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Abstract

The voltage control of a direct drive wind
turbine with a PM synchronous generator is
being analged and discussed in this report
which is the outcome of a semester project
as a curriculum requirement aiming at
application of the related study curriculum
courses. This included building mathematical
models of the scaled down wind turbine
setup and the active rectifiers available at
the power electronics laboratory in Aalborg
UniversityEsbjerg, verification of théuilt
models by running the physical setup and
comparing output data, anading potential
control strategies and implementing a
suitable one, running simulations, tuning of
offset parameters and running experiments
on the setup to examine the integrity tfie
built voltage control system.

The report gives insight about the modelling
of the PMSG, the active rectifier, and a
couple of algorithms for the control of the
system, as well as the simulations done for
their verification.The implementation of the
control algorihm in the seé-up is also
detailed However, due to different
problems with the serw's, the main goal
was partially achieved.
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PREFACE
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May,19) and its subject was about Voltage Control of Direct-Drive Wind Turbines for
offshore wind power connected to DC grids. The project main purpose is educational
where students will need to apply the information they were exposed to in related study
courses and conduct experiments on a scaled down setup built specifically for their

project and placed at the power electronics laboratory of Aalborg University-Esbjerg.
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Aalborg University Esbjerg, May 31, 2019

Mohamed Ameen Prasanna Venkatesh Ananthan
<mameenl8@student.aau.dk> <panantl8@student.aau.dk>

Ahmad Al-Khatib Nicholas Wachenfeld Jessen
<aelkhal8@student.aau.dk> <njessel8@student.aau.dk>

Markel Meseguer San Martin

<mmeseguerl8@student.aau.dk>
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1. INTRODUCTION

The project report contains seven different chapters. This introductory chapter gives a
closer look in the context of use of electrical devices in Offshore wind farms, as well

develops the reasons and the goals for such a project. The goals off this chapter are:

- Briefly explaining the challenges that technology faces when using power
electronic converters in Offshore Wind farms.

- Introduce the leading problem of the project.

- List the delimitations of the project.

- Explain the different milestones and achievements expected to obtain through the

project.

1.1. USE OF POWER ELECTRONICS IN OFFSHORE WIND ENERGY

The generation of energy has changed drastically over the last decades into more
sustainable and fossil fuel-less systems. The main reasons are the global warming
caused (mainly) by CO2 emissions and the decrease in the availability of the non-
renewable resources. Therefore, the development of different power generation methods
is being developed using inexhaustible natural resources: wind, sun and hydropower [1-
3].

Among the energy sources mentioned before, the one that has increased its potential in
Europe and other Western Countries is offshore wind energy [4]. The lack of topographic
obstacles in the sea (making the wind more stable and abundant), the fewer visual
impact (offshore farms cannot normally be witnessed from the coast [5]) and the
possibility of having enormous unused ocean surfaces available for installing wind
turbines (if the technology for implanting floating turbines keeps on developing) makes

offshore wind a very interesting energy source for the future [6].
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Figure 1: Sheringham Shoal wind farm (Source: energynews.es)

One of the most important issues regarding the power generation in offshore wind
turbines is the conversion of the energy and transmission to onshore. Regarding the
latter, AC transmission is shown to be inefficient from the offshore farms for large
distances. One of the main problems is the reactive power generated by the cable shunt
capacitance. Thus, the use of High Voltage Direct Current (HVDC) lines to send the
energy generated to land has notably increased [7], thanks to the latest developments
and researches done on the field. The cost (main problem) and the losses in the

subaquatic wires have been drastically reduced, as well as increasing the feasibility.

Nevertheless, as wind turbines generate power in AC, it is important to perform a
conversion of the electricity to DC. Due to the inherent characteristics and limitations in
offshore environment, state-of-the-art conversion systems were developed and installed
worldwide. The land-based wind turbines are not necessarily be the most-suitable ones
when compared to the offshore in terms of the weight, the size, and the reliability [8].
The weight and the size of these conversion systems may affect the design of the
turbines or require the installation of additional platforms to contain them, causing an

increase in the cost of the plant.

Additionally, depending on the type of generator, different conversion configurations are
used to increase the efficiency of the process, including different kinds of rectifiers,
transformers, DC-DC converters and inverters. An accurate use of these devices will

lead to obtaining better results from the harvesting [5].

Therefore, it is capital that plays a major role, both in the planning and design of the

plant and during the production, to have the most suitable conversion systems to
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increase the efficiency and reduce the cost of the farm. A lot of literature has been
written about this topic. Some of the solutions proposed [9-10] are discussed in the

chapter 2.1.

Another point to be carefully considered is the variability on the availability of the wind
energy, one of the characteristics of the Renewable energy sources. Wind velocity is
not constant (nor the speed or the direction) over time, and despite that wind turbines
have been designed for adapting to variable speed [11], it is important to define a good
control system for the power converters, so the fluctuations regarding the variable
speed, as well as the change in the power production does not affect the behaviour of
the power components. A couple of different algorithms to maximize the behaviour of

the system are discussed and have been implemented in the project.

Some of the possible algorithms, based on the functions and the desired objective are

shown in Figure 2.
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Figure 2: Different existing control systems for energy converters based on the
function ([7]).



VOLTAGE CONTROL OF DIBEGWVE WIND TURBINES FOR OFFSHORE WIND POWER
CONNECTED D@ GRIDS

1.2. DELIMITATION OF THE PROJECT

As the projects involves a considerable amount of testing, to validate the ideas proposed
in the report, it is necessary to have the appropriate equipment to do them. However, a

real offshore wind turbine is not accessible for this purpose.

Then, a set-up has been prepared in the power electronic laboratory located in the
Aalborg University Campus in Esbjerg. The set-up is described in further details in
chapter 2.2. It is composed of an induction machine, simulating the wind turbine,
attached to a permanent magnet synchronous generator (PMSG) and connected to power
conversion systems. The induction machine is connected to the three-phase grid, which

emulates the wind.

Due to the characteristics of the set-up, it is not possible to simulate all the mechanics
and aerodynamic of a real wind turbine in the sea. The focus of the project is regarding
the electrical and electronics part. Therefore, the fluctuations in the torque of the wind
turbine, generated by the changes in the wind speed have not been considered. The use
of a VLT converter for feeding the induction motor limits the variation of the velocity to

a given reference.

Furthermore, the availability of the mentioned devices narrows the focus of the
investigation into the topologies involving PMSG connected to active rectifiers. Another
kind of configuration involving different generators (DFIG) or AC/DC conversion system

(diode rectifier) is not analysed with the project.

1.3. FORMULATION OF THE PROBLEM

Taking in account from everything explained above, the main goal of this project is giving

a suitable solution to the problem formulated below:

fiFormulating a suitable control system and algorithm for a fi d i rdercitwfésbore wind
turbine using PMSG and an active rectifier to convert the electricity; to increase its

efficiency and reduce the power losses to the minimum.o

A deep research on previously published papers and a sequence of experiments, are
explained in deep in the point 1.4., which has been carried out, so the best results are

obtained.
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1.4. GOALS AND STEPS OF THE PROJECT

The main objective of the project is to test the possibility of implementing a control
algorithm using power electronic converters, to obtain measurements of different
variables (torque, voltage, current) according to given references. For that purpose,
mathematical calculations and designs have been done and compared with an existing

set-up, described in chapter 2.2.

The Curriculum of the Master studies, in relation to the Project of the 2" Semester of
Offshore Energy Systems, refers to the learning requirements for the project regarding
the knowledge gained in the subjects taught in the mentioned semester; such as non-
linear control system design, power electronics conversion systems and modelling of the

electrical dynamics of offshore energy systems.

The goals applied to this project are:

- Learn about power electronic converters used in offshore energy systems, model
their dynamics and design proper control systems,

- Designing non-linear algorithms for controlling the converters and the PMSG,

- Perform experiments in the laboratory with offshore energy systems to collect
data, implement a controller and emulate the behaviour of a system in real
conditions,

- Use different techniques for the detection of unknown parameters,

- Programming the VLT frequency converter to generate the desired output,

- Implement controllers through Dspace.

In order to fulfil these learning objectives, the project has different steps, each one

related to one or more of the goals mentioned above:

- Chapter two contains a briefing about the different topologies referring to the
generator types and power conversion systems used in wind turbines that can be
found in the literature. Additionally, a description of the devices used in the set-

up for modelling and control are given.

- Chapter three involves the mathematical equations describing the dynamics of
the different devices that need to be modelled, as well as their digital

representation in Simulink.
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- Chapter four is focused on the validation of the set-up, based on the information
obtained in the two previous chapters, for confirming the mathematical models,

performing different experiments.

- Chapter five consist of the design of an appropriate control method for the output
Voc and the torque of the generator. Different approaches are analysed and
compared to find the most suitable one. Equally, the required sensors for the

implementation are explained.

- Chapter six is based on the analysis of the results obtained after performing the

tests with the designed controller in the laboratory.
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2. DEFINITION OF THE TOPOLOGY

The main goals of this chapter are:

- Briefing and reviewing previous works in which similar topologies of the ones to
be analysed were implemented,

- Introducing the devices used in the set-up built in the lab which are going to be
modelled and controlled.

2.1. USED TOPOLOGY

2.1.1. PMSG

In the recent advances in the DC technology [12], researches have been conducted in
using DC collection system on the grids instead of an AC collection system to reduce
losses and cost [13]. A DC Wind turbine system consists of a Permanent Magnet
Synchronous Generator (PMSG), a generator in which the excitation is induced by the
excitation of the permanent magnets instead of using an electromagnet in the generator.
The PMSG is also called as a Magneto.

The major disadvantage of using the PMSG is that the air gap flux inside the assembly
is ungoverned, so the voltage of the machine is not easily regulated. Our project aims
to regulate the voltage using active rectification methods to synchronize with the grid
upon customer requirements. In this chapter, more will be discussed on the different
Wwind Energy Conversion Systems (WECS) and their generator configurations; the
advantages and limitations in using the PMSG in the Direct Drive Wind Turbine System
(DDWTS), the various topologies within the DDWTS, the power electronic conversions

and their working methodologies.

As referred here [14] with the promising technology and rapid development in the total
installed wind power capacity globally, the WECS is desired to be more robust and cost-
effective; therefore, there is a necessity in comparing the different aspects in the Wind
Energy Technology. The propitious Permanent Magnet Generator System (PMGS) is
presented in detail. The need for upscaling the wind turbines grows with technology and
innovation since 2004 [15]. Wind Energy is the most cost-effective solution for the

generation of energy in the modern industry [16]. Large Wind Turbines lead to high net
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power rating and low average Levelized Cost of Energy (LCOE) [17]. However, while
considering upgrading wind turbines, the mass of the different components involved
inside the turbine must also be considered, volume of the structure and the cost for the
manufacturing, transportation, and COE. The future success of the wind industry might
strongly depend on their ability to comply with both the market expectations and the

requirements of the grid utility companies.

The Wind Turbine System can be classified into 3 types:

) Depending on the rotation-(a) Fixed Speed Wind Turbine system with a gear
box, (b) Limited Variable Speed Wind Turbine System with a multi-stage
gearbox (i.e) a Doubly Fed Induction Generator (DFIG), (c) Variable Speed
Wind Turbine System which is a gearless WT system with a Direct Drive
Generator (DDG).

(1) Depending on the rotation mechanism and power conversion techniques-
Partial Power Electronic Converters and Full Power Electronic Converters.

(rry Depending on the drive train components-Coupled Gearbox and Direct Drive
Wind Turbines.

The early wind turbines had smaller capacities and were equipped with constant speed
Induction Generators (IG). However, this early concept witnessed its rejection due to its
passive output [18]. Therefore, a change in the turbine design was introduced with the
novel concept of Pole Changing Generators with Active Stall Control, which led to the
possibility of allowing the turbine to operate at reduced speeds [19]. However, this
technology did not flourish in the Wind Industry, as it could damage the generator by
permitting high wind speed to spread on the drive train causing vibrations and harmonics
that could be fatal. Later, the Induction Generators were equipped with a wound rotor
and were current controlled. However, even the Induction Generators did not last long
in the early developments of the wind industry even though it offered a wide range of
Variable Speed Operations along with Dynamic Load Reduction until excluded the scope
of advancement in the Power Control and polluted the Grid. Subsequently, the IG offered
a simple, robust, reliable and economical solutions to the Wind Industry, but with
complications in the availability of working under low speeds, and heavier mass due to

the presence of the gearbox and other bearings in the Nacelle.
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In recent years, PMSG is very promising as manufacturers are moving away from Geared
to Gearless Drive trains. Now, Gearless Direct Drive conversion systems are available
for Multi-mega Watts in Wind Turbines (Siemens Gamesa- SG 10.0-193 DD, Haliade-150
6 MW doAl st om, \8®sdda).albe everd/ 4ield from the PMSG WECS was found
to be more, and it also offered reliability in the Power Conversion System [21]. It also
portrayed some limitations which were basically concerning the weight of the turbine,
high cost, and found not to be economically viable. The high cost of the PMSG is because
of the demand for Rare Earth Magnets (REM).

Then, came the need for a Hybrid System for the conversion and has been introduced
to avoid the drawbacks of both direct and indirect drive trains by coupling the PMSG
with a Gearbox having a reduced transmission ratio, conducting to high efficiency and
lighter mass.

Regarding the different kinds of generators, in the DDWT, they are directly connected
to the rotor hub. Hence it operates at low and variable speeds. The Gearless WT has
many advantages, by removing the gearbox it increases the efficiency and reduces the
weight of the Magneto. Secondly, the reliability of a gearless turbine is more when
compared to coupled drives. Finally, there are fewer moving parts and without the need

for a mechanical gear system both the noise and weight is reduced.

To increase the generator rotor rotating speed to gain a higher power output, a regular
geared drive wind turbine typically uses a multi-stage gearbox to take the rotational
speed from the low-speed shaft of the blade and transform it into a fast rotation on the
high-speed shaft of the generator rotor. The advantages of a geared generator system
include lower cost and smaller size and weight. However, the utilization of a gearbox
can significantly lower wind turbine reliability and increase turbine noise level and

mechanical losses [22].

Among the advantages of PMSG, it is more reliable compared to the generator with
electrical excitation (current carrying coils due to the reduction of mechanical elements
like slip rings). Also, their maintenance cost is further reduced. By having high power to
weight ratio with low active components (the elements of the generator that participates
in the production of torque) which could be explained by the fact that the reduction on
the copper section induces a small slot space in the stator and lessening the weight of

the machine. There is no copper loss present in the PMSG rotor since it provides the

10
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flux density without the flow of current. Also, the circulation of eddy currents in PM
induces losses much lower than copper losses. Thereby, increasing the thermal
characteristics. The electrically excited synchronous generators EESG must have a pitch
pole large enough to allow the arrangement of the excitation windings. This makes the
EESG heavier and large volume to develop the same flux density as in the PMSG. The
arrangement of NdFeB (Neodymium) magnets can be customized to make the generator

more flexible.

There are different kinds of PMSG. Due to economic considerations, Radial Flux
Permanent Magnet (RFPM) is the most common machine topology used for the direct
drive multi-megawatts wind turbine [23]. It is mature technology in terms of the
manufacturing process. In contrast, PMSG machines with an outer rotor were used for
medium rating wind generators. Axial Flux Permanent Magnet (AFPM) Generator is
where the machine produces the flux in the axial direction. This design is widely used
in medium and small-scale wind turbines. The machine has one stator and two PM rotors.
AFPM allows low cogging torque with simple winding and high torque volume ratio. Also,
it has an active weight and an axial length smaller than the radial machine for the same
power rating. However, the AFPM has its drawbacks- Low torque to mass ratio, structural
instability, and difficulties to maintain the airgap for large diameters. Transverse Flux
Permanent Magnet (TFPM): Produces flux which is perpendicular to the direction of rotor
rotations. It has many advantages such as high force density, low copper loss, and
simple winding. The limitations in using TFPM is that the flux path is 3-Dimensional and

the construction is also found to be complex.

Limitations associated with the weight and diameter: Decreasing the rotating velocity at
a high-power level in the DDPMG will induce a rise on the torque. It follows that the
torque is proportional to the airgap diameter squared to the tangential force density.
Therefore, the DDWT have large diameters with high tangential force and a high number
of poles that will result in heavy mass with considerable augmentation on the cost. A
large rotor is required to minimize the use of ironless PMGs which is lighter than the
Iron core PMG. Because of the large structure, it could become aerodynamically
inefficient. To overcome this problem of the weight, using materials such as aluminium
alloys and composites that may offer light but expensive structural support could be
considered. Furthermore, by placing a generator bearing adjacent to the airgap and
supporting them with rails to reduce the stiffness requirements of the rotor and stator to

reduce the mass reduction. A new concept of magnet bearing, and mechanical bearing

11



VOLTAGE CONTROL OF DIBEGWVE WIND TURBINES FOR OFFSHORE WIND POWER
CONNECTED D@ GRIDS

is being investigated. In the same way limitations to the price of the PM with regards to
the amount of the Permanent Magnets required for the PMSG is proportional to the size
of the machine and inversely proportional to the speed. The Magnetos are more
attractive than the IG and the EESG for large generators. However, to solve the REM
(Rare Earth Magnets), researchers have developed a REM free generator from Ferrite
Magnet. Despite being heavier with high inertia and inductance per phase, the COE for

both machines were almost the same with differences in the losses.

The HTSG is equipped with the latest technology of withstanding high-temperature Super
Conducting wire, it is a good way to avoid rare magnets and offers high efficiency and
reduced weight compared to conventional generators. Semi-Direct Drive Wind Turbine-
The medium speed generators are the same as the Hybrid technology used in the WTS.
It aims to avoid the drawbacks of the geared and gearless DT by coupling the PMSG
with a gearbox with a reduced number of stages. The SDDWT was found to be highly
efficient, lighter mass, but not widely used. Pseudo Direct Conversion System where the
magnetic gears could be worth considering the solution because the magnetic
transmission presents high performance compared to the mechanical gear box.
Electrically excited synchronous generators (eesg)-The EESG is gaining popularity
among the manufacturers and are used in large DDWT systems. The structure offers

extra control of the rotor magnetic field as the machine is electrically excited.

2.1.2. ACTIVE RECTIFIERS:

In modern wind turbine installations, power is produced in the form of AC by the turbines
themselves. The wind which produces the power is never constant and fluctuations are
present in both voltage and frequency in the AC power output. This requires the power
produced by wind turbines to be converted from AC into DC before being introduced into
the grid. In the case of this project, the setup is on a much smaller scale and the grid is

replaced with a DC load as the final output but the theory behind it is the same.

To put it as simple as possible, a rectifier is a device that converts AC voltage into DC
voltage. Active rectifiers enable a cross-functional technology in the conversion process.
They are known for their inherent high switching ability by controlling the harmonics and

other noises in the system. Figure 3 shows a standard active rectifier topology.

12
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Figure 3 Simple Voltage Source Active Rectifier.

Active rectification techniques are used to improve the performance characteristics of
the conventional three phase diode rectifiers [24]. In general, the rectifiers are
comprised of multiple components, with some rectifiers using a transformer. A diode
cannot change its polarity, thus if you feed it from the negative side, it will not let the
electricity pass, creating an open circuit. Different types of diodes have been used in
the manufacturing of rectifiers such as solid diodes and vacuum tube diodes. However,
currently, silicon semiconductor rectifiers are dominant over other types of rectifiers,
but this is strongly dependent on the situation as in this project a simple diode bridge is
used for the back-to-back converter. It is to be noted that the electric device that
performs an opposite function to that of the rectifiers is called an Inverter (it changes

DC current to AC current). Different kind of rectifiers are shown in figure 4.

| Threesphase rectifier systems |

| Passive rectifier systems | | Hybrid rectifier systems | ‘ Active rectifier systems ‘
‘ !—‘—\
Si“‘;’a{e diudvbridge MUlt'l']JU[Se [lectronic reactance based Combination of diode rectifier ¥ harmortic i fion svstem Direct thrco-phase Phase modular
rectifier systems rectifier systems rectifier systems and de-de converter systems 2 NATmOME injection sysiems systems systems
* DC side inductor * Auto transformer based  « Single diode bridge and de  + Single diode bridge and « Passive, bybrid or active 3 Twodevel rectifier o '\"—Tect_iﬁer
* AC side inductor + ACor DC side side electron. ind. de-de output stage harmanic injection netwark ~ * Multilevel rectifier « A-rectifier
« Passive 3 harmonic  interface transformer , Single diode bridge and ac , Half controlled diode * Boost or buck type * VIENNA rectifer o 32ephase scolts
injection , Passive pulse side electron. ind. bridge uncontrolled output transformer based
multiplication o Multi-pulse systems « Multipulse rectifier system  * Diode bridge or multiples
emp|ul\'ing electron, ind, with de-de output stage system with 3 harmonie

injection

Figure 4: Types of rectifiers [26]

Rectifiers can convert half or the whole period (wave) of the AC. As its name indicates,
half-wave rectifier processes half of the alternating signal (either the positive or the
negative half) while blocking the other half. Such rectification process requires just one
diode per phase. However, it is inefficient for high power applications, as simply half of
the available power is not being utilized. Figure 5 shows a single-phase single diode
half-wave rectifier.

13
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Figure 5: Half-Wave Rectifier of a single-phase AC current (source: [27])

To increase the efficiency of power conversion, a full wave converter is used which
utilizes both sides of an alternating signal and transforms them into a single polarity DC
signal. In such type of rectifiers, more than one diode per phase is required (2 diodes if
the circuitds centrechappopechenri 4 diodes forming a

5
o

case the transformer is not centre-tapped). Examples of these two types are shown in
the figure 6 (a and b).

Figure 6: 2 diodes full wave a) and bridge b) rectifier of a single-phase AC current
(source: [27])

In larger scale scenarios or in specialized cases, other more complicated methods can
be used to convert AC to DC or to increase or decrease the input voltage. However, for
this project, an active rectifier was used which is slightly different from the fore
mentioned rectifiers.

14
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An active rectifier is a slightly more advanced system where the diodes are replaced
with actively controlled switches such as transistors or, in the case of this project,
MOSFETs. This is done to increase the performance of the conventional rectifiers which
are load dependent and to reduce the voltage drop that occurs with standard
semiconducting diodes. Secondly, the cut in the costs of active power switches will lead
to more cost-effective solutions. MOSFETs on the other hand, have a very low resistance
when conducting which leads to a smaller voltage drop. A control system can be applied
to these MOSFETs which allows for the electrical topology of the system to be modified
to fit certain conditions. This can lead to power factor correction, meaning there is a
reduction of current harmonics allowing for greater overall system efficiency. In the wind
industry, where the input power is in a state of constant flux, this level of control
compared to a more passive system is much more preferable. In short, active rectifiers
allow for a level of control over the conversion process to produce a smoother current

curve by the reduction of current harmonics and voltage drops [27].

2.1.3. EXISTING LITERATURE ABOUT SIMILAR TOPOLOGIES

A novel sensor-less MPPT Controller for a High Efficiency Microscale Wind Power
Generation System is based on the adaptive control to improve the dynamic response
on a microscale Wind Power Generation System (WPGS); where a wind turbine with
fixed pitch angle, a Magneto, a diode bridge rectifier, a DC converter, a battery module
and a DC load is used without the use of mechanical sensors to reduce the costs and
increase reliability [28]. The basic principle is using a single step AC-DC Converter
which replaces the traditional two stage converters and introduces the MPPT for higher
efficiency of the turbines and to minimise the Total Harmonic Distortions (THD). On
improvising the operation of the converter, a Quasi Synchronous rectification topology
is used to control the switching for reducing the conduction loss in the electronic

components.

Control techniques with system efficiency comparison for micro wind turbines is a study
on the implementation of a sensor-less speed controller for a micro wind turbine with
verification on a Wind Emulator Test Rig was performed along with a detailed comparison
of different control techniques to show the advantages of active rectification [29]. The
study is conducted on a micro wind turbine due to its easy availability and cost
considerations. The designed controller was tested using real wind data from the British

Data base at Antarctica. The main comparison was on a sensor-less control, active

15



VOLTAGE CONTROL OF DIBEGWVE WIND TURBINES FOR OFFSHORE WIND POWER
CONNECTED D@ GRIDS

rectifier, a DC-DC Converter Regulator with a turbine that is connected to a diode
rectifier. The former was found to be more efficient by providing high power coefficients
over the fluctuating wind speeds along with good performances at medium and low speed

winds.

The paper on Comparative study of three phase PWM rectifiers for Wind Energy
Conversion provides an alternative for the use of PWM rectifier topologies that can meet
the power requirements on a PMSG known for its robustness and cost-effective drives
[30]. The proposed topology uses three bi-directional switches in combination with a
three-phase diode bridge for rectification; that can also be used with either leading or
lagging power factors. This topology is then compared to the conventional 6-switch PWM
Voltage source converters by accounting the switching and conduction losses. In
addition to the comparison, the common mode voltage generated by the model was found

to be less than the conventional six stage VSC.

The publication of the article on Isolated AC-DC Conversion using a medium frequency
transformer for an Offshore Wind turbine DC Collection Grid gives the insight of a DC
architecture to synthesise energy from the offshore grid and transportation of power
through High Voltage DC to the onshore DC collection grid system [31]. The main
principle is the rectification and conversion of the WTG output to medium frequency
followed by transformer isolation and a boost rectification stage. The boost rectification
is governed by emulating a resistive load for a Medium Voltage Direct Current (MVDC).
This topology is the future of HVDC connections and for fluctuating wind velocities. This
paper also refers to the project that is being worked on as it uses the same converter
topology to process the WTG output by using back to back three phase inverters to get
the desired line frequencies 50Hz or 60 Hz. The voltage belonging to the line frequency
is filtered and is fed to the three-phase transformer to obtain the required Medium
Voltage Alternating Current (MVAC). Although the topology is simple, the components
were found to be bulky and require multiple filters to remove the unwanted harmonics.
The main advantage of using a MVDC transmission system is to reduce the reactive
power induced by the AC within the Grid. This paper further compares with topologies
where a high frequency transformer uses a three-level inverter and a full bridge neutral
point clamped for a DC-DC conversion. Another such topology provides the architecture

for WTG-HVDC connection using medium frequency generator.
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Another report explains how the use of an active rectifier is becoming more and more
important in the ever-changing energy market. While conventional, passive rectifiers are
useful and cost-effective for small-scale generation, larger power generation schemes
(such as a wind farm) require a more controlled approach [32]. The report outlines how
conventional three-phase rectifier systems lead to a large number of generated
harmonics, especially for large scale generation, but that active rectification can curtail
this to a certain extent and improve power density. Details regarding the control methods
for active rectifiers are expanded upon as wel |l
by the st at eanmeatifiers cdnApcovideva variety of features such as sinusoidal
input current, obtaining high-power factor, controlling active and reactive power and

providing bidirectional p o we r fl ow. 0

The control algorithm for an active rectifier is also discussed in a different report [33].
In this report, a control algorithm for an active rectifier used for charging and discharging
batteries is analysed. An active filter is managed by PWM to enable greater harmonic
filtering. The benefits of using an active filter as well as the control algorithm are
presented and compared to a more industrial standard model from Siemens. While this
type of rectifier is not used the same way as in this project, the control methods

presented were relevant and informative.

The operation of a three-phase active rectifier under non-ideal conditions are presented
in the report about a rather self-explanatory case [34]. A three-phase active rectifier is
operated under lab conditions and an analysis is made into how much effect certain
detrimental operating conditions have on the overall performance of the device. These
effects include: long computation time, presence of acquisition filters, ac phase
imbalances, etc. These undesirable issues as well as the necessary control strategies
to reduce their effects are analysed and presented. This report is understandably
relevant to this project as the operating conditions in which the lab setup is used, like
all non-industrial projects, are less than ideal. A rudimentary control scheme, basic lab
equipment, a vibrating motor are but some of the most obvious examples. Following
some of the control scheme results presented by the report may improve the performance

of this project.
An actual case study for the design and evaluation of an active rectifier for a 4.1MW

Offshore wind turbine is presented in another work [35]. The efficiency, power factor

performance, selection of IGBT as well as calculation of losses in the power
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semiconductors of the converter are targets of the investigations presented in this
report. All of these findings are for HVDC large scale wind application; in short it could
be considered a scaled-up version of this semester project. While the values used are
much higher, the control strategies and methods used are still relevant and certain
comparisons can be made. The hardware used is different but the software (MatLab and

Simulink) are the same, further aiding in comparing certain results.

2.2. DESCRIPTION OF THE SET-UP

The set-up in which the experimental tests have been carried out pretends to simulate

the behaviour of a Wind Power System, similar as the one showed in Figure 7.

Control system
— el

- g=
- L

ey
A=—"

T,

(N

—_— Turbine Generator Power Conversion Grid
Wind Power Mechanical power Electric power

Figure 7: Energy transfer in a DD Wind Power System.

Figure 8 and 9 show the set-up and its schema related to Figure 7. In the set-up, the
wind is emulated using the 3-phase grid. The induction motor generates the mechanical
power that feeds the PMSG, which provides power to the active rectifier. The function
of the HVDC grid is performed by a DC load connected in the output of the rectifier.
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Figure 8: Schema of the set-up

Figure 9: Set-up built in the laboratory for carrying the experiments.

The drives used in the set-up are described below.
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2.2.1. VLT FREQUENCY CONVERTER

Figure 10 shows the VLT FC 301 frequency converter. The VLT is a reversible electrical
device, used for velocity control and with the ability of behaving equally as an inverter
and a rectifier, depending on the feed and the conversion objective. It has a range of
power up to 3 kW.

VT Drive

Automation

Figure 10: VLT FC 301 Automation Drive (source: Danfoss).

Two VLT form the set-up. The goal of the first one, fed from the grid, is applying a
constant velocity to the PMSG. The power supplied by the grid is constant, unless
fluctuations are manually introduced, so the lack of velocity control would suppose the
introduction of all the power supply from the grid directly to the set-up. Regulating and
adjusting this value is the goal of the first VLT. The converter has a closed-loop system

for determining the rotation velocity of the motor.

Additionally, the existence of a frequency converter between the grid and the induction

motor will equally allow a soft starting of the drive and set-up, not allowing the current

20



VOLTAGE CONTROL OF DIBEGWE WIND TURBINES FOR OFFSHORE WIND
CONNECTED D@ GRIDS

peaks formed when starting the motor. Using a preinstalled manual control, it is possible
to modify the input power, to modify the rotation or torque.

The second VLT rectifies the AC voltage produced in the PMSG into a DC voltage. The
goal is to output a constant Vpc, regardless of the amplitude of the input three-phase
voltage. To achieve that, it is necessary to control the transistor bridge inside the
rectifier, providing it from the controller.

Figure 11 shows the electric inner schema of the VLT. Both circuits have different
characteristics, corresponding to their objectives. Figure 11 a) shows the schema of the
speed control VLT, whereas figure 11 b) shows the schema of the active rectifier. As the

objective is to output DC power, the inductors have been removed for the active rectifier.

o

1

J
-
_1
o

Jphase
|:||:|w;'r
input

R
B b

[
e
2

Switch Mode
Powrer Supply
10V DC | 24V DC
15mé 1307200 mA |

e +1

Foy) ]
al T Brake
e - resistor

j JEIE wEes T
J e
i

PE)99 Y %\ , A
[ 1 =3 - \—:j[ )
’—<Switch Mode o o

Power Supply 4

10VDC | 24V DC
15mA  [130/200 mA
TT - - [

Figure 11: Electric schema of both VLT frequency converter (source: Danfoss).
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Table 1: Name Plate Details for Inverter/Rectifier

Type 2in 1 Inverter/Rectifier
Manufacturer Danfoss

Input Voltage 3 x 380-500 V

Input Frequency 50/60Hz

Input Current 6.5/5.7 A

Output voltage 3x0-Vin

Output frequency 0-590Hz

Output Current 7.2/16.3 A

Power Rating 3.0 kW (400 V)/4.0 HP (460 V)

2.2.2. INDUCTION MOTOR

Figure 12 shows the squirrel cage induction motor used for simulating the behaviour of
the wind turbine. It is a MT71A-14, manufactured by ABB. Figure 13 shows a table with
the main characteristics of the motor. The motor has been connected in star

configuration. Further details can be found in the datasheet.

Figure 12: ABB MT71A-14 Induction motor.
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Table 2: Characteristics of the IM.

Parameter Value (Unit)
Rated power 0.25 kw
Rated voltage 380-420 V
Rated current 0,95 A
Power factor 0.66

2.2.3. PERMANENT MAGNET SYNCHRONUS GENERATOR

Figure 13 shows the PMSG used in the set-up. It has been coupled with the induction
motor, so the torque produced by the IM induces the excitation in the stator to produce
AC power. The generator has an output of data measurement of the rotor position. This
data has been used to provide information about the situation of the system to the digital

controller.

Figure 13: SEW Eurodrive PMSG (source: SEW Eurodrive).
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Table 3: Name Plate Details for PMSG

Type Permanent Magnet Synchronous

Generator, 3-phase.

Manufacturer SEW-Eurodrive Grove, DK.
RPM 0-3000 rpm

Input Current 0.95/6 A

Operating Voltage | 169V

Voltage 400V

Frequency 150Hz

Attached between the induction machine and the PMSG, a torque meter was installed.
The torque meter is a DR-3000 manufactured by Lorenz Messtechnik, with a rank of
measurement until 2 N-m. The measurements of the torque were used as a reference for

the controller. Figure 14 shows the torque meter.

Figure 14: Contactless torque meter sensor DR-3000 (source: Lorenz Messtechnik
Gmbh).

Table 4: Name Plate Details for Torque Meter

Type DR-3000
Manufacturer Lorenz Messtechnik
Output Signal + 25000 digits
Control Signal 25000 digits
Imp./Rev 360
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2.2.4. CONTROL HARDWARE

The main purpose of the project is to implement a digital controller for the PMSG; an

interfacing hardware is to connect the PMSG and the digital controller is required.

Modern HAWT systems are steered using computers with advanced control systems.
dSPACE (Digital Signal Processing and Control Engineering) is a Hardware In the Loop
(HIL) simulation system that is used for the development and testing of control systems
utilised in the operation of complex machines and systems. The HIL simulators mimic

the actual system and helps in the wide study of the system as a whole.

Figure 15: dSPACE hardware used for control purpose (source: dSPACE).

With the recent trends, the HIL simulation is widely used in the Offshore industry and
other marine applications. By integrating the various components in the system, the HIL
can test the control systems helping in avoiding risks in the physical environment. The
main benefits of using the HIL is to conduct tests that require rigorous testing and
challenges the safety of the real time machines.

The dSPACE uses a user interface (Ul), called the Control Desk. It is an experiment
software that incorporates seamless Electronic control units (ECU) developed by
performing the instructions by the user on a single working platform from the simulation

to the actual design system in the physical environment. The software has been
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connected with MATLAB/Simulink, in order to become the transmission system from the

digital controller into the drives.

Table 5 shows the characteristics of the dSPACE Microlabbox hardware. Figure 16
shows the interrelationship between all the components affecting the hardware and the
system.
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Figure 16: Hardware Diagram
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Table 5: Dspace Microlab Box Details

MicroLab Box Processor | NXP (Freescale) QorlQ P5020, dual-core,
2 GHz 32 KB L1 data cache per core,

Real time processor 32 KB L1 instruction cache per core,
512 KB L2 cache per core,

2 MB L3 cache total

Memory 1 GB DRAM 128 MB flash memory

Boot time Autonomous booting of applications from flash

(depending on application size), ~5 s for a 5 MB

application
Interface Integrated Gigabit Ethernet host interface.
Analog input 8 14-bit channels, 10 Msps, differential; functionality:

free running mode 24 16-bit channels, 1 Msps,
differential; functionality: single conversion and burst

conversion mode with different trigger and interrupt

options
Input voltage range -10V to +10V
Analog output 16 16-bit channels, 1 Msps, settling time: 1 us
Output voltage range -10V to +10V
Output current + 8 mA
Physical connections 4 x Sub-D 50 I/O connectors

4 x Sub-D 9 I/O connectors

2 x Sub-D 50 I/O connectors

48 x BNC I/O connectors

4 x Sub-D 9 I/O connectors

2 X Sub-D 9 I/O connectors

27 x spring-cage terminal block connectors with 8
pins each

3 x RJ45 for Ethernet (host and 1/0)

USB Type A (for data logging)

2 x 2 banana connectors for sensor supply

Power supply
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3. MODELLING OF THE SYSTEM

In this chapter, the mathematical model of the set-up mentioned in chapter 2.2. is given.
In order to develop an adequate control system, it is important to define an accurate
model, as the control design is based on the model. Considering this, the goals for this

chapter are:

- Giving the mathematical equations regarding to each of the electrical devices
composing the system,
- Developing the equivalent model of the set-up in Simulink,

- Simulate and compare the results of the model regarding the theoretical values.

3.1. MATHEMATICAL EQUATIONS

3.1.1. D-Q REFERENCE FRAME

The physical model of the electrical machines can be described in the three-phase ABC
space vector system. In most of the classic AC drives the generation of the three sine
waves is based on motor electromechanical characteristics and on an equivalent model
for the motor in its steady state. However, the sinusoidal references are difficult to use
for control regulation purposes. Linear controllers (PID) are unable to handle the control

of this kind of references without alteration [36].

To transform the sinusoidal values to constant variables, two-step matrix transformation
is used [37]. The first transformation converts the sinusoidal waves (ABC) into a
stationary two-phase frame (UH. The f or mul a of t his t ranséfsor mat
transformationo , can be f ound It mustebg nddetd ithatn for(tHis) paper, the

possibility of having an unbalanced phase has not been considered.

p m O
R (1)
Vo Vo v

Where K is the space vector representing electrical variables (current, voltage, flux,

etc).
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The main purpose of the second transforomatioans fdgPramaakt mso n a t
converting the sinusoidal w abv@e si nctaol ccuol nastteadn tw i vt ahr i
translating the stationary frame components (UB to a rotating reference frame
components (dq) which rotates with an angular speed 1 . Then, it is possible to use

these values as references for the purpose of control, based on the relationship with the

variables that need to be controlled (torque/flux). T h e for mul a obs t he

transformationd can be found in equation (2).

0 WE ¢ i ‘% 0

O ik GEd O (2)
Where (G is the angle between " 0" axTt)s and "d" a X i

Figure 17 shows the space vector definition for the stator voltage in the three reference
frames. Figure 18 shows the representation over time of the measurements of a variable
of a unitary amplitude and a frequency of 50 Hz in the three different reference systems
(abc, alpha/beta and dq).

A J

O 4
Q

Cc

Figure 17: Space vector representation of the voltage in ABC, U band d-q frames [38].
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Figure 18: Graphical representation of a variable in ABC, U band d-q frames.

3.1.2. EQUATIONS IN D-Q FRAME

As it has been mentioned, the induction motor pretends to simulate the wind turbine
rotor. It is therefore important to design the model of the induction motor properly, in

order to simulate the amount of energy transferred from the VLT into the mechanical
torque feeding the PMSG.
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Figure 19 shows the equivalent per-phase circuit of the induction machine. The energy
is transferred from the stator to the rotor through the mutual inductance.

R, I [ R,

_,fl‘JLi s

o

Figure 19: Per-phase equivalent circuit in the d-q frame of an induction motor [36]
The differential state equations of the induction motor for the d-q frame are given in the

equations below (3-7). It is possible to obtain the generated torque and flux for the
PMSG at a specific applied power [37].
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Where:
isi s t he stator 6s C U rbLm ésrthe mutead inductance

usi s the statorods volytiagetlvecdtoat or s flux wvector

o}
Rsis the statords r egidisst atnhcee r ot or és fl ux wvector
s

Rii s the rotor o0s r esiLsitsantchee r ot or 6 i nductance

¥k reference frame angular speed

The main equations of a PMSG can be expressed directly from the equations of a DC
excited synchronous generator, with the simplification that PMSG does not have damper
windings. Equations in steady-state for a PMSG in dg frame are given below (8-14) [39-
40]. Figure 20 shows the electrical circuit of the connection between the PMSG and the

active rectifier

QQ YQ 0fq Q o

Qo 0 (8)
Q0 YQ 0 Q] 6

0o 5 (9)

r 0Q T (10)

r b Q (11)
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Where:
isi' s the stator éds ¢ urTmesrthe mechanical time constant
usi s the stator s vVvolytkistghe rotorevelbcaty
Rsis the statoro6s r egiisthamtatonal velocity of the stator

Yyt is the permanent magnet flux ¥« reference frame angular speed

Te is the electromagnetic torque

Lda/q is the inductance in d and Y d/q iS the magnet flux in d and q
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(12)

(13)

(14)

p,B,J refer to pole pairs, friction and inertia

L, e,
M)

Figure 20: Electric circuit between the PMSG and the active rectifier (source: [40]).

3.1.3. PER-UNIT MODEL

A per-unit model is a system of expression for quantities in relation to a given base

value. It, therefore, represents the proportion of the value in respect to an arbitrarily

selected value. The unit is p.u (per-unit).

Per-unit models are widely used in power electronics. The main purpose is having all

the variables regarding reference unitary values. In the case of the project, the use of
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per-units makes the implementation of the control algorithm easier (further details are

given in chapter 5). Table 6 shows the relation of the given per-unit base values.

Table 6: Table of the selected base variables

Base variable Value
Voltage 400V
Current 10A

3.2. SIMULINK MODEL

This section of the report looks at explaining the implementation in Simulink of the
mathematical equations described in the previous section. The equations involving each
of the drives, described in section 3.1, have been independently modelled and placed

on interconnected subsystems. The final model can be found in Figure 21.

L Torque_pmsg forque_pmsg
| aA
TN I A n—u‘i"\lﬂ'.‘lﬂl"\_:\:fr_n—l Vdc+ Vioad+
a—| ;3\—n gaAi Ao ““‘.w"ﬂ"'r'fﬂﬂm" aA o
o/ — — 1y i MmN
Torque_im {—# Torque_im B a4\~ || - 9B
-, . . Wy
n—(i’)—n gB i Bo o 4‘.’\".’\'&" ’W B—aB M
’ (] II—U*.‘I.‘I \~ W 7D—| c Vdc- b g Vioad-
—@ln—n Ci Co l’—"*‘ﬁ‘.ﬁ.;"'r'm“—“ c N
L VLT Induction Machine ~— puis l Active rectifier Load (RC)
7 S
/ node 1 \/ node 2

Figure 21: Model of the set-up designed in Simulink.

Figure 22 shows the VLT used for controlling the induction machine and input the
fluctuations. The design has been done based on the real circuit of the frequency
converter (figure 11). The control device of the VLT includes different parameters and

estimation of systems that have been simplified for the simulation.
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Figure 22: Model of the VLT created in Simulink.

Figure 23 shows the schema of the induction motor generated with Simulink. It has been
modelled following equations (3-7). Two independent subsystems comprise it. The first
one (figure 23 a), transforms the measured stator voltage into the dqg frame using
Clarke6 sand Parkdé dransformations. Afterwards, these values are used to compute the

acceleration of the rotor and the produced electromagnetic torque (figure 23 b).
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