n according to UL 94-V0.
@xT0A 50 90 (13521353 Q
Advantages
Ui Secondary nominal r.m.s. curent 50 mA
K, Conversion ratio 1: 1000 * Excellent accuracy
V. Supply woltage (£ §%J +12 .15 W * Very good finearity
L. Current consumption ) ) 10§15V )+, mA * Low temperature drift
v, R.m.s. voltage for AC isolation test, 50 Hz, 1 mn 25 kW * Optimized response time
- * Wide frequency bandwidth
. Accuracy - Dynamic performance data * Mo insertion losses
X Accuracy @ I, . T, =25°C @+15V(t5%) =065 5 * High immunity to extemal
@+12 . 15V({£5%) +£0.00 % interference
I-:l Linearity =015 o5 * Current overload capability.
Typ | Max Appli N
Ications
1 Offset current @ 1,= 0. T, = 25°C +0.2 mA pp
. Residual c:urrenl.’@ll.=0. after an overlcad of 3 x 1, +0.3 mA . AC ;3 d dri nd
I,  Themal drift of I, 0°C_+70°C | £01[205 ma 400 e SPESTORES SndsEne
- 25%C _ +85°C +0.1|+06 mA ) .
* Static converters for DC motor drives
t, Reaction ime @ 10 % of I, < 500 ns * Battery supplied applications
t, Respanse time @ 80 % of L, <1 Hs * Uninterruptible Fower Supplies
dildt di'dt accurately followed =200 Alps (UPS)
f Freguency bandwidth (- 1 dB) DC .. 200 kHz * Switched Mode Fower Supplies
(SMPS)
| General data * Power supplies for welding
T, Ambient operating temperature -25 .. +85 "C applications.
T, Ambient storage temperature -40 . +80 G
R, Secondary coil resistance (@ T, =70°C ao 0
T, =85°C 85 3]
m Mass 18 a
Standands * EM 50178
Motes - " Measuring range limited to + 60 A
# Measuring range limited to + 55 &
* Result of the coercive field of the magnetic circuit
“ A list of corresponding tests is available Qe07O0e/E
LEM Compenents www . lem_com
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Voltage Transducer LV 25-P

For the electronic measurement of voltages : DC, AC, pulsed...,
with a galvanic isolation between the primary circuit (high voltage) PN
and the secondary circuit (electronic circuit).

10 mA
10..500 V

| Electrical data

oy Primary nominal r.m.s. current 10 mA Features
lo Primary current, measuring range 0..x14 mA
R, Measuring resistance Rymin  Ritma * Closed loop (compensated) voltage
with £ 12V @+ 10mA 30 180 o transducer using the Hall effect
@=14mA :: 30 100 o  * Insulated plastic case recognized
with £ 15 V @=10mA 100 3850 accordling to UL 94-VO.
@ =14 mA 100 180 Q L.
) e Principle of use
loy Secondary nominal r.m.s. current 25 mA
K,  Conversion ratio 2500 - 1000 » For voltage measurements, a current
Ve Supply voltage (x 5 %) £12..15 v proportional to the measured voltage
I Current consumption 10@=£15V)+15 mA must be passed through an external
v, R.m.s. voltage for AC isolation test ", 50 Hz, 1 mn 25 kv resistor R, which is selected by the
user and installed in series with the
| Accuracy - Dynamic performance data ‘ primary circuit of the transducer.
X.  Overall Accuracy @1, . T,=25°C @z12..15V 09 %  Advantages
@%15V (£5%) =08 %
€ Linearity <0.2 % * Excellent accuracy
Typ | Max * Very good linearity
I Offsat current @ I, =0, T, = 25°C +015 ma * Lowthermal drift
I,  Thermal driftof I, 0°C..+25°C [:0.06/ 026 ma °Low response time
+25°C.+70°C  |£0.10|20.35 ma  * High bandwidth
. * High immunity to external
t Response time? @ 90 % of V. 40 us interference
+ Low disturbance in common mode.
General data
Applications
T, Ambient operating temperature 0..+70 °C
Ts Ambient storage temperature -25..+85 °C * AC variable speed drives and servo
R, Primary coil resistance @ T, = 70°C 250 Q motor drives
R, Secondary colil resistance @ T, = 70°C 110 Q e« Static converters for DC motor drives
m Mass 22 g * Battery supplied applications
Standards 2 EN 50178 * Uninterruptible Power Supplies
(UPS)
* Power supplies for welding
applications.
Notes : " Between primary and secondary
2 R, =25 kO (L/R constant, produced by the resistance and inductance
of the primary circuit)
3 A list of corresponding tests is available 981125/14
LEM Components www.lem.com

Tope Co,, Ltd.  Tel: (02) 8228-0658  Fax: (02) 8228-0659  http://www.sensor.com.tw  e-mail: tope@ms1.hinet.net
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A.25 Machine drive
In the practical implementations, an induction machine is controlled as a wind
turbine to drive a generator. The machine drive, Emerson Unidrive SP shown in
figure A.13, is used to control the machine to follow the speed-torque curve of a
typical wind turbine. It is a high performance machine drive with flexible operational
modes including:

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

Figure A.13 Photo of Unidrive SP.
In practice, the closed loop vector AC drive mode is used such that the induction
torque is controlled according to a pre-obtained speed-torque curve based on the

rotor speed sensed, as shown in figure A.14.

Torque reference DPS based
Machine - igi
: Digital
Driver C Il
Rotor speed ontroller

Figure A.14 Induction machine control schematic.
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B.1  Induction machine control as a wind turbine
ADCO_vGetConversionResult(15, Wspeed_reg, source);

Wspeed=(Wspeed_reg/4096.0)*1460.0;

Wspeed=0.9877*Wspeed-10.994; //Match actual rotational speed
Wm=Wspeed*2*PI/60/CGR;

Wspeed_opt=6.325*Vw*60*GR/R/2/PI;

TSR=Wm*R/VW;
Cp=0.22*((116-9.06*TSR)/TSR)*exp((0.4375*TSR-12.5)/TSR);

if(Cp<=0)

¥

Pm = 0.5*AIR_DEN*PI*R*R*Cp*Vw*Vw*Vw;
Te = PmM/Wm/GR;

if (Te<0)

{

Te=0;

}

elseif (Te>26.2)
{

Te=26.2;

}

Tec = (Te/26.2)*128+128;
Ted = (int)Tec;

if (Ted>=255)
{

}

Ted=255;

B.2 A new P&O maximum power point tracking

void maximum_power_point(float mean_voltage, float mean_current) //MPPT algorithm
{
inti=0;
if (normal == 0)
{
mean_power = mean_voltage*mean_current;
if ((mean_power - pre_mean_power)/(angle-pre_angle) > 0)

direction[0]=1;

else
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direction[0]=-1;
}

pre_mean_power = mean_power;
pre_angle = angle;

angle = pre_angle+direction[0]*step;
I_reference = A*tan(angle)*mean_voltage*mean_voltage;

¥

B.3 A combined maximum power point tracking

void maximum_power_point(float mean_voltage, float mean_current) //MPPT algorithm

{
inti=0;

if (normal ==0)
{

mean_power = mean_voltage*mean_current;

steady_mark = (mean_power - steady_power)/mean_power;
if (steady_mark <0)
steady_mark = -1*steady_mark;

if (steady_mark<0.05)
{

if ((mean_power - pre_mean_power)/(angle-pre_angle) > 0)

direction[0]=1;
}

else

{
}

determine_direction=sum_array(direction,
sizeof(direction)/sizeof(direction[0]));

direction[0]=-1;

for (i=0;i<(num_direction-1);i++)

{
direction[num_direction-1-i]=direction[num_direction-i-2];
}
if (determine_direction > 0)
{
direction[0] = 1;
}
else
{
direction[0] = -1;
}
for (i=0;i<(num_amplitude-1);i++)
{
amplitude[num_amplitude-1-i]=amplitude[num_amplitude-i-2];
}
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amplitude[0] = direction[0];
sum_amplitude = sum_array(amplitude,
sizeof(amplitude)/sizeof(amplitude[0]));

if (sum_amplitude<0)

{
}

pre_mean_power = mean_power;
pre_angle = angle;

sum_amplitude = -1*sum_amplitude;

angle = pre_angle+direction[0]*step*sum_amplitude/num_amplitude;
I_reference = A*tan(angle)*mean_voltage*mean_voltage;

if (sum_amplitude < 5)

{
normal = 1;
}
elseif (steady_mark>=0.1)
{
|_reference = A*tan(angle)*mean_voltage*mean_voltage;
}

steady_power = mean_power;

elseif (normal ==1)

{
by

I_reference= A*tan(angle)*mean_voltage*mean_voltage;

}

B.4  CSI space vector modulation
void CSI_SVM(double md, double mq, double wt, unsigned int *s)

{
double mag; /Imodulation index magnitude
double ang; /Imodulation index angle
double alpha; /Imodulation index angle for SVM
int sec; //sector the modulation index falls in
int Ts = PERIOD; /ILength of a cylce, defined by DSP dave
int T1, /ldwell time for vector i
int T2; /ldwell time for vector i+1
intT3=0; /ldwell time for vector 0
int To = 25; [loverlap time 1125
int Tc = 25;
int Ta;
int Th;
int temp;

[/s[11] every two arrays define a switch

/10,1 for s1, 2,3 for s2, 4,5 for s3

/16,7 for s4, 8,9 for s5, 10,11 for s6

/leven numbers for on state, odd numbers for off state
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mag = sqrt(md*md+mag*maq);
mag = saturation(mag,0.85,0.0);
mag_rec = mag;

ang = atan(mg/md);

alpha = (ang+wt-P1/2)-floor((ang+wt-P1/2)/(2*P1))*2*PI,
sec = (int)floor((alpha+P1/6-1e-6)/(P1/3))%6+1;

T1 = mag*sin(P1/6-(alpha-(sec-1)*P1/3))*Ts;
T2 = mag*sin(P1/6+(alpha-(sec-1)*P1/3))*Ts;
T3=Ts-T1-T2;

Ta=T1;
Tb=T1+T2;

T_sample = (Ts+Th)/2;

if (sec==1)
{
s[0] = 0+Tc; /51
S[1] = Ts+1;
temp = Ta-To;
if (temp<To)

temp = To;

}
s[2] = temp; /s2
S[3] = Th+To;
s[4] = Ts+1; /53
s[5] = 0+Tc;
s[6] = Tb-To; Is4
s[7] =0+To;
s[8] = Ts+1; /1S5
s[9] = 0+Tc;
s[10] = Ts-To; /s6
s[11] = Ta+To;

}

else if (sec == 2)

{
s[0] = Ts-To; /51
s[1] = Ta+To;
s[2] = 0+Tc; /52
s[3] = Ts+1;
temp = Ta-To;
if (temp<To)

temp = To;
}
s[4] = temp; /Is3
s[5] = Th+To;
s[6] = Ts+1; Is4
s[7] = 0+Tc;
s[8] = Tb-To; /1S5
s[9] = 0+To;
s[10] = Ts+1; /56
s[11] = 0+Tg;
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else if (sec == 3)

{

¥

s[0] = Ts+1;
s[1] = 0+Tc;
s[2] = Ts-To;
s[3] = Ta+To;
s[4] = 0+Tc;
S[5] = Ts+1;
temp = Ta-To;
if (temp<To)
{

temp =To;
}
s[6] = temp;
s[7] = Tb+To;
S[8] = Ts+1;
s[9] = 0+Tc;
s[10] = Tbh-To;
s[11] = 0+To;

else if (sec == 4)

{

¥

s[0] = Tb-To;
s[1] = 0+To;
s[2] = Ts+1;
s[3] = 0+Tc;
s[4] = Ts-To;
s[5] = Ta+To;
s[6] = 0+Tc;
S[7] = Ts+1,;
temp = Ta-To;
if (temp<To)

temp = To;
}
s[8] = temp;
s[9] = Tb+To;
s[10] = Ts+1;
s[11] = 0+Tg;

else if (sec ==5)

{

s[0] = Ts+1;
s[1] = 0+Tc;
s[2] = Tb-To;
s[3] = 0+To;
s[4] = Ts+1;
s[5] = 0+Tc;
s[6] = Ts-To;
s[7] = Ta+To;
s[8] = 0+Tc;
s[9] = Ts+1;
temp = Ta-To;
if (temp<To)

/Is1

/Is2

/53

/Is4

/Is5

116

/Is1

1Is2

/53

/14

/Is5

/Is6

/Is1

/Is2

/Is3

/14

1Is5
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{

}
s[10] = temp; /156
s[11] = Th+To;

temp =To;

}

else if (sec == 6)

{
temp = Ta-To;
if (temp<To)

temp =To;
}
s[0] = temp; /51
s[1] = Tb+To;
s[2] = Ts+1; /s2
s[3] = 0+Tc;
s[4] = Tb-To; /53
s[5] = 0+To;
s[6] = Ts+1; Is4
s[7] = 0+Tc;
s[8] = Ts-To; /1S5
s[9] = Ta+To;
s[10] = 0+Tc; /s6
s[11] = Ts+1;

}

B.5 Inverter controller

void md_mq_control(void)

{
if (sys_state 1=6)
md = md_control(Vref, Vlink, Vgd, Vgq, mq);
mq = mg_control(Qref, Qval, Vgd, Ilink, md);
}
elseif (sys_state ==6)
{
md = md;
mq = mq;
}
¥

double md_control(double Vref, double Vlink, double Vcd, double Vcq, double mq)
{

double md;

double md_temp;

double md_P = 0.05; /IP coefficient
double md_I1=0.1; /N coefficient

md_temp = PI_controller(Vref, Vlink, &md_inte, md_P, md_I);

md = (2.0/3.0*Vref-mg*Vcq)/Vcd,;
md = md_temp+md;

md = saturation(md,2.0,0.01);
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return md;

}
double mq_control(double Qref, double Qval, double Vgd, double Ilink, double md)

{

double mq;

double Isq_temp;

double Q P =0.08; /IP coefficient
double Q | =0.04; /N coefficient

Isq_temp = PI_controller(Qref, Qval, &Q inte, Q_P, Q_I);
mq = (md*Ilink+1sg_temp*w*R*C)*w*R*C/(1-w*w*L*C);
mq = Vgd*w*C+mg;

mq = Isq_temp*(1-w*w*L*C)+mq;

mq = ma/llink;

mq = saturation(mgq,10.0,-10.0);
return mg;

}

double P1_controller(double ref, double val, double* inte_part, double P_coe, double 1_coe)

{

double PI_result;

P1_result = P_coe * (ref - val);

*inte_part = *inte_part + |_coe * (ref - val)*TS;
*inte_part = saturation(*inte_part, 5.0, -5.0);
Pl_result = PI_result + *inte_part;

return P1_result;

}

double saturation(double val, double upper_lim, double lower_lim)
if (val>upper_lim)

val = upper_lim;

}

if (val<lower_lim)

{ -
val = lower_lim;

}

return val;

}

B.6  DSP data log

Pac = MEMORY;

Qac = Pac + size;
Vdclink = Qac + size;
Idclink = Vdclink + size;
Qr = Idclink + size;

FILE* out = fopen("Pac.dat","w");
for (int i=0;i<size;i++)

fprintf(out,"%f\n",Pac[i]);
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fclose(out);

out = fopen("Qac.dat","w");
for (int i=0;i<size;i++)

fprintf(out,"%f\n",Qac[i]);
}

fclose(out);

out = fopen("Vdclink.dat","w");
for (int i=0;i<size;i++)

fprintf(out,"%f\n",Vdclink[i]);
}

fclose(out);

out = fopen("ldclink.dat”,"w");
for (int i=0;i<size;i++)

fprintf(out,"%f\n",Idclink[i]);
¥

fclose(out);

out = fopen("Qr.dat","w");
for (int i=0;i<size;i++)

fprintf(out,"%fAn",Qr[i]);
}

fclose(out);

246

Appendices



Appendices

Appendix C MATLAB/SIMULINK Simulation

C.1  Torque ripple reduction using DC-side current control method
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Figure C.1 Matlab simulation for torque ripple reduction using DC side current

control method: (a) whole system, (b) control system, and (c) boost converter.
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C.2  Torque ripple reduction using indirect torque control method
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Figure C.2 Matlab simulation for torque ripple reduction using indirect torque
control method: (a) whole system, (b) torque estimator, (c) boost converter controller,

and (d) boost converter.
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Torque ripple reduction using power factor correction method
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Figure C.3 Matlab simulation for torque ripple reduction using power factor control
method: (a) whole system, (b) generator AC side filter, and (b) discontinuous mode

controller.
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C.4  Proposed P&O technique for MPPT
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Figure C.4 Matlab simulation for proposed P&O control: (a) whole system, and (b)
MPPT controller.

The Embedded MATLAB function for MPPT algorithm is shown below

function y=novel mppt (u)

5555555355555 %%5%5%5%%%5%5%55%%%55%5%%%5%5%5%5%%%5%5%5%%%%%%Initialize variables
persistent counter; $counter is used to control the program
if isempty (counter)
counter=0;
end
n=5;
persistent direction; $direction:previous direction results

if isempty(direction)
direction=ones (1,n);
direction(l)=+1;

end

m=50;
persistent amplitude; %amplitude:helps determine amplitude
if isempty (amplitude)
amplitude=ones(l,m);
end

persistent angle c; scurrent angle
if isempty(angle c)

angle c=10*pi/180;
end
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persistent angle p; %pervious angle
if isempty(angle p)
angle p=0;
end
persistent power c; scurrent power

if isempty (power c)
power c=0;

end
persistent power p; $previous power
if isempty (power p)
power p=0;
end
persistent power s; $previous power for wind stability
estimation

if isempty (power_s)
power s=0;
end

persistent normal; gnormal==1:rountine operation,
normal==0:training operation
if isempty (normal)
normal=0;
end
step=2*pi/180;

if (normal==0)

if counter==20
power_p=u(l)*u(2);
power s=power p;
angle p=angle c;
angle c=angle ctdirection(1l) *step*sum(amplitude) /m;

elseif (counter>21 && mod(counter,10)==0)
power c=u(l)*u(2);
if (power c-power p)/(angle c-angle p)>0
direction(1l)=+1;
elseif (power c-power p)/(angle c-angle p)==
direction(1l)=0;
else
direction(l)=-1;
end
power p=power cj;
angle p=angle c;
angle c=angle c+direction(l) *step; %*abs (sum(amplitude))/m;
end
power s=power c;
end

y=angle c;

251



Appendices

C.5 Proposed combined technique for MPPT
The simulation is the same as the one shown in figure C.4. The Embedded MATLAB
function for MPPT algorithm is shown below

function y=novel mppt (u)

TEEL5555%55%5%5%%%%%%%%5%5%555%5%5%5%5%5%5%55%5%5%5%%%%%%%%%%%%%Initialize variables
persistent counter; %$counter is used to control the program
if isempty (counter)
counter=0;
end
n=5;
persistent direction; $direction:previous direction results

if isempty(direction)
direction=ones (1,n);
direction(l)=+1;

end

m=50;
persistent amplitude; samplitude:helps determine amplitude
if isempty(amplitude)
amplitude=ones (1l,m);
end

persistent angle c; $current angle
if isempty(angle c)
angle c=10*pi/180;

end
persistent angle p; $pervious angle
if isempty(angle p)
angle p=0;
end
persistent power c; %$current power

if isempty (power c)
power c=0;

end
persistent power p; %previous power
if isempty (power p)
power p=0;
end
persistent power s; %previous power for wind stability
estimation

if isempty (power s)
power s=0;
end

persistent normal; %normal==1:rountine operation,
normal==0:training operation
if isempty(normal)
normal=0;
end
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step=2*pi/180;

000000000000000000000000000000000000000000000000000000000000000000009

’

[

counter=counter+
if (normal==0)

if counter==21
power p=u(l)*u(2);
power s=power p;
angle p=angle c;
angle c=angle ct+direction(1l) *step*sum(amplitude) /m;

elseif counter>10
power c=u(l)*u(2);
if abs(power c-power_ s)/power c<0.002
if (power c-power p)/(angle c-angle p)>0
direction(1l)=+1;
elseif (power c-power p)/(angle c-angle p)==
direction(1l)=0;
else
direction(l)=-1;
end

determine direction=sum(direction);
for i=1:1:n-1
direction(n+l-i)=direction(n-1i);
end
if (determine direction>0)
direction(l)=1;
elseif (determine direction<0)
direction(1l)=-1;
else
direction(1l)=0;
end
for i=1:1:m-1
amplitude (m+1-i)=amplitude (m-1i);
end
amplitude (1)=direction (1) ;

power p=power cj;
angle p=angle c;
angle c=angle c+direction(l) *step*abs (sum(amplitude)) /m;

if (abs(sum(amplitude))<7)
normal=1;
end

end
power s=power c;

end

end
y=angle c;
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C.6  CSC based system
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Figure C.5 Matlab simulation for CSC based system: (a) whole system, (b) full
bridge DC/DC converter, (c) current source inverter, (d) grid, () CSI controller, (f)
md controller, (g) mq controller, and (h) space vector modulation.
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