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Abstract

The selection of the bulk power transmission technology in offshore wind farms is strongly
related to the wind farm size and its distance to shore. Several alternatives can be evaluated
depending on the rated power of the offshore wind farm, the transmission losses and the
investment cost for constructing the transmission system. However, when is necessary to
connect larger and more distant offshore wind farms; the best technological solution tends
to the transmission system based on high-voltage and direct-current with line commutated
converters (LCC-HVdc). This dissertation proposes the use of diode-based rectifiers as a
technical alternative to replace the thyristor-based rectifiers in an LCC-HVdc link with uni-
directional power flow. This alternative shows advantages with regard to lower conduction
losses, lower installation costs and higher reliability. Nonetheless, as a counterpart the off-
shore ac-grid control performed by the thyristor-based HVdc rectifier is no longer available.
This lack of control is compensated by using new control strategies over an offshore wind
farm composed by wind turbines with permanent-magnet generators and fully-rated con-
verters. The control strategies have been based mainly on the ability of the wind turbine
grid-side converter to perform the control of the offshore ac-grid voltage and frequency. The
performance has been evaluated by using PSCAD. Wherein, the most common grid dis-
turbances have been used to demonstrate the fault-ride-through capability as well as the
adequate steady state and transient response.

Keywords: HVdc links, Offshore wind farms, Wind power generation, Power transmission.
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Resumen

La seleccién de la tecnologia para la transmisién de grandes cantidades de potencia proce-
dente de parques edlicos marinos estd estrechamente relacionada con el tamano del parque
edlico y su distancia a la costa. Actualmente existen diversas alternativas que pueden ser
evaluadas dependiendo de la potencia nominal del parque edlico, las perdidas de transmision
admisibles y la inversién necesaria para construir el sistema de transmisién. Sin embargo,
a medida que el parque edlico aumenta sus dimensiones y su ubicaciéon es mas distante de
la costa, la mejor solucién tecnolégica para la transmisiéon de potencia tendera al uso de de
sistemas transmisién de alta tensién, en continua y basados en convertidores conmutados en
linea (LCC-HVdc). Este trabajo de investigacién propone el uso de rectificadores basados
en diodo como una alternativa viable para reemplazar los rectificadores basados en tiristores
en los enlaces LCC-HVdc con flujo unidireccional de potencia. Esta alternativa presenta
ventajas relacionadas con la disminucién en las perdidas de conduccién, reduccién en los
costos de instalacién y aumento en la confiabilidad del sistema. Sin embargo, como contra-
parte esto puede ser obtenido a costa de perder el control que ejerce el rectificador HVdc
basado en tiristores sobre la red eléctrica en altamar. Este reporte muestra que la perdida del
control en la red ac del parque edlico puede ser compensada a través de la implementacién
de nuevas estrategias de control; siempre y cuando el parque edlico marino esté compuesto
por turbinas de viento basadas en generadores de imanes permanentes y convertidores de

potencia nominal (full-rate converter). Las estrategias han sido basadas en la capacidad que

XIX



tiene el convertidor de la turbina para fijar la tensién y la frecuencia en la red de conexién
en altamar. Ademds, el desempeno del sistema de control propuesto ha sido evaluado me-
diante el uso de PSCAD; donde se han usado las perturbaciones de red mas comunes para
demostrar no solo la capacidad de recuperacion de la red en presencia de huecos de tensién,
sino también la estabilidad del sistema en estado estable y transitorio.

Palabras Clave: Enlace HVdc, Parque edlico Marino, Generacién de Energia edlica, Trans-

misién de potencia.
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Resum

La seleccié de la tecnologia per a la transmissié de grans quantitats de poténcia procedent
de parcs eolics marins esta estretament relacionada amb la grandaria del parc eolic i la seua
distancia a la costa. Actualment existeixen diverses alternatives que poden ser avaluades
depenent de la poténcia nominal del parc eolic, les perdudes de transmissié admissibles i la
inversié necessaria per a construir el sistema de transmissié. No obstant agd, a mesura que
el parc eolic augmenta les seues dimensions i la seua ubicacié és més distant de la costa, la
millor solucié tecnologica per a la transmissié de poténcia tendira a I’as de sistemes de trans-
missié d’alta tensid, en continua i basats en convertidors commutats en linia (LCC-HVdc).
Aquest treball de recerca proposa I'is de rectificadors basats en diode com una alternativa
viable per a reemplacar els rectificadors basats en tiristors en els enllagos LCC-HVdc amb
flux unidireccional de poténcia. Aquesta alternativa presenta avantatges relacionats amb la
disminucié en les perdudes de conduccid, reduccié en els costos d’instal-lacié i augment en
la confiabilitat del sistema. Encara que aquest benefici pot ser obtingut a cost de perdre el
control que exerceix el rectificador HVdc basat en tiristors sobre la xarxa electrica en alta
mar. Aquest article mostra que la perdua del control en la xarxa ac del parc eolic pot ser
compensada a través de la implementacié de noves estrategies de control; sempre que el parc
eolic mari estiga compost per turbines de vent basades en generadors d’imants permanents i
convertidors de poténcia nominal (full-rate converter). Les estrategies han sigut basades en

la capacitat que té el convertidor de la turbina per a fixar la tensié i la freqiiéncia en la xarxa

XXI



de connexio en alta mar. Per altra banda , el comportament del sistema de control proposat
ha sigut avaluat mitjangant 1'is de PSCAD; on s’han utilizat les pertorbacions de xarxa més
comunes per a demostrar tant la capacitat de recuperacié de la xarxa en preséncia de buits
de tensid, com l’estabilitat del sistema en estat estable i transitori.

Paraules Clau: Enllag HVdc, Parc eolic en alta mar, Generacié d’energia eolica, Trans-

missié de potencia.
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CHAPTER 1

Thesis Overview

1.1 Introduction

At present, thyristor-based HVdc links is not only the most mature technology in use,
but also the best economical solution to connect large offshore wind farms (rated power
over 500 MW) located far away from the coastline (more than 100 km). Notwith-
standing, the power electronics industry is continuously making new developments in
order to increase the rated power of its components. Therefore, it is not inconceivable
to think that some technologies employed nowadays for bulk power transmission, will
no longer be the best option in the near future.

This is the case of the power transmission devices; wherein, the self-commutated
voltage sourced converters (VSC) based on IGBT valves are considered as the most
promising technology to be used for ac and dc transmission systems. Nonetheless,
latest reports shows that the offshore wind farms that are currently under development
tend to be larger, located in deeper waters and further away from the coastline; and
consequently, the VSC technology is not completely mature to be used widely. In
any case, it is important to state that the next generation of offshore wind farms not
only will have to select its technology according to a more complex criterion; but also,

many control strategies that could have not been carried out before, should be taken



into account.

An intermediate solution can be employed to avoid the use of active power electronics
devices for transmission of large amount of power. This solution consists on consider-
ing the use of diode-bridge instead of the traditional HVdc rectifier. This is especially
feasible if, on one hand, the offshore wind farm is composed of wind turbines with per-
manent magnet synchronous generators (PMSG); and on the other hand, the power
flow can be considered as unidirectional.

The main advantages that can be achieved replacing the HVdc rectifier by a diode-
bridge are: lower conduction losses, lower installation costs and higher reliability [4][5].
However, the HVdc rectifier normally sets the offshore ac grid voltage and frequency,
and its replacement by a diode bridge could lead to loss of control on the offshore ac
grid. Fortunately, this drawback can be compensated by applying different control
strategies on the power converter of the wind turbines.

This dissertation introduces a proposal to solve the shortcomings of using diode-
bridges as alternative to the traditional thyristor-based HVdc rectifier. The proposal
is based on an offshore wind farm connected to the onshore grid through a modified
version of the CIGRE benchmark model for HVdc studies. In addition, it has been
demonstrated that by using the individual control of the wind turbines, it is possible
to contribute to the grid support; compensating thereby, the lack of control caused
by the use of a non-controlled HVdc rectifier [6][7].

The study is focused according to the latest trends reported for the offshore wind tur-
bines. Therefore, the considered wind farm is composed exclusively by wind turbines
based on PMSG and fully-rated converter. This is due to the fact that the fully-rated
converters offer the best possibility to perform a tight control of the offshore grid.
Additionally, the wind turbines with this technology are also considered as one of the
best technical and economical options for distant offshore wind farms [8].

It is important to highlight that traditionally, the grid of a wind farm is supported
by the power transmission devices; accordingly, the fully-rated converter of the wind
turbine employs the back-end-converter side to set the power produced by the gen-
erator; whereas, the front-end-converter side is used to set the dc-link voltage shared

by both sides of the converter. However, due to the use of a non-controlled HVdc



rectifier, the offshore grid is no longer supported by the power transmission devices.
Therefore, the control strategy of the power converter must be redesigned.

The proposed solution is focused on redesigning the control strategy in order to sup-
port the offshore grid against electrical disturbances. The strategy uses the front-end-
converter side of the wind turbine to support the grid; whereas, the dc-link voltage
is set by using the back-end-converter side. Although, a similar proposal was carried
out before to improve the grid support capability during grid faults [9]; the main con-
tribution of this project is based on the use of the wind turbines to set the offshore
grid when there is no active device for power transmission.

Finally, several reports have been developed in order to show the results achieved after
evaluating the new control strategies [10][11][12][7][6]. Particularly, it is worth noticing
that the proposed system is able to keep a similar behavior as the LCC-HVdc links.
Moreover, the power transmission devices have been kept within their operational
limits in presence of faults, with recovery times comparable to those achieved with
controlled HVdc rectifiers.

The remainder of this dissertation is structured as follow. First, the state of the
art and the research approach is used to define the main objectives and the scope.
Next, the mathematical model of the selected wind turbine, the offshore wind farm
and the HVdc link is defined. According to the models defined, a control strategy is
proposed. Then, the implementation of the control is carried out assuming both, an
aggregated model and a distributed model of the whole offshore wind farm. At this
stage, the steady state and transient response is analyzed for grid compliancy. Finally,
conclusions and future works summarize the important aspects and contributions

provided by this dissertation and the future tasks that could be carried out.

1.2 Offshore Wind Farms

Offshore wind power expansion is paramount for a sustainable energy future around
the world. Recent studies state that there is enough wind around Europe’s coasts
to power Europe over seven times [13]; therefore, it is not inconceivable that in the

future a big portion of the world’s energy would come from offshore wind power. In
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order to exploit this abundant energy resource, the European experience shows a clear
trend to increase the offshore wind energy penetration: larger wind farms located at

deep waters far away from the coastline [13].

There are several advantages in placing wind turbines offshore as opposed to onshore.
It has been demonstrated that offshore wind is more constant and stronger than on
land; therefore, offshore wind turbines generate electricity 70-90% of the time [14].
Moreover environmental analyses have shown that offshore wind farms have had a

reduced negative impact on marine life [15].

Offshore wind industry is flourishing, as shown in recent studies of the European Wind
Energy Association (EWEA); who estimate that by 2020 the offshore wind installed
capacity will be more than 7000 MW [13]. Currently (2012) offshore wind farms are
concentrated in North Western Europe, primarily Denmark, the United Kingdom,
the Netherlands, Sweden and Germany. However In the next years a number of other
countries as USA, Canada, Brazil, China, India, Japan and Korea are planning to

include offshore wind energy in their grids [13].

As technology develops and experience is gained, the offshore wind industry will
move into deeper waters and further away from shore. The European Wind Energy
Association has found that for the next years, the offshore wind farms proposed by
project developers, will move gradually beyond the so-called 20:20 envelope (20m
water depth, 20 km from shore) [13]. Therefore the next generation of offshore wind
farms will have to deal with at least three challenges. First, the design of bigger and
more reliable wind turbines in order to reduce the time and costs associated with
offshore maintenance operations. Second, the development of an efficient, profitable
and reliable power transmission system to deliver all generated power to onshore grid.
Third, the development of both, wind turbine foundations for deep water and floating

offshore wind turbine technology.

In the following sections the offshore wind turbine technologies and the offshore power
transmission approaches will be introduced. Besides, these sections will be focused

not only on the state of the art, but also on the latest trends in offshore wind energy.
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1.2.1 Offshore wind turbine technologies

Wind turbine manufacturers have demonstrated that there exist many approaches
to extract the wind energy efficiently. However, since the wind industry moved out
of the coast, the technological challenges related to the offshore power generation
and distribution have been studied in order to define the most optimal technology to

extract the offshore wind energy.

Currently, the race to develop the best offshore wind turbine has clear technological
trends; where, reliability and power rating are the main topics to improve in new wind
turbine designs. Besides, a reliable wind turbine means fewer faults, less maintenance
and better control systems. Hence, an appropriated wind turbine design for offshore
applications will have to take into account aerodynamic, mechanical and electrical
aspects. Offshore wind energy conversion systems (WECS) could be classified ac-
cording to the four aspects shown in figure 1.1, i.e. wind turbine rotor, drive train,

wind turbine generator and power converter [16][17].

Aecrodinamic Model =~ Mechanical Model Electrical Model

~
=

B H H : Wind Turbine )
‘Wind Turbine Drive Train : Generator Power Converter Offshore Grid

Figure 1.1: Wind turbine technologies

Wind turbine rotor

Regarding to wind turbine rotor, variable speed wind turbines (VSWT) with pitch
and torque control are the most appropriate for offshore wind farms. This is due
mainly to the capability of alleviate loads. Moreover, the VSWT with an optimal

pitch and torque control could extract the power efficiently [18].



Wind turbine drive train

Equally important is the wind-turbine drive train, which could be direct-drive or
with gear-box. Due to high maintenance costs in offshore wind farms, wind turbine
manufacturers tends to avoid rotating components in order to reduce the mechanical
stress and hence the mechanical wear [19]. As a consequence, failure points and
maintenance tasks are minimized and therefore, the efficiency, reliability and service
life of the equipment are increased.

Currently, the gearboxes with double and three stages are still used by important
offshore wind turbine manufacturers. Although there are many advantages using
direct-drive drive train, the gearbox selection is closely related with the generator
and the power converter used [19]. Therefore, the selection is not evident and factors
as cost, weight or size should be taken into account. Some characteristics of main

multi-megawatts offshore wind turbines manufacturers are compared in table 1.1.

Wind turbine generator

With regard to the wind turbine generator, at least four types of generators are used in
multi-megawatt wind turbines. These are: squirrel cage induction generator (SCIG),
doubly feed induction generator (DFIG), electrical excited synchronous generator
(EESG) and permanent magnets synchronous generator (PMSG) [20][21].

The SCIG was very popular because of its mechanical simplicity, low maintenance,
high efficiency and robust construction. Additionally, the SCIG has low specific mass
(kg/kW) and a small outer diameter (low number of poles), hence lower cost [17].
Their main disadvantage is that a gearbox is required in the drive train [21].

Most of the currently installed wind generation systems are based on DFIG. The DFIG
has similar specific mass and outer diameter than their SCIG equivalent. But, the
main advantage is that the power converter for a DFIG is around 30% of their rated
power. Therefore, it is cheaper than the used for a direct-drive generator. However,
DFIG is less attractive for offshore application due to maintenance tasks related to
their brushes and the necessity of using a gearbox in the drive train [21].

With respect to the EESG, the main advantage is that it does not need a gearbox.
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Therefore, that means high reliability, less noise and less cost. Compared to the
PMSG, the EESG has better flux control capabilities, thus allows the minimization of
losses in different power ranges. Furthermore, it does not require the use of permanent
magnets, which would represent a large fraction of the generator costs, and might
quickly suffer from performance loss in harsh atmospheric conditions [17].

The main drawback is due to the high cost of the EESG power converter; as it has
to process all the generator power, then, the converter requires more expensive power
electronic components and it needs intensive cooling. Moreover, their high specific
mass (kg/kW) and large outer diameter (high number of poles) means higher cost and
more weight [17]. This weight is partially balanced by the elimination of the gearbox.
Regarding to the PMSG, the main advantage is that it does not needs a gearbox and
is brushless. So, that means high reliability, less noise and less cost. In addition,
there is an improvement in the thermal characteristics of the PM machine due to
the absence of the field losses. Moreover, the PMSG full power converter decouples
totally the generator from the grid. Hence, grid disturbances have no direct effect on
the generator [21].

On the other hand, the high cost of the permanent magnet material and large outer
diameter (high number of poles) are the main disadvantages. However this is balanced
through a lower specific mass (kg/kW) and the elimination of the gearbox. Other
shortcomings are the demagnetization of the permanent magnet at high temp due to
severe loading or short circuit and the difficulties to handle them in manufacture and
transportation.

Notice that converters used for a PMSG are fully rated converter (100% of rated
power) and therefore more expensive than DFIG converters [22]. However, more
stringent code regulations and falling of prices in power electronic components have
lead to an increase on the use of fully rated converter in wind turbines. Moreover,

this extra cost is balanced by the elimination of the gearbox.

Wind turbine power converter

The three types of fully rate converter widely used for electrical power delivery

are: Back-to-back two level converters, multilevel converters and matrix converters
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[20][21][22]. The most conventional bidirectional power converter is the Back-to-Back
two level converters. It consists of two identical voltage source converters (VSC) and
a capacitor which is connected in between them. The main advantage is the control
flexibility thanks to dc-link capacitor, which provides a separate control capability on
both generator and grid side. However, the main drawbacks are the losses due to the
high switching frequency of the pulse width modulation (PWM) [23].

In contrast with Back-to-Back two level converters, multi level converter can operate
at both fundamental switching frequency and high switching frequency PWM. Hence,
lower switching frequency means lower switching losses and higher efficiency [24].
Besides, in multilevel converters the output voltage has very low distortion due to the
high number of power semiconductors [24]. However, it causes an increment in the
overall system cost, and increases the complexity of the control strategies [25].

With respect to matrix converter, some limitations related to the maximum output
voltage and the high conducting losses are the main shortcomings. Furthermore,
although matrix converters has been used as research prototype [26], nowadays, there
are not commercial wind turbines with matrix converters.

Summing up, Table 1.1 shows the technologies used by the major manufacturers of
offshore wind turbines. From this table is possible to infer that the trend of the next
generation of offshore wind turbines will have the following characteristics: Firstly,
variable-speed wind turbines with pitch and toque control for an optimal power ex-
traction; Secondly, the employment of brushless generators and minimal stages in
the drive train in order to diminish the maintenance tasks; Lastly, the use of fully
rated converter in order to decouple the generator from the grid, improving the grid

integration and the grid code compliancy.

1.2.2 Offshore power transmission

Technical and economical aspects of offshore transmission systems are constantly
changing due to the increase of semiconductor power rating and falling prices of power
electronics. Currently, two alternatives are available to connect large offshore wind
farms to the main grid, i.e. high voltage ac transmission (HVac) and high voltage dc

transmission (HVdc) [3]. However, depending of the power rating and the distance
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Table 1.1: Major manufacturers offering Multi-MW offshore wind turbines with fully

rated converter

WT Turbine Rated Rotor Generator

Manufacturer Drive-Train
Model Power Diameter Type
GAMESA G14X* 5.0 MW 145 m PMSG 2-Stages
GE WIND 4.1-113 4.1 MW 113 m PMSG Direct Drive
SIEMENS SWT-6.0-154 6.0 MW 154 m PMSG Direct Drive
Multibrid Planetary
AREVA 5.0 MW 135 m PMSG
M5000-135 Gear
VESTAS V164* 8.0 MW 164 m PMSG 4-Stages
REPOWER 6M 6.15 MW 126 m DFIG 3-Stages
XEMC XD115/5MW 5.0 MW 115 m PMSG Direct Drive
Two
BARD BARDG.5* 2x3.25 MW 122 m PMSG
Drive-Shaft
HALIADE
ALSTOM 6.0 MW 150 m PMSG Direct Drive
150-6MW
Pararell Axes
SINOVEL SL6000 6.0 MW 128 m SCIG
Gear Transmission
NORDEX N150/6000 6.0 MW 150 m PMSG Direct Drive

* Prototype

from the coast the HVac transmission could present serious disadvantages compared

to the HVdc transmission [3].

The main drawbacks of HVac transmission are the dielectric losses and the reactive
power produced by the ac transmission cable. These shortcomings can be compen-
sated stepping up the transmission voltage level. However, due to the intrinsic charac-
teristics of the cable and electrical components, there are physical limits that cannot
be exceeded with current technologies, i.e. 220 MW at 132kV with a maximum dis-
tance of around 100km (without offshore compensation). Notice that, outside of these
limits, the power transmission capability is severely reduced by the large amount of
reactive power that is absorbed by the cable. According to reports of loss evaluation
in HVac and HVdc systems [1], a 400kV cable can deliver 900 MW for distances up
to 25km, but at 50km of distance the maximum power is reduced to 800 MW and

finally at 100 km no active power can be delivered at all.
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In contrast, a feasible solution to connect larger and distant offshore wind farms is the
HVdc transmission [1]. Figure 1.2 shows the comparison between the HVac and HVdc
transmission with regard to both, the total power rating and transmission distance [1].
Notice that the HVdc transmission option is divided into the two technologies com-
mercially available, i.e. line-commutated converter (LCC-HVdc) and voltage source

converter (VSC-HVdc).

A
1000
900 — LCC-HVdc
800
Z 700 —
= LCC-HVde or VSC-HVdce
5 600 — (Up to 320kV)
E
£ 500
400 — VSC-HVdc
H
300 (Up L}z/;zgz)
200
HVac
100 —| (O o 12200) VSC-HVdc
| | | >
50 100 150 200 250 300

Distance (km)

Figure 1.2: High voltage transmission technologies as function of power rating and

distance

The LCC-HVdc is a mature converter technology based on thyristor valves, which
has been in use since the 1970’s and has been well documented by many authors
in different books [2][27][28][29]. LCC-HVdc can be used for the transmission of
significant amounts of power at large distances having low losses [1]. However, their
main drawbacks are the huge converter station for both onshore and the offshore sides
[3] and the lack of independent control for active and reactive power. Additionally,
the thyristor valves in the converter requires reactive power that have to be delivered

by capacitor banks and the STATCOM. Moreover, the dc-voltage at the terminals of
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the converter has to be set by changing the ac-voltage via load tap changer on the

converter transformer.

As a counterpart, the VSC-HVdc is a relatively new technology but with sufficient ma-
turity to be commercialized. This technology represents an alternative to conventional
ac-transmission, and their use in different offshore applications is the most feasible
proof of success in bulk-power transmission [3]. Currently, the available trademarks of
the VSC-HVdc technology are HVDC-Plus developed by Siemens [30], Light-HVDC
developed by ABB [31] and HVDC Maxsine developed by ALSTOM [32].

The power converters of this technology are based on the use of insulate-gate bipo-
lar transistors (IGBTs); and because of their characteristics they are an excellent
alternative for offshore applications. One of the most significant benefits of using
this technology is their important role in the stability of the system. This is due to
the fact that the VSC-HVdc rectifier is capable to provide offshore grid voltage and

reactive power control [33][34].

Recent developments carried out by ABB in the DolWinl link have shown that the
Light-HVDC is a proven technology capable of transmit up to 800MW at 320kV.
In addition, the configurations based on converters connected in series and multi-
terminal topologies [32][3][31] show the continuos interest to enhance this technology
for very-high-power transmission. But, the reality is that VSC-HVdc converters ex-
hibit higher losses than their LCC-HVdc counterpart [1]. Besides, although it is clear
that there are several advantages in VSC-HVdc transmission, at present the techno-
logical limitations in terms of power and voltage rating are still the main drawback

of this technology.

Figure 1.2 shows the power ranges and distances for the feasibility of the three trans-
mission technologies commented before. Furthermore, their main advantages and

shortcomings are summarized in table 1.2.

As a conclusion, the VSC-HVdc technology shows clear advantages related with off-
shore grid stability; furthermore, is economically suitable to transmit power on relative
long distances. However, for larger and more distant offshore wind farms, LCC-HVdc

are still the best technical alternative for power transmission.
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Table 1.2: Comparison of the HVac and HVdc transmission technologies [1]]2][3]

HVac LCC-HVdc VSC-HVdc
Maximun Up to 400 MW
800 MW at 400 kV Up to 2000 MW
Available Installed
. 380 MW at 220 kV In submarine
Capacity 800 MW
220 MW at 132 kV transmission
per System Announced
132 kV Installed
Voltage Up to &+ 150 kV
220 kV and 400 kV Up to £+ 500 kV
Level +320 kV Announced

under development

Black-Start

- Yes - - No - - Yes -
Capability
- No -
- Yes -
Technical - No - Capacitor banks or
Reactive power
Capability SVC are required STATCOMS are

for Network

to supply reactive

required to supply

can be generated

or absorbed by the

Support power reactive power
to the valves VSC devices
Decoupling of
Connected - No - - Yes - - Yes -
Networks
Space
Requirements

for Offshore

Smallest size

Biggest size

Medium size

Substation
2% - 3% [1]
Total
Distance Plus requirements
System 4% - 6% [1]
dependent for ancillary services
Losses
offshore
High cost for station
High cost for station 30% - 40% more expensive
Small for station ( transformers, filters, than LCC solution
Instalation
o (only transformer) capacitors banks, due to power electronic
ost

High cost for cable

thyristor valves,... )

Low cost for cable

components
Cable more expensive

than LCC
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1.2.3 Technical feasibility of diode based HVdc transmission

Several researchers have proposed the use of diode based HVdc rectifiers for links
with unidirectional power flow [35][4][5]. On one hand, the advantages are related to
less conduction losses, less installation cost and higher reliability. But, on the other
hand, drawbacks such as the lack of control in both sides of the diode rectifiers and
the absence of protection systems have been important deterrents to the use of this

technology.

The reported proposals designed to solve the drawbacks of this technology can be
summarized in the following three aspects [5][35]. Firstly, an standalone generator
unit adequately regulated to compensate the lack of control caused by the diode-
based rectifiers. Secondly, a protection strategy based on limit the maximum current
delivered to the HVdc link with the transient inductance of the generator. Lastly, the
regulation of the dc-link voltage by means of a current control loop in the onshore

inverter.

Currently, these proposals are not sufficient to accomplish successfully the grid codes.
This is due to the slow recovery time of the system (around 1.5 s) in presence of dc-line
faults [35]. In addition, the continuous use of the onshore inverter to regulate of the
dc-link voltage can lead on lower efficiency and moreover increases the probability of

commutation failure.

Nonetheless, the proposal of using diode based HVdc rectifiers becomes more attrac-
tive if the total costs of the HVdc and HVac transmission systems are compared [1].
The trade-off analysis shows that since the installation and the maintenance costs are
much higher in offshore installations and therefore, any reduction in aspects such as
equipment weight, maintenance requirements or transmission losses, will have a more

evident impact over the transmission costs.

According to the latest development, the multi-MW wind turbines are capable of
perform the grid support according to the most stringent grid codes. Therefore,
the solution proposed initially can be replaced by the possibility of considering the
following scenario: An offshore wind farm with unidirectional power flow (diode based

HVdc link) and wind turbines with a wide range of control possibilities.
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Notice that in this scenario the wind turbines can be used not only to set the grid
parameters but also to limit the delivered power to the onshore station. Accordingly,
the use of the transformer tap changer can be avoided, and the recovery time of the
system in presence of faults will be defined by the wind turbine response. Additionally,
the system does not have to supply reactive power to the rectifier valves. Hence, some

ancillary services such as the STATCOM can be eliminated.

1.3 Research Approach

High Voltage dc-transmission systems based on line commutated converters (LCC-
HVdc) are probably, the best technological solution to connect large offshore wind
farms, from 1 GW upwards and located at more than 100km in the sea. How-
ever, based on the technical feasibility of the diode-based HVdc transmission system
[35][4][5], it is possible to suggest the following changes: First, replacing the LCC-
HVdc offshore rectifier by a non-controlled diode-based rectifier. Second, eliminating
the static compensator (STATCOM). Last, eliminating the transformer tap changer
in the HVdc rectifier. Notice that these changes can lead to a significant reduction of

the installation, but as a counterpart the offshore ac-grid control is lost.

The aforementioned state of the art suggests that there is strong scientific evidence
to think that the lack of control can be solved by using the control flexibility of the
wind turbine. However, due to the coupled nature of the proposal, the new system
cannot be analyzed isolatedly. Therefore, any control strategy, should be focused not
only on the mere control of the wind turbine; but also, on the offshore grid and the

HVdc dynamics as a whole.

According to the current technologies available for offshore power generation, the wind
turbines based on permanent magnet synchronous generators (PMSG) and fully rated
back-to-back voltage source converters (VSC), can be considered as an outstanding
technology with regards to the control flexibility. But, as a consequence of these
changes, the system to be controlled becomes more complex, non-linear, of a high

order and is not control-affine.
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1.3.1 Thesis goal and objectives

The goal of the thesis is the development of advanced strategies to control not only
the grid parameters, but also the power generation of a large offshore wind farm.
The offshore wind farm will be conformed by wind turbines with permanent magnet
synchronous generators (PMSG) and Back-to-Back two level voltage source converters
(VSC). Besides, all generated power will be delivered through an LCC-HVdc link with
an uncontrolled rectifier (diode based).

In order to achieve the thesis goal, the objectives can be summarized as follows:

Development of a control system in order to replace the controlled HVdc rectifier

for an uncontrolled rectifier (diode based).

e Development of a control system in order to eliminate the offshore voltage and

reactive power control systems (STATCOM).

e Development of a control system in order to eliminate the transformer tap

changer in the HVdc Rectifier.

e Development of a distributed control strategy in order to achieve an adequate

performance of the offshore wind farm.

1.4 Thesis Outline

In this chapter the state of the art and trends related to offshore wind energy technol-
ogy have been described. In addition, a diode based HVdc rectifier was presented as
an alternative for offshore wind power transmission. Nonetheless, its technical feasi-
bility has to be proved. Therefore, according to the proposed objectives, the following
chapters will describe the tasks carried out to achieve them.

Chapter two describes the mathematical models used to define the control strategies.
Although, the aerodynamic model of the wind turbine is defined, the chapter will be
focused on the electrical behavior of the wind turbine, the offshore grid and the HVdc

system used to deliver the produced power to the onshore grid.
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In chapter three the constraints imposed by different modes of operation are ana-
lyzed. According to these constraints the control strategy will be divided on wind
turbine aerodynamic control, wind turbine generator control and power inverter con-
trol for grid integration. The strategy will be defined for both, connected and islanded
operation mode.

The control system for the aggregated model of an offshore wind farm will be carried
out in chapter four. By using the models defined in chapter two, some control loops
will be performed in order to integrate adequately the whole wind farm to the offshore
grid. The stability of the control loops will be analyzed, as well as several tests in
order to validate the control performance.

Similarly, chapter five will describe the control of the distributed model of an offshore
wind farm. Assuming the same strategy, the goal will be to guarantee the stability and
the performance of the whole wind farm when multiple wind turbines are connected
to the grid.

Finally, chapter six defines the conclusions as a summary of the important aspects
of this work. Future works are also mentioned in order to state possible tasks to be

developed in the same research line.
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CHAPTER 2

System Modelling

2.1 Introduction

Dynamic models of offshore wind farms are essential for power system studies and for
the development of new control strategies. The criteria to select the complexity of
the model will depend on the significant impact of the variables on the phenomena
being studied.

A typical offshore wind farm consists of a number of wind turbines, connected to a
point of common coupling (PCC), and this in turn, connected to a power transmission
system to deliver the power to the onshore grid. Figure 2.1 shows the proposed
offshore wind farm, where (n) PMSG-based wind turbines with fully rated converters
are connected to the offshore ac-grid. Moreover, a non-controlled rectifier (i.e. a
12-pulse diode-based HVdec-rectifier) is connected to the offshore ac-grid by means
of a transformer (Tg) without tap changer. The reactive power compensation for
both, the non-controlled HVdc-rectifier and the transformer (Tr) is carried out by
the capacitor and filter bank (Zrg). Finally, a dc transmission line (submarine cable)
will connect the offshore rectifier with the onshore LCC-HVdc inverter. The onshore

inverter is a standard 12-pulse thyristor-based converter [2].
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Figure 2.1: Proposed offshore wind farm

In the following sections the models of different components, and the notation used in
figure 2.1 will be specified. First of all, the wind turbine dynamics will be described
according to their aerodynamic model, mechanical model and electrical model. Then,
the aggregated model, distributed model and clustered model of an offshore wind
farm will be presented. Lastly, the model of a HVdc link with a diode-based-rectifier
will be defined.

2.2 Wind Turbine Modelling

The proposed offshore wind farm shown in figure 2.1 consists of (n) wind turbines
based on PMSGs. Mechanical and electrical parameters of the wind turbine compo-
nents are extrapolated from [19]. Wherein, the generator is scaled in [pu] to deliver
5MW and the rotor diameter is augmented according to the necessary aerodynamic
torque to produce this power. A simplified block diagram of the wind turbine com-
ponents is presented in figure 2.2; as shown in this scheme, the elements of the wind
turbine have been classified as aerodynamics, mechanical and electrical components.
Additionally, the wind resource will be considered as a mean wind speed applied

uniformly to the rotor blades.

The aerodynamic model uses the wind speed to compute the aerodynamic torque
produced by the wind turbine rotor (T,). Then, this torque is transmitted to the
generator by means of the drive train. The direct-drive drive train links the wind
turbine rotor with the generator and can be modelled as two rigid bodies coupled by

a shaft. A PMSG model is used to perform the conversion of the mechanical power
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Figure 2.2: Wind turbine components

(P,,) into the electrical power (Pg) delivered by the wind turbine generator. The
electrical ac/ac transformation is carried out by a three-phase fully-rated converter.
Finally, the output voltage of the front-end converter is stepped up by the wind

turbine transformer (Tyy).

2.2.1 Aerodynamic model

The wind turbine rotor converts the kinetic wind power into mechanical-rotational

power. The relationship between wind speed (Viing) in [m/s] and the mechanical

power (P,,) produced by the wind turbine rotor in [Nm/ s], is defined as follows [14]:
1 3

where (p) is the air density in [kg/m?] and (A) is the area in [m?] covered by the
wind turbine rotor of radius (R) defined in [m]. The power coefficient (Cp) is a
non-dimensional term specific for each wind turbine. It depends on the wind rotor
characteristics and its value is defined according to the blade pitch angle () and the

tip-speed ratio (\). The tip-speed ratio is a non-dimensional parameter defined by:

)\:wRR

2.2
Vwind ( )

where (wg) is the angular speed of the wind turbine rotor in [rad/s].
The block diagram of the aerodynamic model defined in the equation (2.1) is shown

in figure 2.3.
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Figure 2.3: Wind turbine aerodynamic model

The value of (Cp) represents the ability of a wind turbine to capture wind energy
and it has a maximum achievable theoretical limit (Cpmax = 0.593) known as Betz
limit [14]. A mathematical approximation of the (Cp) expression can be defined as

follows:

116 —
Cp = 0.5176 (A —0.48 — 5) -e %0+ 0.0068) (2.3)
0

This expression was proposed initially by Heier [36], but its values have been changed
slightly in order to match better with the data provided by the wind turbine manu-
facturers. According to Heier [36], the ()\g) value can be obtained from:

1 1 ~0.035
Mo A+0.083  g4+1

(2.4)

Neglecting mechanical and electrical losses, the aerodynamic torque (7,) developed

by the wind turbine rotor can be defined in [N m)] as follows:

T, = (2.5)

2.2.2 Mechanical model

The mechanical model of the direct-drive drive train is described by the moments of
inertia of the wind turbine rotor (Jr) and the wind turbine generator (Jg). Both are

defined in [kgm?] and are coupled by a rigid shaft as shown in figure 2.4.
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Figure 2.4: Two-masses model of the drive train

Defining the damping of the wind turbine rotor and generator as (Dg) and (Dg)

respectively, the drive train dynamics can be described as follows:

dGR dQGR
doc 205
Ta — DGW +k (QR — 0@) =Jg a2 (2.7)

Notice that mechanical losses are neglected, (Dg) and (D¢ ) are defined in [Nm/ rad/ s],
and (k) represents the shaft stiffness in [N m/rad]. Moreover, (fr) and (fg) are the
rotational angle of the rotor and the generator defined in [rad]. Hence, the angular

speeds of the rotor and the generator in [rad/s] are:

dfr
- R 2.
wr = (2.8)
dfc
= —-— 2'
we =~ (2.9)

2.2.3 Electrical model
Permanent magnet synchronous generator

A permanent magnet synchronous generator (PMSG) is used to convert the mechanical-
rotational power into electrical power. The equivalent circuit of the generator is shown
in figure 2.5.

The dynamics of the generator can be written as relations of the d and ¢ components of

generator voltage (V) in [ V] and current (I) in [ A]. The generator in a synchronous-
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frame (d-q axis) rotating at (wg) can be described as:
dl
Vaa = Ralgg + LGd% — WaAay (2.10)
dl
Vaq = Ralgq + chﬁ + waAad (2.11)

where (R¢) is the stator resistance in [Q]; (Lgq) and (Lg,) correspond to the d and
g components of the stator leakage inductances in [H]. The flux linkages (Agq) and

(AGq) can be defined in [ Wb] by the following equations:

)\Gd = LGd IGd + )\m (2.12)

Aaqg = Laq Iaq (2.13)

where (A,) is the flux linkage in [ Wb] due to the permanent magnets of the rotor.

Neglecting losses, the electrical torque developed by the generator (T¢g) in [Nm] is:
Te =3p (Acilaq — Aaqlaa) (2.14)

where (p) is the number of poles pairs of the generator. In addition, the electric power

(Pg) would be:

Ps=wg Te = -3 Vaalga + VGqIGq) (2.15)
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Back-to-back converter

The fully rated back-to-back converter extracts the energy from the generator and
delivers it to the offshore ac-grid. In order to analyze the back-to-back converter, it

could be divided onto back-end converter, dc-link and front-end converter as shown

in figure 2.6.
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I ] i—i—r
J '< CDC —”EDC
Ve

DC Link
Back-End "% Front-End
Converter Converter

Figure 2.6: Fully-Rated back-to-back converter

Notice that (V) is the voltage at the terminals of the generator and (/) the current
produced by the generator; while (Vi) and (Iy) correspond to the grid voltage
and the current delivered to the grid respectively. Neglecting losses in the back-end
converter, the following power balance equation can be obtained from the generator
side:

P = Ppc1 — -3 (VGdIGd + VGqIGq) = FEpclpci (2.16)

Likewise, the power balance equation from the grid side could be written as follows:

Ppceo = Pw = Epclpc2 =3 (Vwalrd + Vivelrg) (2.17)

The voltage (Fpc) dynamics is defined by the equation of the dec-link capacitance

(Cpe) and it can be expressed as:

dEpc
dt

Ipci —Ipc2 = Cpe (2.18)

Transformer and offshore grid model

The front-end converter voltage is stepped up by the wind turbine transformer (Tyy)

which is modelled neglecting its shunt branches. This is due to the fact that shunt
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impedances are considered much larger than series impedances and therefore its in-
fluence on the power dynamic can be neglected [2]. Figure 2.7 shows the electri-
cal diagram of the wind turbine inverter connected to the offshore ac-grid through
transformer (Ty ). Notice that the transformer is represented by their equivalent

impedance, where (Rr,, ) and (Lp,, ) represent the resistive and the inductive com-

ponent respectively.

PD02 Py QW Offshore
— — ac Grid
Ipc,
—’_
EDC ac
— +
VRae= Vp
Front-End Cp Vi Zp “
Converter I —
Zrp

Figure 2.7: Wind turbine grid integration

The dynamics of this simplified model can be written in synchronous dg coordinates

as follows:

dl
Vwa = RTW Ipg + LTW % — LTW Ipqwdq + VEa (2.19)
Vivy = Ry g + Ly P9 4 [ 1 +V (2.20)
Wq TwLFq Tw dt TwLFdWdg Fq .

where (wqq) is the frequency in [rad/s] of the rotational synchronous-frame, (Viy)
and (Vr) are the grid voltages expressed in [ V] and (Ig) is the current delivered by
the wind turbine expressed in [ A]. Notice that frequency (wgqq) is not defined in figure
2.7, therefore, it could represent any synchronous reference frame. The dynamics of

the grid voltage (V) will be defined in the following sections.
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2.3 Offshore Wind Farm Modelling

Once obtained the wind turbine single model, it is possible to develop an equivalent
model for the whole offshore wind farm. In order to reduce the model complexity, the
aggregation techniques are used by several authors [37][14][38] to obtain valid models
for a wide operation range during steady state and transient functioning. However,
in order to analyze the mutual interaction between wind turbines, a multi-machine
model of the wind farm is required; hence, the distributed and the clustered model of
the wind farm will be developed.

In the following sections, the aggregated, distributed and clustered model of an off-
shore wind farm will be presented. The models have been carried out under the
following simplifying assumptions: First, offshore line impedances are negligible in
comparison to the wind turbine transformer leakage reactance. Second, the wind
turbine transformer shunt branches are not considered. Third, losses in power con-
verters are not considered. Last, the point of common coupling (PCC) of the offshore
ac-grid, will be modeled by the capacitor (Cr) which represents the reactive power
compensation of the wind turbines transformers and the capacitive part of the filter

bank (ZFR).

2.3.1 Aggregated model of an offshore wind farm

The proposed aggregated model consists of a single wind turbine model equivalent to
the whole offshore wind farm. The power delivered by the aggregated model must be
equivalent to the sum of the (n) wind turbines of the offshore wind farm.

The following relationship for the total power produced by the offshore wind farm

can be obtained from the power balance defined in equation 2.17.

Total power produced n n
Pwn = Ppc2i =Y _ Epcilpcai (2.21)
by the offshore wind farm =1 i—1

where (Py,,) is the total power of the offshore wind farm and the subscript () rep-
resents the (i-th) wind turbine with ¢ = 1,...,n € N. Considering identical wind

turbine parameters and the same wind speed affecting all wind turbines, the total
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power of the offshore wind farm (Py,,) can be represented as the aggregation of (n)

wind turbines as follows:

Py, =n(Ipc2) Epc (2.22)

Note the following two aspects. First, the (Ep¢) value should correspond to the wind
turbine de-link voltage assuming an adequate control, i.e. (Epc = Epcrat); the rated
value of the dc-link voltage is 5.4 kV. Second, the current (Ipc2) has to be scaled
to be (n) times in concordance with the wind turbines included in the aggregation

procedure.

For the proposed aggregated model, both aerodynamics and mechanical parameters
will be the same as in the individual wind turbines. Hence, the dynamics equations
will be the same as previously mentioned in section (2.2.1) and (2.2.2). Regarding to
the electrical dynamics, only the rated power of the front-end converter is modified
to be (n) times larger. Using the equation (2.17), with (Vi) and (Vr) as the grid
voltages, and (Ir) as the current delivered by the aggregated wind turbine, the power

balance of the aggregated front-end converter can be defined as follows:

Py, =3 (VWdIFd + VWqIFq) (2.23)

The electrical dynamics of the PMSG, the back-end converter and the dc-link will be
the same defined in section (2.2.3). Figure 2.8 shows the aggregated model equivalent

of an offshore wind farm with (n) wind turbines.

Notice that the aggregated wind turbine transformer (Tyy,,) is scaled in (pu) and it
will be represented by (Rry,, ) and (Lt ). The rated voltage of the transformer
(Tw) will be considered as voltage-base, while the power-base will be the total power

of the offshore wind farm (i.e. (n) times the rated power of the wind turbine).

Summarizing, the following equations represent the aggregated model of a wind farm

with (n) wind turbines connected to the offshore grid.
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Figure 2.8: Aggregated model of (n) wind turbines
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PMSG dynamic in a synchronous-frame rotating at (wg)

dlgy R¢g Lgq 1
=——] 1 —V
a LGd Gd+ Lo Log Gq T+ Lo Gd
dlgq Lag R 1 1
= ——wal —1 —_— — ——wWaAm
dt Lo, o o " T o T T Vag Loy ©

Power balance at back-end converter

Po = =3 (Vaalas + Vailgs)

Ppc1 = Epcipct

Back-to-back dc-link dynamic

dEpc 1 (Upes -
L _7000 DC1

Ipc2)

Power balance at front-end converter

Ppco n(Epclpc2)
Ppco Py,
Py, 3(Vwalrd + Vwelrg)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)
(2.30)
(2.31)

Dynamics of the front-end grid integration in a synchronous-frame rotating

at (wqq)
d Rt 1 1
Ipg = ——Lwn g Irg+ —Viya— —V,
gp Fd T, Fd + Waqlpg + Tr Wd Tr Fd
d Rr 1 1
s Ipg — —20n o b —— Vipy — ——V,
g e = TWdatra = e o We = VR

(2.32)

(2.33)

Dynamics of the offshore grid voltage in a synchronous-frame rotating at

(wdq)

- Cp
1
- Cp
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2.3.2 Distributed model of an offshore wind farm

The aggregated model defined in section (2.3.1), is not sufficient to analyze the mutual
interaction between wind turbines and the phenomena related with their transient
functioning; hence, a more complex system description is required. Figure 2.9 shows
the distributed model of an offshore wind farm with (n) wind turbines.

Aerodynamic and mechanical parameters will be the same as in the individual wind
turbines. Hence, their equations will be the same above mentioned in section (2.2.1)
and (2.2.2). Figure 2.9 shows the corresponding electrical diagram for the distributed

model of an offshore wind farm.
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Figure 2.9: Distributed model of (n) wind turbines

The following equations represent the electrical model of the (i-th) wind turbine
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connected to the point of common coupling (PCC) of the offshore ac-grid.

PMSG dynamic in a synchronous-frame rotating at (wg;)

dlgia Rai Layi 1

= - Igi 4 ilai —Veas 2.36

dt Lo % * LGdiWG Gia Lgia (2:36)
dlgiq Lgia R 1 1

=- wailgia — Igiq + Vaiqg — ——wagiAmi 2.37

dt Lgiq Leig " Laig " Laig (2:37)

Power balance at back-end converter

Pai = —=3(Vgidlgia + Vaiqlaiq) (2.38)

Ppcii = Epcilpcii (2.39)

Back-to-back dc-link dynamic

dEpci
Ipcii — Ipc2i = Cpei d[;C (2.40)
Power balance at front-end converter
Ppcai = Epcilpcai (2.41)
Pwi = 3(Vwailwai + Vwgilwgi) (2.42)

Dynamics of the front-end grid integration in a synchronous-frame rotating

at (wqq)
d RT 1 1
—Iwai = — Y v di Iwei + —Vwai — Vi 2.4
dt W LTWL Wi +qu Wai * LTW@ wd LTWi f ( 3)
d 1 1
%Iqu = —wdglwai — LTW Iqu =+ mVqu‘, - TWiVFq (2.44)

Dynamics of the offshore grid voltage in a synchronous-frame rotating at

(wdq)

d
VFd Z Twar — 7IFRd + wiq Vg (2.45)

d
Z Twqk — IFRq WaqVFa (2.46)
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2.3.3 Clustered model of an offshore wind farm

For large offshore wind farm, there exist an intermediate solution to reduce the dis-
tributed model. Considering similar parameters in some wind turbines, it is possible
to group them as a cluster. In a cluster representation, a group of wind turbines in
the wind farm could be lumped into one cluster. Then, each cluster can be replaced
by a single aggregated equivalent unit with the power rating equivalent to the sum of
the individual wind turbines power rating. The number of clusters in the aggregated
model depends on the accuracy required and the phenomena being studied.

The aggregation technique explained in section (2.3.1) can be used to develop the
clustered model of an offshore wind farm with (n) wind turbines. Furthermore, the
offshore wind farm cluster representation, is itself a distributed model, hence, both
have the same dynamic but with different power rating and quantity of wind turbines.
Figure 2.10 shows the clustered model of an offshore wind farm with (n) wind turbines
lumped into (m) clusters.

The following equations represent the electrical model of the j** cluster of wind tur-
bines connected to the point of common coupling (PCC) of the offshore ac-grid. Note
that there are (n;) wind turbines lumped into the j*" cluster, and the total wind

m

turbines belonging to the wind farm are n = ) (n;).
j=1

PMSG dynamic in a synchronous-frame rotating at (wg;)

dlgja Rgj Lgg; 1

= — Ics Yer — Vi 2.47
o Lo Gjd + Lo "¢ 1600 + Toga i (2.47)

dlgj,  Laja Re; 1 1
=G _ _ dajd— Ig; Veig — ——weiAmj 2.48
dt LquwGJ Gjd Lcig Gjq t Laia Giq LquwGJ J ( )

Power balance at back-end converter

PGj = -3 (VdoIdo + VquIqu) (2.49)
Ppcij = Epcjlpcij (2.50)

Back-to-back dc-link dynamic

dEpc;
dt

Ipcij — Ipc2j = Cpey (2.51)
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Figure 2.10: Clustered model of (n) wind turbines lumped into (m) clusters
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Power balance at front-end converter

Ppcoj = Epcj(Ipcaj)n; (2.52)

PWj = 3 (VdeIde + VijIij) (2.53)

Dynamics of the front-end grid integration in a synchronous-frame rotating

at (wdq)
d R, 1 1
—Iyg = ——2M T I —Vwai — ——V] 2.54
dt Wdj LTWHJ W * WdalWaj + LTan Wi LTan e ( )
d Ry, . 1 1
—Iwei = —wWaolwa: — WS g + ———— Vi gi — ———V 2.55
qr Wai Wdgdw dj L, Wqj T Lo, Wqj 7 Fq ( )

Dynamics of the offshore grid voltage in a synchronous-frame rotating at

(waq)
d m
Z Twar — IFRd + wagVrq (2.56)
d
Z Twqr — IFRq WaqVFa (2.57)

2.4 Diode Based HVdc-Link Modelling

Diode-based HVdc rectifiers for links with unidirectional power flow have been pro-
posed previously by several researchers [35][4][5]. The main components of the pro-
posed HVdc transmission system are shown in figure 2.11.

It is worth noting that the system configuration and several of the employed param-
eters have been taken from the CIGRE benchmark model for HVdc system studies
[39]. However, the offshore rectifier harmonic and reactive power compensation bank
has been modified with respect to the original CIGRE benchmark model in order to
supply the required reactive power at the offshore ac-grid voltage level (193.6 kV L-N
rms). The new filter parameters are shown in table 2.1.

In the following sections the dynamic of the reactive compensation bank (Zppg), the
diode-based rectifier, the dc transmission cable and the onshore inverter will be de-

scribed.
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Figure 2.11: Diode-Based HVdc link

2.4.1 Offshore capacitor and filter bank

HVDC

Controlled

Inverter

12-Pulse
Thyristor Bridge

Onshore Grid

The reactive power compensation for both, the non-controlled HVdc-rectifier and the

transformer (Tg) is carried out by the capacitor and the filter bank (Zpg). Figure

2.12 shows the electrical diagram of the the filter bank (Zpg) proposed by CIGRE

[39] as a benchmark model for HVdc system studies.

The electrical dynamics of the capacitors and the filter bank (Zpg) shown in figure

2.12, can be defined as follows:

d
dt
d
dt
%VCaQ =
d
dt
d
dt
d

I, =
i

Vi =

VCal =

ILa =

Ve =

CLFIF — CLFIFR

CiaQILa

LiaVF - LiaVCal - LiaVCUQ - %IM
Rble Ve Rblcb Vor + OibILb

LibVF - LibVCb

(2.58)
(2.59)
(2.60)
(2.61)
(2.62)

(2.63)

The dynamics of (Zpgr) can be written in synchronous dg coordinates rotating at

(waq) as follows:
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Figure 2.12: Offshore capacitor and filter bank (Zpgr)
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(2.67)
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d

%ILbd = —1-Voba + wiglrg + 1 Vrd (2.74)
d
%Iqu = _L%)Vqu — Waglrpa + L%,VF‘I (2.75)

The new value set for the reactive power compensation and harmonic filter bank

(Zrgr) is shown in table 2.1.

Table 2.1: Parameters of the offshore rectifier filter bank
Component Units Original Value New Value

Cr (uF) 3.342 2.856
Car (uF) 6.685 5.714
Cias (uF) 74.28 63.49
Ra1 () 29.76 34.82
Rao () 261.87 306.4
La (mH) 136.4 159.6
Cy (uF) 6.685 5.714
R, () 83.32 97.49
Ly (mH) 13.6 15.91

2.4.2 Offshore diode-based rectifier

2th_pulse diode-based rectifier as can be seen in

Offshore rectifier is composed by a 1
figure 2.13. The bridges are two three-phase diode bridges in series on the dc-side
and parallel on the ac-side. Two banks of transformers, one connected Y —Y and the
other Y — A, are used to supply the bridges with a three-phase voltage displacement
of 30° between them.

If the voltages from ac-side are balanced and the HVdc diode rectifier is conducting,

then, the relationship between the HVdc rectifier dc voltage (Vrq.) and the offshore

grid voltage (Vpq) can be defined as [2]:

3BV6 3B
VRde = TNVFUZ - 7WFLTRIRCZC (2.76)
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Figure 2.13: Offshore diode rectifier

where, (B) is the number of bridges in series (for 12-pulse diode bridge B = 2),
(N) is the turns ratio of the rectifier transformer, (L, ) is the leakage inductance of
the rectifier transformer, and (V) represents line to neutral voltage values in [rms]

and oriented in a synchronous-frame rotating at (wp). The effects of commutation
3B

overlap are included within the term (°Zwp L1, Irac) in equation (2.76) and (wr) is

the frequency of the PCC.

2.4.3 HVdc link reactance and cable model

The HVdc link can be modelled using a T-equivalent of the dc¢ transmission line [2].
Figure 2.14 shows equivalent circuit of the dc transmission system, where the mean
voltages at dc terminals of the rectifier and inverters are denoted by (Vr4.) and (Viqe)
respectively.

On the rectifier side, the resistance of the dc transmission line is represented by (Rg)

while (Lg) is the series of the line inductance and the smoothing reactor. Likewise, on
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Figure 2.14: Model of the submarine cable

the inverter side, (Ry) represents the line resistance and (Ly) is the series of the line
inductance and the smoothing reactor. The total capacitance of the dc transmission
line is represented by (Cr). The dc currents are represented as (Igq.) and (I74c) in
the rectifier and inverter side respectively, while (V) represents the non-measurable
voltage of the line capacitance (Cf).

According to the dc line model shown in figure 2.14, the dynamics equations can be

written as:

d Rr 1 1

—Ipge = ——Irge + — VRac — —V/ 2.77
g Rl In Rde + In Rd In L ( )
d Ry 1 1
—I14c = ——IRrac — —Vige + —V] 2.78
g Id I Rd. I 1d +L1 L ( )
d 1 1
—Vi = —IRrdc — =—I14c 2.79
AL CL Rdc C Id ( )

2.4.4 Omnshore LCC-HVdc inverter

Onshore rectifier is composed of two three-phase thyristor bridges as shown in figure
2.15. The bridges are in series on the dc-side and parallel on the ac-side. Two banks
of transformers, one connected Y — Y and the other Y — A, are used to supply the
bridges with a three-phase voltage displacement of 30° between them.

If the voltages from onshore ac-side are balanced and the HVdc inverter is conducting,

then, the relationship between the HVdec inverter dc voltage (V74.) and the on shore
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Figure 2.15: Onshore HVdc inverter

grid voltage (Vigeq) can be defined as [2]:

3BV6 3B
‘/Idc - TNVIacd COS (’7) - 7WILTIIIdc (280)

where, () is the extinction angle, (B) is the number of bridges in series (for 12-pulse
thyristor bridge B = 2), (N) is the turns ratio of the inverter transformer, (L)
is the leakage inductance of the inverter transformer, and (Vj,.q) represents line to
neutral voltage values in [rms] and oriented in a synchronous-frame rotating at (wy).
The effects of overlap commutation are included within the term ( %w L1, I14c) in

equation (3.1) and (wy) is the frequency of the onshore ac-grid.

Nonetheless, assuming an adequate control of the voltage (Vi4.) by means of a
minimum-y strategy [2], the onshore inverter can be replaced by a variable voltage
de source [40, 41]. Moreover, if the voltage drop caused by the overlap angle of the
onshore inverter and the leakage inductance of the transformer (77) is not neglected,

then, it is possible to lump them into the line resistance (Ry) shown in figure 2.14.
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2.5 Summary

This chapter has described the mathematical model of an offshore wind farm and its
transmission system. The model has been divided in three functional blocks, namely

the wind turbine, the offshore wind farm and the HVdc link.

The first functional block describes the wind turbine according to the latest trends
reported for multi-Megawatts offshore wind turbines, i.e. PMSG and fully-rated con-
verter. This component has been analyzed as a single element considering its aero-
dynamic, mechanical and electrical characteristics. In this description only the basic
aspects of the aerodynamics and the mechanical phenomena have been considered.
Nonetheless, the electrical aspects are complex enough to describe more accurately

the power dynamics and the grid integration of the wind turbine.

The second functional block describes the model of the offshore wind farm. In this
block the entire set of wind turbines and the offshore ac-grid are represented according
to three approaches. The first approach includes all the wind turbines connected to
the point of common coupling. This representation is called the distributed model of
the offshore wind farm which is not only the most complete representation but also
the most complex. This model complexity can be reduced by lumping all the wind
turbines in an aggregated model. On one hand, this model can represent the entire
wind farm as a single model equivalent. But, on the other hand, some dynamics
related to the interaction between wind turbines are lost. Finally, the intermediate
solution to reduce the complexity of the distributed model is the clustered model
representation. This representation is itself a distributed model wherein the wind
farm is divided into sets of wind turbines, and these subsequently are lumped in

aggregated models.

The third functional block describes the HVdc link. It has been modeled according
to the CIGRE Benchmark model for HVdc studies. This model includes a modified
version of the rectifier station and its ancillary services. Firstly, the thyristor-based
rectifier has been replaced by a diode-based rectifier. Then, a transformer without tap
changer has been contemplated for the HVdc rectifier. Lastly, the filter bank has been

modified to produce the necessary reactive power to compensate the non-controlled
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rectifier and the transformer.

Summing up, the above mentioned models have been described in this chapter. Ad-
ditionally, according to these models it is possible to formulate more than one repre-
sentation for the offshore wind farm. However, it is worth noticing that the criteria

to use these models shall depend on the accuracy required and the phenomena to be

studied.
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CHAPTER 3

Overview of the Offshore Wind Farm Control Strategy

3.1 Introduction

The advantages of using a non-controlled HVdc rectifier have been mentioned before.
However, the use of a diode-based rectifier places important restrictions in both, the
control of the HVdc link and the control of the offshore ac-grid. These imposed
restrictions not only have to be overcome by an adequate control strategy, but also
all the different control tasks have to be carried out by the wind turbines.

The following control strategy proposes the coordinated control of the wind farm and
the diode based HVdc link. The behavior of the overall system should be comparable
to the standard fully controlled LCC-HVdc rectifiers, both in voltage control mode
and current control mode. In addition, a similar response in presence to onshore and
offshore fault events must be also provided.

The overall control strategy consists of two main tasks that will have to be carried out
individually by each wind turbine. On one hand, the wind turbine control strategy
has to be able to perform an optimal wind power tracking and an adequate fault
protection. Hence, the first task will enclose the wind turbine torque and speed
control, the converter dc-link voltage (Epc) control, and the back-end converter

control. On the other hand, the wind turbine grid integration strategy should provide
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not only an adequate offshore ac-grid voltage and frequency control, but also an
adequate limitation of the power delivered to the HVdc link. Therefore, the second
task will include the control objectives related with the front-end converter control.

A detailed description of the aforementioned control strategies will be defined in the

following sections.

3.2 Wind Turbine Control Tasks

The proposed wind turbine control tasks consist on two main control loops. Namely
an speed control loop to prevent the wind turbine from over speeding and a generator

side converter control to achieve back-to-back dc-link voltage (Epc) regulation.

3.2.1 Speed control

A typical wind turbine speed control strategy involves basically the manipulation of
pitch angle references and either the power references or torque references [18]. These
strategies are widely used in commercial wind turbines. However, depending on the
wind turbine characteristics, the strategies can involve complex algorithms to alleviate
loads, avoid resonances and to perform an optimal energy capture.

The proposed control objective is to prevent the wind turbine over speeding when
long grid faults occur. Therefore, the strategy will be based on a mere standard pitch
control, and do not attempt to achieve the loads alleviation objectives defined in more
complex strategies [18, 42, 43].

The proposed strategy will be programmed to operate according to figures 3.1 to 3.3
, where, the optimal curves in steady state of the wind turbine define the desired
behavior of the generator speed, the blade pitch angle and the delivered electrical
power as function of the mean wind speed. The optimal curves are obtained with
the maximum value of the power coefficient Cp(A, 8) regarding to the wind speed
operational range[14].

Moreover, figures 3.1 to 3.3 also show four operation zones namely non-connected

zone, low wind speed zone, transition zone and high wind speed zone. The zones
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are defined depending on the values of the wind speed, the generator speed and the
delivered power.

The control strategy for non-connected zone is defined by an open loop control of the
generator speed, where the blade pitch angle is commanded by the optimal pitch angle
curve defined in figure 3.2. In this operational zone the delivered power is zero and
the main objective is to set the generator speed to a constant value (wg = W@ min)-
The control strategy for low wind speed zone sets the blade pitch angle to a minimal

angle reference (( in order to capture maximum energy. The generator speed will

min)
be defined according the optimal nonlinear relationship with respect to the demanded
electric power; i.e. (Pgopt = Kopt wi,) [44]. This zone is also called quadratic zone
(quadratic regarding to the torque) and the value of (K,p:) can be calculated with
the maximum value of the power coefficient Cp(A,5). The nonlinear relationship
with reference to electric power will be used later to define the current limits of the
front-end converter connected to the grid side.

The control strategy for the transition zone is defined by an open loop control of the
generator speed, where the demanded power will be defined according the nonlinear
relationship respecting to the demanded electric power; i.e. (Pgopt = Kopt wi;) [44].
For this zone the demanded electrical power is a suboptimal solution with regard to

the delivered power [18].

However by managing the delivered power (and indirectly the generator torque) the
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generator speed must be set to rated values (wg = wgrat) as can be seen in figure
3.1. The blade pitch angle should remain following the curve defined in figure 3.2, i.e.
B = 5min-

The control strategy for the high wind speed zone is defined by a closed loop control
of the generator speed. The main objective of this zone is to deliver variable pitch
references in order to set the generator speed to rated value, i.e. (wg = wWgrat). As a
consequence the wind turbine will keep both rated speed and rated power under wind
speed fluctuations at high wind.

Figure 3.4 shows the block diagram of the proposed wind turbine speed control.

Wind
Speed

ﬁ ref

WG ref Controller

Figure 3.4: Proposed strategy for wind turbine speed control

3.2.2 Back-to-back dc-link voltage control

Usually, the front-end active current (Iy4) is used to control the dec-link voltage
(Epc), whereas the synchronous generator torque current (Is4) is used to achieve
an optimum power tracking. However, the de-link voltage (Fpc) can be set to a
reference value by means of an adequate control of the synchronous generator torque
current (I4) [45]. This approach allows the control of (Ep¢c) without relying on the
offshore ac-grid. Therefore, in presence of an offshore ac-grid blackout, this wind
turbine capability could be used in order to contribute to the black-start.

Ideally, the entire power produced by the generator has to be delivered to the grid in
order to maintain a balanced power flow through the power converter. Additionally,

the adequate control of the (Ep¢) voltage could guarantee that not only the power
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generated is delivered to the grid, but also the torsional oscillations in the drive train
are alleviated [9]. Nonetheless, in presence of grid faults it is inevitable that a dc-link
power imbalance occurs. This imbalance can cause the overcharging of the dc-link
capacitor (Cpc) and as a consequence an over voltage in (Epc¢), i. e. an abrupt
increasing of the voltage at the terminals of the capacitor (Cp¢). In order to avoid
the (Epc) over voltages a dc-link chopper resistance is proposed. This strategy is also
called dynamic braking and is used mainly for protection reasons. Similar approaches
has been proposed before [9][46] to enhance the fault ride-through capability of PMSG
based wind turbines in case of severe grid faults.

Figure 3.5 shows the diagram of the proposed back-to-back dc-link voltage control

strategy.
Back-End
P,  Converter DC Link
—
Te I : > Ipc,
J '\/lﬂ Epc
wa VG ’
PMSG —
Vet
Epcret Controller - Chopper
7y RCEIS;?CC

Figure 3.5: Proposed strategy for back-to-back dc-link voltage control

3.3 Wind Turbine Grid Integration Tasks

As previously mentioned, the use of wind turbines with fully rated converters [47][21]
offers the possibility of tight control of the offshore ac-grid voltage and frequency.
Several alternatives for the control of inverter-based islanded grids have been proposed
for distributed generation and microgrids [48, 49, 50, 51, 52, 53|, generally using
standard (P/f) and (Q/V') droop control.
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The present strategy is based on the assumption that the characteristics of the offshore
ac-grid are known to a great extent. Therefore, from the analysis of the network
dynamics, a (P/V) and (Q/f) control strategy is proposed. A similar technique has
been used before for power control in microgrids [52], where, multiple voltage source
converters have been considered to operate in parallel. The electrical parameters of
this converter fed microgrid are controlled by using droops of voltage-power and a
frequency-reactive power boost. The strategies explained in [52] lead to a relatively
straight forward decoupling of (P) and (@) dynamics during the grid frequency and
voltage regulation. However, an offshore ac-grid connected to a HVdc system is quite
different than the microgrid considered in [52]. Hence, the analysis must be performed
with different considerations.

Due to the nature of the proposed offshore ac-grid, the control strategy has to con-
template different modes of operation in order to perform the grid forming capability

when it has been required. The modes of operation are:

e Islanded operation - Mode A (rectifier voltage control and inverter voltage con-

trol).

e Connected operation - Mode B (rectifier voltage control and inverter voltage

control).

e Connected operation - Mode C (rectifier current control and inverter voltage

control).

Figure 3.6 shows how the front-end converter could be used to control the offshore
ac-grid voltage and frequency. The control strategy is applied to the i**-wind turbine

belonging to the wind farm.

3.3.1 Modes of operation

When the HVdc diode rectifier is conducting the relationship between the HVdc
rectifier dc voltage (Vg4.) and the grid voltage (Vpq) was defined before by equation
2.76.
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Figure 3.6: Proposed strategy for wind turbine grid integration

Usually, there will exist a saturation limit on the overall active current delivered by
the wind turbines, i.e. Ipg = Z?Zl Iwaqi- Assuming no losses on the offshore ac-grid,
i.e. Ipdmax = IRdmax in steady state; the relationship between Ipgmax and Irgmax

can be defined as:

\/EWVRdc
12NVgae — 6\/6wFLTRIFd max

Equations 2.76 and 3.1 define the steady state operation characteristic of the HVdc

IRdcmax = Ideax (31)

rectifier (figures 3.7 to 3.9). Clearly, this characteristic can be modified by changing
the set point of the off-shore ac-grid voltage (Vr4) and/or by modifying the wind farm
overall active current limit (pgmax)-

The intersection between the HVdc diode rectifier curve and the HVdc inverter curve
will define the HVdc link steady state operating point. Figures 3.7 to 3.9 show the
three possible operating points with regard to the offshore ac-grid voltage value (Vgg).
These figures depict the HVdc rectifier steady state characteristic, as per equations
2.76 and 3.1.

It is assumed that the inverter would be operating in voltage or in minimum-+ control
[2]. The inverter steady state characteristic is represented by an almost horizontal
line. Clearly, the slope of this line would be slightly positive for inverter voltage

control and slightly negative for minimum-- control.
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Islanded operation - Mode A (Irg. = 0 and Vgae, < VRdc)

When the wind farm is operating in islanding mode, the offshore ac-grid dynamics
is well known and dominated mainly by the HVdc rectifier capacitor and filter bank
(Zpr). However, as the rectifier is not conducting (Irq. = 0), then the rectifier voltage
(VRrae) will be equal to the HVdc inverter voltage (Vr4.). Therefore, the expression
defined before in equation 2.76 is no longer valid to represent the dynamics of (Vggc).
The solution to overcome the conducting condition is strongly related to the control

of the offshore ac-grid voltage (Vpq). By using equation 2.76 with Ip4. = 0, it is

possible to define the relation Vgge, = 3Bﬂ\/6N Vra , where (VRae,) is defined by the
offshore ac-grid voltage (Vrq), and moreover its value establishes the non-conducting
condition of the HVdc rectifier as Vrge, < Vgae (operation mode A). Hence, if the
value of (Vgae,) does not increase sufficiently to overcome the value of (Vigg.) imposed
by the inverter, then the wind farm will remain operating in islanding mode. Figure
3.7 shows the operational curves of this mode of operation.

Based on the technique proposed by [52], a (P/V) control strategy will be used to
deliver the necessary active power to set the offshore ac-grid voltage; while, the (Q/f)
control strategy will be used to deliver the necessary reactive power to set the offshore

ac- frequency. The strategy will be carried out by the front-end converter of the wind

turbine.

Connected operation - Mode B (0 < Ir4c < IRdemax and Vgrac, > VRrde)

In this operational mode, the offshore ac-grid voltage is large enough to overcome
the conduction condition defined before. Once the HVdc link is conducting, the wind
farm will be operating in connected mode and the HVdc diode rectifier will act as a
voltage clamp on the offshore ac-grid voltage. However, the active current delivered
by the front-end converters has not reached its limit (Ipgmax) yet. This fact implies
that the wind turbines can still keep control of the offshore ac-grid voltage. Therefore,
the proposed strategy for this operational mode will consist of the smooth transition
between the voltage defined in the islanded operation mode and the voltage imposed

by the HVdc diode rectifier.
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Figure 3.8 shows the operation of the HVdc link with an intermediate value of (Vrgq),

Trde < IRdemax, and both rectifier and inverter in voltage mode of operation (opera-

tion mode B).
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Figure 3.8: HVdc link steady state operation characteristic (operation mode B)
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Connected operation - Mode C (Irgc = Irdcmax and Vrae, > VRdc)

If the offshore ac-grid voltage reference (Vgy) is increased beyond a certain point
(figure 3.9), then the current limit of each wind turbine is saturated (operation mode
C). This saturation limit is defined according to the rated inverter current and the
maximum power that the wind turbine can deliver with the available wind speed. At
this point, the HVdc link current will be determined by equation (3.1). Additionally,
the steady state offshore ac-grid voltage magnitude will be determined by the inverter
side dc voltage (Vi4.) and the HVdc link current (Igq4.) as follows:

6m

Vig = 22
Fd= 36 N

<V1dc + <RR + Ry + S_LTRO‘)F) IRdc> (3.2)
Therefore, the offshore ac-grid voltage will be indirectly controlled by the onshore
inverter. As shown in figures 3.8 and 3.9, the transition from operation mode B
to operation mode C can be achieved by either rising (Vgg4) or by decreasing the
front-end converter active current limits (Iy g, max), which in turn, determines the
value of (Irdemax)- At this stage, the active current limit on each front-end converter
(Iwd; max) can be set to follow the optimal power tracking according to the wind
turbine characteristic [44].

The HVdc rectifier current control mode strategy will be based on setting the in-
dividual wind turbine currents according to the optimal power tracking. However,
in presence of faults the proposed currents are not longer valid. Hence, a Voltage

Dependant Current Order Limit (VDCOL) similar to the employed in a LCC-HVdc

link [2] have to be carried out.
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Figure 3.9: HVdc link steady state operation characteristic (operation mode C)

3.4 Summary

This chapter has described the proposed wind turbine control strategies. These strate-
gies have been designed to contribute to the grid support in offshore wind farms
with HVdc Links and diode-based rectifiers. According to the control objectives, the
strategies have been divided in strategies to control the wind turbine and strategies
to perform the wind turbine grid integration and grid support.

The strategies to control the wind turbine are based in control loops to set mainly
the rotor speed and the dc-link voltage at the power converter. The First strategy
is addressed to protect the wind turbine against over speeding when large grid faults
occur. Whereas, the second strategy is aimed to avoid overvoltage in the dc-link of
the power converter during grid disconnections or voltage dips.

Moreover, the strategies for grid integration and grid support are based on the knowl-
edge of the offshore wind farm characteristics. These characteristics show that the
power dynamics imposed by the diode-based HVdc link is mainly dominated by the
value of the current passing through the rectifier. As a consequence, three opera-
tional modes have been defined according to the conduction constraints imposed by
the diode rectifier. The first mode is the islanded operation; in this mode the recti-

fier is not conducting and the offshore ac-grid dynamics is dominated mainly by the
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capacitor and filter bank of the HVdc rectifier. However, in islanded operation the
offshore ac-voltage is set by the wind turbines and the conduction condition can be
overcome.

Consequently, there is a smooth transition called connected operation mode (B). In
this mode the offshore ac-voltage is defined according to the wind turbines and the
HVdc diode rectifier. The last operation mode or connected operation mode (C)
occurs when the current passing through the rectifier achieves its maximum value.
In this mode the HVdc diode rectifier acts as a clamp and the offshore ac-voltage is
imposed by the HVdc inverter.

In the following chapters the above mentioned strategies will be implemented. Ad-
ditionally, the aggregated and the clustered model of the offshore wind farm will
be employed. Finally, considering islanded and connected modes of operation and

transient conditions, the strategies will be validated.
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CHAPTER 4

Control of the Aggregated Offshore Wind Farm

4.1 Introduction

The control of an offshore wind farm is carried out in this chapter. According to
section 2.3.1, all the wind turbines have been aggregated into a single equivalent
machine. This aggregation has been carried out in order to reduce the complexity
of the overall model. Consequently, the steady state and the transient functioning of
the whole wind farm can be evaluated more easily.

Figure 4.1 shows the proposed aggregated model of the offshore wind farm with n-
wind turbines. Besides, their dynamics have been explained in section 2.3.1. In this
model, all the components included into the generator side of the converter retains
the same aerodynamics, mechanical and electrical parameters than in individual wind
turbine model. But, the components included into the grid side of the converter have
been scaled to produce the equivalent power of the entire wind farm.

The power transmission of the entire offshore wind farm is carried out by HVdc link.
This transmission system is based on the diode-based HVdc link explained in section
2.4. But, the shortcoming of using a diode-based rectifier is the fact that it can not
contribute to control the offshore ac-grid. Therefore, this chapter introduces a new

alternative to set the grid voltage and frequency at the point of common coupling
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(PCC). This alternative is based on using the wind turbine back-end converter to
set the converter dc-link voltage, whereas the front-end converter performs the grid
integration.

In the following sections several control loops will be developed and evaluated. As
explained in chapter 3, the overall strategy will be divided into rotor side control
strategy and grid side control strategy. Finally, this chapter also includes the stability

analysis of the proposed control loops and its validation by means of PSCADTM

simulations.

Fpe, =n EpcIpa,
et

Pon

Back-End Front-End |
Converter i1 Conve wn
DC Link (onverter >

Tw,
Ipe, L {pc, - n

Offshore

E > ac Grid
Cpc]_7P¢ . e
DC‘ Ry Tn lyn  PCC
Scaled in pn
Aggregated Model of an Offshore Wind Farm with n-Wind Turbines
shore Non-Controlled - . VDC
e HVDC HVDC Link Controlied
Rectifier Iree R Lgr Ly Ry Thae Inverter
0 - T = T;
+ Ly + o
Vide o -V Vide }—>|
- vl - L - Viae
R | Vitae= Vi 500KV — 1000MW Oushore Grid
12-Pulse 12-Pulse
= Diode Bridge Thyristor Bridge
Reactive Power Compensation

and Harmonic Filter bank

Figure 4.1: Aggregated model of an offshore wind farm with n-wind turbines

4.2 Wind Turbine Control

As mentioned in section 3.2, the proposed wind turbine control strategy will consist
of two tasks. The first task will be the speed control to prevent the wind turbine from
overspeeding, and the second task will correspond to the (Ep¢) voltage regulation of
the back-to-back dc-link. In the following sections, the aforementioned control strate-

gies will be carried out considering the aggregated model equivalent of an offshore

wind farm.
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4.2.1 Wind turbine speed control

Modern techniques to achieve the speed control of the multi-megawatt wind turbines
are based on multi-objective approaches. These techniques try to regulate not only the
wind turbine speed, but also other variables such as power, noise or loads. However,
the proposed approach will be only focused on the control of the wind turbine speed.
Hence it will be based on a mere standard pitch control [9], according to the closed
loop strategy defined before in section 3.2.1.

Wind turbine speed will be controlled via variations of the pitch angle. However,
according to figure 3.2, the blade pitch angle () must be held almost constant at
(Bmin) for power below (Pgrqt), while, the generator speed is set according to the
optimal non linear relationship (Pgopt = Kopt wi) [44]. For this reason, only high
wind speed zone will be considered, and the blade pitching will be used to both,
regulate the maximum extracted wind power, and prevent overspeeding when the
wind turbine cannot deliver all the available wind power to the grid (i.e. when the
HVdc link is disconnected or during faults).

Considering the model of the mechanical drive train described in (18.6) and (18.7),
and only for control purposes, it is possible to simplify the analysis assuming a rigid
shaft, i.e. g = 0q, thus, wg = wg. The simplified model of the drive-train will be

equivalent to one-mass model and can be written as follows:

d*0r
dt?

do
T, +Tc — (DRJrDG)dftR = (Jr+ Ja)

(4.1)
The mechanical parameters considered for the drive train model are shown in table
4.1.

Defining a decoupling input Uz = T, + Tz , a moment of inertia J = Jgr + Jg and
damping constant as D = Di + Dg , the equation 4.1 could be defined as:

d
J% + Dwg = Ug (4.2)

It is worth noting that (T) will be set indirectly by the (Ep¢) control strategy cov-
ered in the following section, hence, it cannot be used for speed control. Additionally,

as the (Ep¢) control loop will be sufficiently faster than the wind turbine dynamics,
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Table 4.1: Mechanical parameters

Parameter Units Value
Wind turbine rotor inertia (Jg) (kg.m?) 10x10°
Generator inertia (Jg) (kg.m?) 100x103
Wind turbine rotor damping (Dg) (N.m/rad/s) 20
Generator damping (Dg) (N.m/rad/s) 100
Shaft stiffness (k) (N.m/rad) 1.6x10?

Parameters exptrapolated from [19]

it is possible to consider (T) as a constant perturbation. Hence, the decoupling input
(Ug) could be defined in frequency domain as Ug(s) = T,(s).

According to equation 4.2 , the wind turbine speed (wg) can be controlled to follow
desired speed references with a simple PI Controller. The proposed (wg) control loop
is depicted in figure 4.2, where the equation 4.2 is used to obtain the following transfer

function:

Figure 4.2: Wind turbine angular speed (wg) control loop

The parameters of the resulting controller for the first order systems have been cal-
culated to accomplish with a settling time less than 5s (ST < 5s) and a damping
ratio greater than 0.707 (DR > 0.707). The values of the necessary proportional gain
(Kp) and the integral time constant (77) are shown in table 4.2.

The success of the (wg) control loop will depend on the ability to set the proposed
aerodynamic torque (Ty,), according to the PI output references (T7).

The aforementioned equations 2.1 to 2.5, define (7,) as the non-linear relationship
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Table 4.2: Wind turbine speed (wg) controller parameters

Parameter Value
Kp 16.5139x10°
T 78.7216x107%s

between the wind speed (Viing), the wind turbine angular speed (wg), and the blade
pitch angle (8), i.e. Ty, = f(Viind;wr, 5). Therefore, in order to obtain an angular
speed at rated values, the value of (Tj,) must be set according to the PI controller
output (7). As a consecuense, the blade pitch angle () should vary according to

wind speed fluctuations (Viinq) to prevent the wind turbine from overspeeding.

Gain scheduling control is a typical approach to carry out the control of non-linear sys-
tems whose behavior can be adequately described using a selection of local linearized
models. Hence, in broad terms, the design procedure of a gain scheduled controller
can be used to define the adequate relationship between the demanded aerodynamic

torque (T

*) and its corresponding blade pitch angle reference (3*).

Firstly, the dynamics of (T;,) will be defined assuming wind turbine operation within
high wind speeds zone; hence, the wind turbine speed should be set to rated value,
i.e. W = WRrqt- Then, using a subset of wind speed values, a family of non-linear
equations for the aerodynamic torque will be defined. Each equation will only depend

on the blade pitch angle, and they will be associated to their corresponding wind speed

value.

Assuming rated speed operation, figure 4.3 shows the family of non-linear expression
for (T,,) with regards to different wind speed values (for this case the values go from
9m/sto25m/s). Note that rated aerodynamic torque value (Tgrq¢) has been depicted
by a horizontal line, which defines the set of the necessary blade pitch angle (5, =
[B1s---,B8]) in order to maintain T, = Tyyqt.

Next, by using equations 2.1 to 2.5, a family of linearized expression of (T;) will be
defined. Note that the set of linearization points (po) will be defined according to

the set of wind speed values (Viying), and their corresponding set of blade pitch angle

values (f3,), when T, = T,rqt- The linearized expression of (T,) can be defined as
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follows:

AT, = 55 (T2) . AB (4.4)

where AT, = T, — Tyrar and A5 = 3 — 3,. In addition, the expression 8%3 (T,)
po

defines, a gain-scheduled parameter also called aerodynamic torque sensitivity in re-

lation to blade pitch angle. Using the equation 4.4, and defining Kg = (% (T,)
po
as a gain-scheduled parameter which varies according to the set of blade pitch angle

values (f,); then, it is possible to obtain the following transfer function:

Ta(s) - KB 6(3) (45)

Figure 4.4 shows the values of the expression Kg = % (T,) powith regards to the set
of blade pitch angle values (5,).

Last, in order to get a realistic response regarding to the pitch angle actuator, the
limits on the pitch angle range (0 to 30 deg) and its maximum rate of change (14

deg/s) have to be included in the model. The implementation of the proposed (wg)
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Figure 4.4: Gain-scheduling value (K3) Vs. Set of blade pitch angle (53,)

control loop is shown in figure 4.5. Notice that, the imposed limitations on the blade

pitch angle reference (8*) are particularly relevant during grid faults because they

will determine the wind turbine maximum transient speed. However, as can be seen

in figure 4.5, an anti-windup strategy has been implemented in order to avoid the

unnecessary functioning of the integral part of the controller.
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Figure 4.5: Proposed (wg) control loop
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4.2.2 PMSG current control

The aggregated model of the wind farm was defined before by equations 2.24 to
2.35. Particularly, the equations 2.24 and 2.25 define the dynamics of the PMSG
in a synchronous-frame rotating at (wg). However, in order to perform a dynamic
decoupling, two new control inputs namely (Uy) and (U,) are defined in the model as

follows:

L 1
Ug = —C wa Igg + —Vaa (4.6)
Lgq Lga
Lga 1 1
U, =——wglga+ —Vgs — —wgim 4.7
q LGq d LGq q LGq ( )

Therefore, the generator dynamics defined by equations 2.24 and 2.25, can be repre-

sented as the following expressions:

dlgq Rg
=——] U, 4.8
i Tog lad + Uy (4.8)
dlgq R
= ——1 U, 4.9
dt LG’q Gq + q ( )

By applying the Laplace transform with (Ug) and (U,) as system inputs and (Ig4) and
(Igq) as system outputs, the decoupled transfer functions of the generator dynamics

can be defined as follows:

1

Toa(s) = mud(s) (4.10)
Taq(s) = @Uq(s) (4.11)

As a result, the expression defined in equations 4.10 and 4.11 describes two inde-
pendent first order systems. Moreover, they can be used to control the (Igq4) and
(Igq) currents by means of two independent PI control loops. Figure 4.6 shows the
proposed PI control loops.

The electrical characteristics of the PMSG are shown in table 4.3. The resulting pa-

rameters of the PI controllers are defined in table 4.4. The values have been obtained
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Figure 4.6: (Igq) and (Ig,) current control loops

assuming as constraints a damping ration greater than 0.707 (DR > 0.707) and a
settling time less than 5ms (ST < 5x1072s).

Table 4.3: PMSG characteristics

Generator parameters Units  Value
Rated Power (MVA) 5
Base L-L voltage (kV) 2
Rated frequency (Hz) 20
Stator resistance (R¢g) (mg) 13.6
Stator leakage inductance (Lgq)  (mH) 5.09
Stator leakage inductance (Lp,)  (mH) 6.37
Rotor flux linkage (Ap,) (Wh) 9.31
Poles of the generator (p) Pairs 80

Parameters extrapolated from [19]

The implementation of the proposed current control loops of (I¢q) and (Igq) is shown
in figure 4.7. Notice that there exists a compensation expression defined for each loop.
These terms are decoupling expressions that are used to determinate the required

value of (V) and (V{,) while the currents (Igq) and (Igq) follow their references

(I&q) and (I,)-
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Table 4.4: PMSG current controller parameters

Parameter Value
Kpq 16.0771
Trq 8.086x103s
Kpq 16.0771
T, 8.086x103s

Back-End
Converter I
DC,

We(Laal G+ Am)

_ vyt U
T == =] i

waLaelag j

Figure 4.7: Generator current control loops implementation
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4.2.3 Back to back converter dc-link voltage control

The relationship between the ac and the dc-sides of the wind turbine back-end con-
verter was defined before by equations 2.26 and 2.27. Neglecting losses in power
conversion, its is possible to define Pg = Pp¢, according to figure 2.6 . Hence, the
following equation can define the power balance between the ac-side and the dc-side

of the back-end converter.

=3 (Vealga + VGQIGq) = FEpclpcen (4.12)

Assuming that the field current reference is set to zero i.e. I, = 0, it is possible to
define a proportional relationship between the generator torque (Tg) and (Igq), i.e.

T = 3p (Amlgg). Moreover, the equation 4.12 can be written as follows:

—3Vaqlcq = Epclpci (4.13)

Substituting the dc-link capacitor dynamic Ipcy = Cpe dEd?C + Ipce (defined before

in equation 2.28), equation 4.13 can be defined as:

Epc
dt

d
—3Vaqlaq = CocEpc + Epclpca (4.14)

. . d(E} . .
defining the expression ( st) c) =2Fpc db;?c as a mathematical artifice, and replac-

ing in equation 4.14, the following expression can be defined:

d (E2 1
(Fbo) _ _ (6Vaglay + 2EpcIpes) (4.15)
dt Cpc

In order to perform a dynamic decoupling the following expression is defined for

(UEDC):

1
UEDC = _E (6VGqIGq + 2EDC'IDCQ) (4.16)

Therefore, the dynamics of (E%,) is reduced to the following expression:

d(Epe)

7 = Unpe (4.17)

while its corresponding transfer function can be defined as follows:
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() = ~Use(s) (115)

The plant to be controlled becomes a simple integrator and (E}) can be easily
controlled by a PI control loop.
According to equation 4.16, it is possible to set (E,%C) at the desired values by using

the PMSG current reference (Ig,) as follows:

Iog=—

Ercl 2Epcl
Cpc _ Lpclpc2 Cpc <UEDC DCDC?) (4.19)

6Vag P 3Vag  6Vag Cpc
where (Ug,.) is the output of the PI controller used in the (E%) control loop.
Additionally, the generator torque current reference (Ig4) has been limited, so the
generator never will operate in the motoring region. The proposed (E%) control

loop is depicted in figure 4.8.

Back-End

we(Laal Gat M)

N , oyt U,
I6g=0 7=—==<—"% q e’

ngGqI Gyq

Figure 4.8: (E%) control loop

In order to perform the (EQDC) regulation, the rated value of Ep¢ correspond to 5.4 kV

and the dc-link capacitance Cp¢ is set to store 115 kJ at rated voltage (i.e. 8000 uF
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for 5 MVA of rated power). Moreover, the values of the (E% ) PI controller have been
obtained assuming as constraints a damping ration greater than 0.707 (DR > 0.707)
and a settling time of 50ms (ST = 50x10~3s). The resulting parameters are shown

in table 4.5

Table 4.5: Wind turbine dc-link voltage (Ep¢) controller parameters

Parameter Value
Kp 16.0771
T 8.086x1073s

4.2.4 Wind turbine control performance

Figure 4.9 shows the performance of the wind turbine speed (wg) and the back-to-
back converter dc-link control against large load variations. Initially, the system is
operated at rated wind and power. At (¢ = 0.1s), the load is suddenly disconnected.
After disconnection, the PMSG torque current (Ig,) is rapidly reduced and the wind
turbine speed (wg) steadily increases. At this point, pitch control will act to bring
the turbine back to rated speed. At (¢ = 5.1s), rated power operation is restored,
leading to decreased turbine speed, as the pitch angle returns to zero. The maximum
speed excursion clearly depends on the maximum pitch angle rate. Note the generator
oscillations due to the direct-drive relatively low damping. It is worth stressing that
the wind turbine dc-link voltage (Epc) remains within acceptable limits in spite of
the large load transients applied to the system. Therefore, in the following sections,

a constant de-link value (Ep¢) is assumed.
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Figure 4.9: Wind turbine control performance for large loads variations
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4.3 Wind Turbine Grid Integration

Assuming an adequate control of the dc-link voltage, the analysis of the offshore

ac-grid will be carried out under the following simplifying assumptions:

e The de-link voltage has been set to a constant value (Fpc¢).

e Offshore ac-line impedance can be negligible compared with wind turbine trans-

former leakage impedance.

e Transformer shunt branches are not considered.

Considering these assumptions, a simplified model of the aggregated wind farm is
shown in figure 4.10.

Moreover, the ac-grid dynamics can be expressed by using equations 2.32 to 2.35 in
a synchronous-frame oriented on (Vg), i.e. Vg, = 0 and wyy = wp. Hence, the wind

turbine grid integration dynamics can be defined as follows:

P, wn + Offshore

. wn ac Grid Non-Controlled
- Ibe,= nEpclIpe, - - PCC HVDC
. -:.~>] v Twn, I 1, Rectifier Trae
DCs 1 w ol 1 - TWn ——
ocaled 1 pu
B - + HVDC
be J U VRde Link

Scaled 12-Pulse
Front-End — Diode Bridge
Converter
Aggregated Model of an Offshore Zrr
. . . . Reactive Power Compensation
Wind Farm with n-Wind Turbines and Harmonic Filter bank

Figure 4.10: Simplified model of the aggregated offshore wind farm
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d_ Ry, 1 1

—Ipg = — I I —Vivg — —V; 4.20
gp Fd Trn. Fd T Wplpg + T wd Trw Fd ( )
d Rt 1
—Ip, = —wplpg — =221 _ 4.21
g 1Fa wrlpq Lr. Fq + T Vivg (4.21)
d 1 1
%Vm = FFIF(i - FFIFRd (4.22)
1 1
wrpVpg = FFIFq - FFIFRq (4.23)

Where all the variables are referred to the secondary side of the transformer (Tvw) and
(wr) is the instantaneous frequency of the voltage (VF). In the following sections, a
cascade control strategy will be defined to control the offshore voltage and frequency.
The strategy will be performed by means of two phases. Firstly, the design of two
inner control loops to set the currents (/rq) and (Ipq) to a reference (I3,) and (I7,).
Second, the design of the outer strategy to control the offshore ac-voltage (Vr4) and
the frequency (wr). The outer loop response should be slower than the inner control

loops, and should provide them with their references (I1;) and (If,) respectively.

4.3.1 Front-end converter current control

The dynamics of the front-end converter are defined by equations 4.20 and 4.21.
However, in order to perform a dynamic decoupling, two new inputs namely (Upgq)

and (Ugq) will be defined as follows:

Urd = L1y, wrlpg + Viwa — Vra (4.24)

UFq =—Lp,wrlpqg+ qu (4.25)

Therefore, the (Ipq) and (Ir4) dynamics becomes in the following expressions:

gy = ——Twn g U 4.26
g7 Fd T, Fd+ T Fd ( )
d Rt 1

—Jp,=——"2] —U 4.27
dt Fq LTwn Fqt LTWn Fq ( )

while, their corresponding transfer functions can be defined as follows:
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Tra(s) = —20n_17,(s) (4.28)

Ipq(s) = 20 g (s) (4.29)

As a result, the expressions defined in equations 4.28 and 4.29 describes two inde-
pendent first order systems. Moreover, they can be used to control the (Irg) and
(Irq) currents by means of two independent PI control loops. A similar procedure has
been carried out for the PMSG control. Figure 4.11 shows the implementation of the
proposed PI control loops.

Back-End By, Front-End — Pup Offshore
Converter —  Inverter Qwn ac Grid
I DC; DCy =

> > IWn: Iy

o IR oo I

Figure 4.11: Implementation of the (Irq) and (Ip,4) current control loops

The characteristics of the transformer (Tw) are shown in table 4.6. Moreover, the

resulting parameters of the PI controllers are defined in table 4.7. The values have
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been obtained assuming as constraints a damping ration greater than 0.707 (DR >

0.707) and a settling time less than 2ms (ST < 2x10735s).

Table 4.6: Transformer (Tw) characteristics

Transformer (Tw) parameters Units Value
Rated Power (MVA) 1000
Rated frequency (Hz) 50
Winding 1 (kV L-L rms) 20
Winding 2 (kV L-L rms) 13.6
Ry, (0.005 pu) (mQ) 595.125
Lz, (0.06 pu) (mH) 22.7321

Table 4.7: Front-end (Ipq) and (Ir,) current controller parameters

Parameter Value

Kpeed 33.83
Trced 3.5476x10"s
Kiceq 33.83
Treeq 3.5476x10 55

Assuming sufficien fast dynamics in the aforementioned current control loops, the
front-end converter currents will follow their references, i.e. Ipq = I},; and Ip, = I;q.

Therefore, the system dynamic defined in equations 4.22 and 4.23 will be reduced to:

d 1 1

Vg = =Ty — —1 4,

dt Fd CF Fd CF FRd ( 30)
1, 1

wFVFd = C—FIFq — FFIFRq (431)

It is important to remark that these expressions are only valid if the current loops
are significantly faster than the voltage dynamics defined in equations 4.30 and 4.31.
Therefore, (I},,;) can be used to control the offshore ac-grid voltage (Vrq), whereas,

(If,) can be used as a control action for the offshore grid frequency (wr). Note this is
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the opposite to the typical procedures performed in power systems, where the active
power is used to control the frequency and the reactive power to control the voltage.
However, in most general cases, the ac-grid characteristics are difficult to obtain,
but, in the case of an offshore wind farm, the offshore ac-grid characteristics are
largely determined by the transformer leakage reactance and the capacitance of the
combined filter and capacitor bank. Hence, the offshore grid dynamics (dominated
by the capacitor bank Cr) determine the coupling between the active and reactive

power with regards to the offshore ac-voltage (Vr4) and the frequency (wr).

4.3.2 Offshore ac-grid voltage control

The voltage controller can be calculated according to the dynamics described by
equation 4.30. However, as mentioned before in section 3.3.1, the offshore wind farm
will have to be analyzed during islanded operation and connected operation.

During islanding operation mode or operation mode A, the (Vg4) value will be set by
the wind farm. But in connected operation mode, the system can function according
to two different modes of operation. On one hand, during connected operation mode
B, the (Vpq) value will be set partially by the onshore inverter. However, the wind
farm will continue keeping certain control on the offshore ac-voltage (Vrq). Hence,
the same voltage control loop will keep being valid.

On the other hand, during connected operation mode C, the (Vry) value will be totally
set by the onshore inverter, while the wind farm will be working in current control
mode according to a desired value of (Iggemax) €.g. maximum current to fulfill the

optimal power tracking.

Operation in islanded mode

_ Ura—IrRa)
= o to perform a

According to equation 4.30, it is possible to define Uy,
dynamic decoupling. Therefore, the dynamics of (Vgg) are reduced to the following

expression:

il — 4.32
dtVFd Uvpq (4.32)
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the corresponding transfer function can be defined as follows:

Vina(s) = %Uvm(s) (4.33)

The plant to be controlled becomes a simple integrator. Hence, (Vpq) can be easily
controlled by a PI control loop.

Figure 4.12 shows the offshore ac-voltage (Vp4) control loop. Notice that while the
value of (Ipgq) has not been saturated, the voltage PI controller will ensure that
the offshore ac-voltage follows its reference by using the current control loop shown in
figure 4.11. Besides, the required remote measurement of (Irgq) can be avoided either
by not using the feedforward term, with the corresponding performance degradation,

or by estimating (Irprq) from local variables.

Ideax
Uy,
* + Fd +
ey DS

Vi, Irry

Figure 4.12: (Vrq4) Voltage control loop

Clearly, when the aggregated wind farm is operating in voltage control mode, it is
not possible to limit the wind turbine speed by acting on the wind farm power set-
point. Therefore, pitch control is used in order to prevent the wind turbine from
overspeeding in both, when the wind farm is operated in voltage control mode, as
well as when the wind speed is relatively high. The parameters of the PI controllers
are defined in table 4.8. These values have been obtained assuming as constraints a
damping ratio greater than 0.707 (DR > 0.707) and a settling time less than 50ms
(ST < 50x1073s).

Wind farm self-start capability

The aforementioned control in islanded mode presents an additional characteristic to

improve the overall behavior of the offshore wind farm. If the wind farm is operated
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Table 4.8: Parameters of the (Vpq) voltage controller

Parameter Value
Kpye 20.83333
TIUC 583.8)(10765

in islanded mode, the HVdc diode rectifier would not able to start the offshore ac-
grid by itself; even if the HVdc link is energized. Therefore, the wind farm should
perform this operation by itself taking into account two aspects. Firstly, the HVdc
link must be energized. Secondly, the aggregated wind farm back-end converter should
be controlled in accordance with the strategy presented in section 3.2.2.

The HVdc link should be initially energized by means of some sort of ancillary equip-
ment, to ensure initial conduction of the inverter station. Moreover, once the wind
resource is enough to rotate the wind turbine and compensate the system losses, the
strategy proposed in section 3.2.2 can set the dc-link voltage (Ep¢) to his rated value.
Afterwards, the front-end inverter could start its operation at reduced voltage (Vgq)
(operation mode A) as a previous stage to operate in connected mode. Finally, the
connected mode (operation mode B and C) can be reached when the voltage (Vpq)
is slowly increased until it overcomes the conduction condition imposed by the diode
rectifier.

Definitely, at this point it is considered that the aggregated wind farm has grid forming
capability. Additionally, the system complies with the self-start requirement which
is frequently cited as an important drawback of the LCC-HVdc technology. This
additional characteristic will be validated on the last section of this chapter by means

of PSCADTM gimulations.

Operation in connected mode

Section 3.3.1 has defined the operational mode B and the operational mode C to de-
scribe the conducting condition of the HVdc diode rectifier. The conduction condition
is defined by equation 2.76 [2] and represents the relationship between the ac and dc

voltages on both sides of the rectifier. Figures 3.8 an 3.9 shows the operational curves
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of connected operation mode B and connected operation mode C respectively.

As mentioned before, during operation mode B, the (Vpq) control loop defined for
islanded operation will continue being valid. Nonetheless, the main objective of this
operation mode corresponds to the smooth transition between islanded and connected
mode. In operation mode C, the offshore ac-grid voltage (Vr4) will be set indirectly
by the onshore inverter according equation 3.2.

If the onshore inverter is operating in current control mode, the voltage control loop
in figure 4.12 will ensure that (Vpg4) follows its reference and, hence, the rectifier side
HVdc voltage (Vgrqe) will be determined by equation 2.76. This mode of operation is
similar to the one already reported in [4], and therefore it shares two important draw-
backs. Firstly, the rectifier must be operated only in voltage control mode. Hence.
the current passing through the diode-based rectifier depends on the conduction con-
dition imposed by 2.76. Secondly, the current demand must be set by the onshore
inverter, and as a consequence, the offshore ac-grid will be indirectly controlled by
the onshore inverter. Moreover, the inverter will be operating with large extinction
angles, leading to large reactive power requirements and decreased efficiency.
Therefore, it is preferred that the onshore station is operated in minimum gamma
or in voltage control mode. When the onshore inverter is operating in minimum-v
(Voltage control mode), the voltages (Vr4c) and (Viq.) will be approximately the same
(neglecting HVdc line voltage drop). Therefore, according to equation 2.76, the diode
rectifier will act as a voltage clamp on (Vpg). At this point, the voltage control loop
shown in figure 4.12 will be saturated and both, the offshore wind farm and the diode
rectifier, will be operating indirectly in current control mode. Figure 3.9 shows the

saturation limit (/ggemax) imposed when the value of (Vrg) is kept to rated values.

4.3.3 Offshore ac-grid frequency control

Offshore ac-grid frequency control will be performed according to the dynamics de-
scribed by equation 4.31. As can be seen, the equation represents a constraint imposed
on (wp) according to the (Vpq) and (Ipgq) values. Figure 4.13 shows the basic fre-
quency control algorithm, based directly on equation 4.31 with some filtering on (Vig).

Nonetheless, the open loop control based on equation 4.31 is extremely sensitive to
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Cr estimation errors and moreover, it does require the use of a remote measurement

of (IFRq)-

Figure 4.13: Open loop offshore ac grid frequency control

A possible solution consists on estimating the value of (Irgrq) by using local mea-
surements. The (Ippg,) estimated has been obtained by using the active and reactive
power delivered by the front-end converter. The expressions used to define (Py,,)

and (Qwn) are shown in the following equations.

Py, 3 (Vwalpa + VWqIFq) (4.34)

QWn

3 (VWdIFq — VWqIFd> (4.35)

Therefore, by using 4.31 and the relations of (Py,) and (Qwn), the estimated value

of (Irp,) is represented by (Irp,) and it can be defined as follows:

A 1 -
Ippy = 5 Pepas et — Crwp Vi (4.36)

Substituting 4.36 in 4.31, we have:

* * 1 n - n
It, = CpVrg (Wp —wr) + 3 L %‘;ﬁgq wd (4.37)

According to equation 4.37 , its corresponding block diagram is shown in figure 4.14.
The modified frequency control loop corresponds to a simple proportional control
with a feedforward compensation term. Moreover, it is clear that the frequency
control system is more robust to C'r estimation errors. This is due to the fact that
C is icluded in the control loop and it can be considered as a loop gain, rather than a
plant parameter. Note that equation 4.31 represents an algebraic relationship between

(wr) and the front-end inverter reactive current (Ip,). Therefore, the proportional
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controller in figure 4.14 could, theoretically, drive (wz) to its reference instantaneously
(the loop gain having only an influence on the steady state error). In this case, the
dynamics of the current loop can be no longer neglected and hence the closed loop
(wp) dynamics are the same as those of the (Irq) loop. Moreover, the filtered value
of (Vpq) introduces additional dynamics in the frequency control loop, although such

effects can be easily minimized with adequate filter design.

W F* += » C F 14, > ] F(;k
_T el +T

3 Vi +Viv,

Figure 4.14: Modified frequency control loop

4.3.4 Protection Strategy and Fault Ride Through Capability

Wind farms of the considered size should be able to remain connected to the grid in
spite of severe grid disturbances [54]. Therefore, a protection strategy, based on a
voltage dependent current order limit (VDCOL) for each wind turbine is proposed.

Figure 4.15 shows the characteristic response of the proposed VDCOL. Wherein, the

protection will be carried out by imposing a limit on | I | according to the measured

max

grid voltage (Vrq). Besides, a rate limit of |Ig| _ will operate continuously during

max
fault occurrences. It is worth noticing that, the proposed rate limits are consistent
with standard practice to reduce oscillations and possible instability during fault
recovery [2].

Based on the |Ip|,, limitation, the front-end converter currents (Irq) and (Ipq) have

max

to be also limited according to the following relationship:
Iquax = |IF‘max (438)
IFdI‘I]a.X = min < |IF‘12nax - If%‘q ) IFdopt) (439)

Therefore, the limit on (Ir4) has to be obtained from the VDCOL characteristic,

whereas, the limit on (Ipg) will have the smaller of the following two quantities.
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Figure 4.15: VDCOL protection characteristic

First, the expression \/|IF|12nax — I%q ,which will be obtained from the VDCOL char-

acteristic. Second, the optimal value (Iggopt), which represents the maximum power
that can be extracted for a particular wind speed[44].

Figure 4.16 shows the protection strategy implemented on the (Vp4) and (wp) control
loops. Alternative protection schemes are possible, however, the proposed VDCOL
has been chosen to show that the wind farm together with the diode rectifier can be

operated in a similar way as traditional thyristor based HVdc rectifier.

Dynamic Braking

When a grid fault occurs and the generator is producing power that cannot be imme-
diately delivered to the grid; is not able to reduce the generator speed quickly due to
the slow dynamics of the speed control loop. As a consequence, the capacitor (Cp¢) is
overcharged producing an overvoltage on the dc-link voltage (Ep¢). Although small
variations are allowed in order to damp torsional oscillations in the drive train, the
dc-link voltage should not exceed certain levels. Therefore, a resistive load in parallel

with the de-link capacitor (Cpe) is connected in order to discharge the capacitor
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when its voltage rises above a certain level.

1 FRq
x  + + lJr ~
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d 2 2
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Figure 4.16: Limitations on the references of (Irq) and (Ipy)
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4.4 Stability Analysis

The stability analysis will be carried out by analyzing the system eigenvalues. These
characteristic values will be obtained from the small signal linearization of the system.
Hence, a space state model of the complete offshore wind farm will have to be defined.
Additionally, the presented analysis considers both, the connected operation mode and
the islanded operation mode. Notice that, islanded operation mode can be obtained
by assuming a no conduction condition in the HVdc rectifier, i.e. (Irq. = 0). Hence,
in order to simplify the analysis, the connected operation mode will be the first one

to be considered.

4.4.1 Stability analysis in connected operation mode

When offshore ac-grid overcomes the conduction condition, the aggregated model of
the wind farm connected to the HVdc link can be represented by the diagram shown

in figure 4.17.
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QRac HVDC fide L
- E B Rectifier
Irse Rr Lg Ly R
B, Scaled Py AT AL
= Front-End Q. Offshore Iga +
C onverter ac Grid ( +
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Scaled in pu I Ir Ipg [ TRae , 1 J‘r Via
’ Vrde cT L

v o |
‘Wi Ry, Ltw,
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Figure 4.17: Offshore wind farm
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This system has been modeled before in chapter 2 according to a generic synchronous
frame rotating at frequency (wgqq). But, by using equations 2.32, 2.33, 2.64 to 2.75,
and placing the rotating frame on (Vi) i.e. (wgy = wr) and (Vr, = 0). It is possible

to define, the dynamics of the system shown in figure 4.17 as follows:

Dynamics of the front-end converter connected to the PCC

d R, n 1 1

gire =gt ratwrleg+ g - Vwa — 4 - Vra (4.40)
d R

a]pq = —wplpg — L;VV::: IFq + ﬁVWq (441)

Dynamics of the offshore ac-grid voltage (Vp;) and the HVdc filter bank

%VFd = %FIFd - %FIFRd (4.42)
ﬁVCald = —2—Veata + wrVealq + o Irad + 55— VFa (4.43)
dt a2Cat a1 e2Car
%VCalq = —wrVoald — oo Voalg + o ILag (4.44)
%VCan = wrVoa2q + g5 Lad (4.45)
%VC(ﬂq = —wrVoa2d + g5 Lag (4.46)
d 1 1 R 1
gplted = —1;Voad = g Veard = Hiad + wrliag + £ Vi (4.47)
%Imq = —2Vourg — 2 Voa2q — WrlLad — 5 Lag (4.48)
%Vde = *ﬁVde +wrVopg + C%)ILbd + ﬁVM (4.49)
%v(;bq = —wrVobd — g Vove + gl (4.50)
%ILbd = —2-Vova + wrlreg + 7 Vra (4.51)
%Iqu = —2-Vorg —wrlina (4.52)
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Dynamics of the HVdc link

d R 3BL 3NBV6 1

&IRdc = [* 12— I WF} Trae + WLI(VFd - VL (4.53)
d R 1 1

glrae = =17 Rae = 77 Viae + 77V (4.54)
d 1 1

ZVi = drlnae — gl (4.55)

Non linear dynamics

Equations 4.42 and 4.54 include the nonlinearity of the offshore wind farm model.
However, in order to linearize the model two steps have to be carried out.
First, by assuming that, the onshore inverter will be controlled adequately by a
minimum-y strategy [2]; it is possible to consider the value of (Vi4.) as a constant
disturbance. Hence, the linearized expression of equation 4.54 can be written as:

d

_ R 1
%I}dc = _f;[Rdc + TIVL (4.56)

Second, regarding to equation 4.42, it is worth noticing that the nonlinearity is in-
cluded in the (Ipgrg4) value. But, this expression shall be defined according to the
dynamics imposed by the HVdc filter and the HVdc rectifier. Hence, according to
figure 4.17, the value of (Irgrq) can be defined by:

Irpa = 1zFa + IRacd (4.57)
In order to calculate (Izpq), it is necessary to calculate the current passing through

the HVdc filter as follows:

Izp = Ica + Icy (4.58)

the current of each filter branch can be defined by:

Vi — Vea
ICal = ILa + A R QC ! (459)
Ve — V,
Ioy = Iy + ——— 7 b (4.60)
b
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Hence, by using the expressions of (Ice1) and (Icyp), it is possible to define (Izr) as
follows:

Izp = 7%‘12‘/0(1.1 +1re+ Iy — Vc + “Z;FRI?’V (4.61)
by orienting the synchronous rotating frame on (Vr), the expressions for (Izpq) and

(Izrq) are defined by the following equations:

Izra = =75 Veard + Inad — 3= Vova + Tuva + 22072 Vi (4.62)

IZFq = _%ﬂVCalq + ILaq - ﬁbVqu + Iqu ﬁz:_R}?’V (463)

Once obtained the expression for (Izp4), the value of (Igqcq) can be calculated by
using the power relation on both sides of the diode rectifier. According to figure 4.17,

the power on the ac-side and the dc-side of the rectifier can be written as:

Proc = 3VralRraca (4.64)

Prac = VRdiclRrdc (4.65)

Moreover, the total power delivered to the HVdc link will be affected by the losses
caused by the non-controlled diode bridges. Hence, by assuming (K pjss) as the diode

rectifier losses, it is possible to define the following relationship:

PRdc = KDlossPRac (466)

Therefore, by using equations 4.57, 4.64, 4.65 and 4.66, the expression for (Iprq) can
be defined as:
VRacIRac

Irpa=Izrqg + —————— 4.67
frhd zkd 3KDlossVFd ( )

Notice that, the value of (Izpq) was defined before by equation 4.62. Hence, the

expression for (Irppq) will be defined by:

Ipra = =75 Veard + Inad — = Vova + Iuva + B850 Vig + giaelng— (4.68)

KpiossVFa
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Substituting the (Ipgrq) expression in equation 4.42 , the dynamics of (Vrg) will be

defined as:

d 1
—Vra = CleIFd G (_%ﬂVCald + ILad) + e (4.69)

P (S Ra2+ Ry VrdclRrde
e ( Ry Vevalrea + Raz Ry Vra + 3KD1055VFd)
rewriting the equation

d
—Via = g-lra+ e Voard — g lraa + -+ (4.70)

R _ 1 _ _RaxtRy _ VRrdcIRde
+ CrRy Veba CFr b CrRa2 Ry VFa 3CrKpiossVFd

It is important to remark that, there is a nonlinear term at the end of the equation.
In the following, and only to simplify the notation, this nonlinear expression will be

treated separately. Hence the following function f(Vrdc, Irde, Vra) will be defined:

VRdcIRdc
V C) I C) V = 471
FVade Inae: Vea) 3CFKpiossVFad (4.71)

Replacing (Vg4e) by equation 2.76, the equivalent nonlinear relationship becomes to:

2
_ __ BV6N Bwp Lty IRdc
f(IRdca VFd) ~ 7CFrKbpioss IR — mm (4.72)

Notice that, this non-linear expression includes the value of (Igg4.); therefore, in is-
landed operation the conducting condition has not been overcome i.e. (Ir4. = 0).
Moreover, by using the first order terms of the Taylor expansion, it is possible
to linearize the function f(Ir4c, Vrq) around the rated operation point OP,..: =

(IRdeg, VFd,)- The obtained expression can be written as follows:

of of
Alpge + -2
OlRac|op,,, e oV, oP,

rat

Af(Alrge, AVpg) =

AV (4.73)
d

for simplicity the differential notation (A) will be omitted. Hence, the linearized

expression of f(Irge, Vrg) can be written as:

_ BV6NVpay—2Bwr Lrg IRde, BWFLTRIJZ%dCO
J(IRdc, Vra) = TCr Koror Ve, IR + O Koton Vs, VFd (4.74)
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By including f(IRrde, Vra) in equation 4.70, the linearized dynamics of (Vgg4) can be

written as follows:

d
il - _1 1 _ 1 _1 _ 1
7 VF orlrd+ oo Veara — o lrad + oy Vova — g lova + (4.75)
o B\/ENVde—QBWFLTRIRdCO I - BwFLTRII%idCO + Ryo+Ry V;
TCFKDioss VFdg Rde TCrKDlossVig, CpRa2Ry | W 1Fd

Linearized state space model of the offshore wind farm

The linearized state space model of the offshore wind farm in connected operation
mode can be formulated by replacing equations 4.42 and 4.54 by equations 4.75 and
4.56 respectively. This new set of equations will describe the system dynamics around
the rated operation point OP,.; = (IRde,, VFd,)- The resulting state equation of the

linearized system will be denoted in matrix form as follows:

& = Az + Bu (4.76)

where, (z) represents the state vector defined by:

z=[Ipq Ipq Vra Voard Vealq Voazd Voazq - - -

(4.77)
e 1raa Inag Vova Vovg Irva Iovg Trac Irae Vil®
(u) is the input vector defined by:
u=[Viva Vivg]" (4.78)
and the state matrix (A) is a 16x16 matrix defined by the following elements:
Ay = Izzx Ay =wr Ang) = —ﬁ Ay = —wr App = —L:X
Ay = ar Ass =~k — wiii{?]%o A = orre
A(3,8) = —%F A(3,10) = ﬁ A(3,12) = —é A(3,14) = _B\/EN:(I,T*;OK_;E:?/?::IMCO
A(4,3) = ﬁ A(4,4) = —ﬁ A(4,5) =WFr A(4,8) = Clal A(5,4) = —Wwr
A5 = —mnes Ao =or Aen=wr Aes) =g; Aqe = —wr

_ 1 _ 1 _ 1 o 1 _ Ry
Arg) =5 Asy =17 Asa=-1. Ase =1, Ass =1

88



A(8,9) =Wwr A(9,5) = —fla A(9,7) = —L% A(g,s) = —WF A(9,9) = —12‘;1

A(10,3) = ﬁ A(10,10) = —ﬁ A(10,11) = WFr A(10,12) = C%

Ao = ~wr Ay =g Ao =g Az =1, Aazio = -1;
Ag2,13) =wr  A@sziny = —L% Agsziz) = —wr  Agagz) = 3]XLB;/E

Ay = _IL% - szR wr Agqsae) = _%R Ans14) = —% Ais,16) = L%
Aneay = g- Ageis) = —gr

and A(; j) = 0 for any other element not defined above.

Last, (B) is the input matrix defined by:

T

B LTl 0O 00 O0O0OO0OO0OO0OO0OO0OO0OO0OTO0OTU 0O
— W

0 -— 00000O0OO0ODO0O0OOO0O0O0O
LTW

(4.79)

The values of the offshore wind farm components and parameters used to obtain the

state equation are shown in tables 4.9 and 4.10.

PI Controller state space model

In order to perform the grid integration of the wind turbine, the electrical parameters
of the offshore wind farm have been controlled by PI control loops of voltage and
current. Figure 4.18 represents the generic block diagram of a single-input single-
output (SISO) PI controller. According to this figure, it is possible to define the

following equations :

.’i?p[ = %IUP[ (480)
ypr = zpr+ Kpups (4.81)

This state model represents any PI controllers and will be used to close the control

loop of the currents (Ipq) and (Igg).

Inclusion of the (Iry) and (Ir,) current controller

Two current loops have been implemented to set the (Irq) and (Ipq) values. By
using equations 4.80 and 4.81, the state model of (Ir4) and (Ipq) PI controller can
be defined as a two-input two-output model (TITO) as follows:
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Table 4.9: Values of the offshore wind farm components

Component Units  Value

Ry, (mQ)  595.125
Lt,. (mH) 22.7321
Crp (uF)  2.856
Cu1 (uF) 5.714
Ca2 (uF) 63.49
R (Q) 34.82
Ras (Q) 306.4
La (mH)  159.6
Cy (uF)  5.714
Ry Q) 97.49
Ly (mH)  15.91
L, (mH) 50
Rp (Q) 2.50
Ly (mH)  0.5968
Cr (uF) 26
R; (Q) 2.50
Ly (mH) 0.5968

Table 4.10: Parameters of the offshore wind farm

Term Units Value
KDpioss - 0.98
B - 2
N - 0.61871
VFdo (L-Nrms) (V) 193600
TRaco (A) 2000
wp (rad/s) 314.159
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PI Controller

+ Upy

Figure 4.18: Generic PI controller (SISO)

d | [ 1
fa:ccd | T O Uced (4.82)
Exccq ] L 0 TIccq uccq
Yeca _ 10 Leed I Kpeea 0 Ueced (483)
ycuq ] L 01 Teeq 0 KPccq Uceq

The values of Kpced, Kpeeq, Trced and Tieeq have been defined in table 4.7. Writing

the controller expression in compact form, the following equations are defined:

Tee = DBeelee (4.84)

yCC = CCC"I;CC + DCCuCC (485)

Once obtained the state space representation of the PI controller, it is possible to
close the current control loops. By using the offshore wind farm model, and defining
(Irq) and (Ipq) as system outputs, the output equation can be written in compact

form as:

y=Cx (4.86)

where, the output vector (y) is defined by:

Y= [ Irq Ipq }T (4.87)

besides, (C) is the output matrix defined by:
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100 00O0O0OO0ODOOOTOGOO®OT® O
C = (4.88)
01 000O0OO0OOOOOOOTOTG OO

and () is the state vector defined before in equation 4.77.

In order to perform the close loop, the following two new inputs will be defined:

I*
Upep = | 7 (4.89)
It,
As mentioned before it is assumed that the onshore inverter is controlled adequately
by a minimum-v strategy [2]. Therefore, the value of (V74.) has been not included as

system input in equation 4.89 (it has been considered as a constant disturbance).

The control law will be defined by:

Uee = uref -y (490)
Yoo = U= CoeTec+ Declice (491)
therefore
Yee = Cccxcc + Dccuref - Dccy (492)
but y = Cz, then
Yee = CeeTee + Dccuref - Dcccx (493)

as Y. = u, the new state equation can be defined as:

&= Ax 4+ B[Cectee + Dect™ — Do Ci (4.94)

rewriting the equation

& =[A— BD.Clz+ BCecice + BDcots™ (4.95)
But, the state equation of the controller is:
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dee = Beclice (4.96)

as y = Cz and U¢c = Urer — ¥, then

Zee = —BeeCT + Boclirey (4.97)

By using the state equations 4.95 and 4.97, a new system can be conformed by the

following augmented state equation:

T A—-BD.C BC,.. T BD..
Tl = + ftres] (4.98)
Tee -B..C 0 Lee Be.

This new state space model includes the current controller dynamics and hereafter

will be denoted in compact form as:

To = Aclxcl + Bclucl (499)

Inclusion of the (Vpy) voltage controller

A voltage control loop has been implemented to set the value of (Vrg). By using
equations 4.80 and 4.81, the state model of the PI controller for the voltage control

loop can be defined as:

e = rug (4.100)

Yoe = Tye+ Kpyelive (4101)

The values of Kp,. and T7,. have been defined in table 4.8. Writing the controller

expression in standard nomenclature, the following equations are defined:

z.vc = B'Ucu'uc (4102)

Yve = CocToce + Dyclhye (4103)

Once obtained the state space representation of the PI controller, it is possible to

close the voltage control loop. By using equation 4.99, and defining (Vp4) as system
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output. The output equation related to the system can be written in compact form
as:
Yo = Coe (4104)

where, the output vector (y.;) is defined by:

Yei = Vra (4.105)

besides, (Cy;) is the the output matrix defined by:

0012[001000000000000000 (4.106)

and (z.) is the state vector defined by concatenating the state vector of the system

with the state vector of the current controller.

Zel = [ T Zee }T (4.107)

In order to perform the close loop, the new input (V) will be defined in conjunction

with the following control law:

Uve = Vpg = Yel (4.108)
Ya = Vra=Caze (4.109)

therefore
Yve = Cpeloye + D’UCVF*d - DchFd (4110)

substituting the value of (Vpq) by Vrg = Cize

Yve = Cpeloye + DUCV;d - Dchcl:L‘cl (4111)

As the voltage control loop will be closed with the system input (I};), i.e. Yve = Ifgs

the state equation 4.99 shall be rewritten as follows:
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To = Aqa + Bcll—[;:“d =+ Bclgf}:‘q (4112)

where, (Bg1) and (Bgg) correspond to the first and second column of the matrix

(B.1) respectively. The new state equation will be defined as:

j:cl = Aclmcl + Bcll (Cvcxvc + D’UCVF*d - Dvccclxcl) + BleI;‘q (4113)

rewriting the equation

jjcl = (Acl - BcllecCcl) Te + Bcllcvcmvc + BcllecVF*d + Bcl2[}§‘q (4114)

But, the state equation of the controller is:

dve = Buelipe (4.115)

replacing (tye) by e = Vig — Yo and then (o) by Yo = Caza

Tye = —ByeCa®el + Bvcvﬁ‘kd (4116)

By using the state equations 4.114 and 4.116, a new system can be conformed by the

following augmented state equation:

jjcl Acl - BcllecCcl Bcllcvc Ll + BcllD'uc Bcl2 V]i“kd

jf'vc _Bvcccl 0 Tye Bvc 0 I;:“q
17)

This model includes both, the current controller dynamics and the voltage controller

dynamics. Hereafter, this new state space model will be denoted in compact form as:

j:vl = Alevl + Bvluvl (4118)
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Eigenvalues in connected operation mode

Equations 4.99 and 4.118 include not only the dynamics of the offshore wind farm,
but also theirs corresponding controllers. Therefore, during connected operation the
system stability will be carried out analyzing the location of theirs eigenvalues. In
current control mode the eigenvalues are calculated with the state matrix (A4.;) (equa-
tion 4.99). Likewise, in voltage control mode the eigenvalues are calculated with the
state matrix (A,;) (equation 4.118).

Notice that both equations (4.99 and 4.118) represent the linearized model of the
offshore wind farm assuming constant values of (Cr) and (wp). But, in practice
these values are subject to small variations of both (Cr) and (wg). Small changes
in (Cr) can be due to the reactive power compensation and harmonic filter bank;
whereas, small distortions in frequency (wp) can be associated to grid transients.
In any case, the main aim is to ensure that the eigenvalues remain stable during
variations of (Cr) and (wp).

According to equation 4.99, figure 4.19 shows the eigenvalues plot when (Cr) varies
from 0.856 uF to 4.856 uF. In addition, the zoom of the region closer to the inestability
area (right-hand plane) is shown in figure 4.20. Notice that poles of (Cr) are located
relatively far away as shown in figure 4.19. Hence, according to 4.20 it is possible to
say that the system dynamics are weakly influenced in presence variations of (Cr).
Similarly, when (wp) varies from 125.66rad/s to 628.32rad/ s figure 4.21 shows the
location plot of the system eigenvalues. The zoom of the more relevant poles of this
figure can be seen in figure 4.22. In contrast to figure 4.20 the damping of the systems

is severely affected in presence of large variations of (wp).
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Figure 4.19: Eigenvalues in current control mode and connected operation with (Cr)
varying from 0.856 to 4.856 [uF]
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Location of Eigenvalues According to CF Variations
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4 Location of Eigenvalues According to o Variations
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Figure 4.21: Eigenvalues in current control mode and connected operation with (wg)

varying from 125.6 to 628.32 [rad/s]
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Figure 4.22: Zoom of the eigenvalues in current control mode and connected operation
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As can be seen in figures 4.19,4.20,4.21 and 4.22, during current control mode it is
possible to define clear trends and bounded zones according to the path defined by the
eigenvalues. In addition, when there are variations of (Cr) and (wp), it is clear that
the system eigenvalues remain in the left-hand plane (stable condition). However,
although figure 4.22 shows that the system can remain stable, its damping can be
affected negatively in presence of (wr) variations.

Once the voltage control loop is closed, the system is defined by equation 4.118. This
equation represents the dynamics of the offshore wind farm during voltage control
mode. Therefore, the state matrix (A,;) will be used to calculate the eigenvalues for
different values of (Cr) and (wp). Figure 4.23 shows the eigenvalues plot when (Cr)
varies from 0.856 uF to 4.856 uF. In addition, the zoom of the region closer to the
inestability area (right-hand plane) is shown in figure 4.24. Notice that according to
this figure it is possible to see the influence of the voltage controller over the the poles
of (Cr). But, as in the current control mode, the system dynamics are also weakly
influenced during variations of (Cp).

Moreover, when (wp) varies from 125.66rad/s to 628.32rad/ s, the system response
is quite similar than the one obtained with the current control loop. This due to
the fact that during connected operation the offshore ac-voltage is clamped by the
HVdc link voltage. Hence, comparing figures 4.21 and 4.22 with figures 4.25 and
4.26 respectively, it is possible to see that the voltage control loop affects weakly the

system dynamics.
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Figure 4.23: Eigenvalues in voltage control mode and connected operation with (Cr)
varying from 0.856 to 4.856 [uF]
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Figure 4.25: Eigenvalues in voltage control mode and connected operation with (wg)
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Figure 4.26: Zoom of the eigenvalues in voltage control mode and connected operation
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4.4.2 Stability analysis in islanded operation mode

As commented before, the stability analysis in islanded operation can be simplified by
using the analysis performed in connected operation mode. In islanded operation it is
possible to assume a non conducting condition in the HVdc rectifier. Therefore, the
current passing through the diodes can be neglected. Figure 4.27 shows the equivalent

circuit assuming that the HVdc rectifier is not conducting.

Bye, Scaled Py

=" Front-End Q. Offshore
Converter — __ ac Grid
Ipc, Twn PCC
G ,
e J ' Scaled in pu I ]F F
DC 000 > I =7
VVV :’ RTWn LTWn I iICF FR ZF
J’_
Aggregated Model of an Offshore = Iur
a
Wind Farm with n-Wind Turbines +
Oal _VCal
I Ca2 I
+ Ra2
CaQ _Vcag
L, Ryo Ly
Ral

Figure 4.27: Offshore wind farm in islanded mode

According to figure 4.27, it is possible to modify the initial equations that have been
used before to model the system in connected operation mode. The modifications
are shown in the set of equations 4.119 to 4.131. In these equations, the dynamics of
IRde, 114 and Vi, are not included. Besides, the non linear term % defined

for the dynamic equation of (Vr4) in connected mode, has been neglected.
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d
%VCald =

d
—Va =
dt ¢

d
—Va =
dt Ca2d

d
 Vwze =
dtCZq

d
Bl
gy Lad

d
aly
dr L

d

7 Vewa

d
%Vqu
d

—1
gp bl

d

—1
dt Lbq

f:x: Ipg+wplpg + ﬁde - ﬁVFd (4.119)
—wrlra = 125 Ipg + 72— Vivg (4.120)
= %FIFd + ﬁRGQVCam - %FILad + ﬁRbVde - %FILbd - %VFd
(4.121)
— e Voard + WrVeag + g 1rad + sogs Vid (4.122)
~wrVeald = s Voalq + g lLag (4.123)
wrVoazq + o5 Lad (4.124)
—wrVca2d + C%QILaq (4.125)
= —L%Vcam — L%Vcazd — %ILad +wrlpag + L%VFd (4.126)
= —7Voarg — 7 Vou2g — wrlLad — 52 1 Lag (4.127)
= — ey Vovd + WrVerg + g-lba + goe Vrd (4.128)
= —wrVobd — ﬁVqu + C%-’qu (4.129)
= — - Veva +wrlrsg + 7 Vra (4.130)
= — 12 Verg —wrlin (4.131)

This set of equations can be written in compact form by the following state equation

&= Az + Bu (4.132)

where, (z) represents the state vector defined by:

x = [Irq Irq Vra Voard Voarq Voazd Voazq Tnad Tnaq Vovd Vovg Tva Tnvg) (4.133)

(u) is the input vector defined by:

U = [VWd qu]T (4.134)
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and, (B) is the input matrix defined by:

T
Y 0O 00000000000
B=| v (4.135)
0 77— 00000000000

Notice that this system is completely linear and it represents the same system defined
before for connected mode but without the states Irge., Ir4e, Vr, and the non linear
term % Moreover, the same nomenclature has been used in order to take
advantage of the analysis carried out to include the controllers of current and voltage.
Hence, if the system in islanded mode is described by & = Ax 4+ Bu, and additionally

the same current and voltage controllers are used, then the equations 4.99 and 4.118

continues being valid during islanded operation.

Eigenvalues in islanded operation mode

Similarly to the analysis performed in connected mode, the system stability in islanded
mode will be carried out by analyzing the eigenvalues location in presence of variations
of (Cr) and (wp). During islanded mode of operation, the system works only in
voltage control mode. Therefore, the stability will be defined by the eigenvalues of
(Ay;) in equation 4.118. Figure 4.28 shows the eigenvalues plot when (Cr) is varied
from 0.856 uF to 4.856 puF. Besides, figure 4.29 represents the zoom on the area closer
to the right-hand plane. According to these figures it is clear that variations of (Cr)
only affect the location of the poles that have less influence on the system dynamics.
Moreover, figure 4.30 shows the eigenvalues plot when (wp) varies from 125.66 rad/ s
to 628.32rad/s. The zoom on the area closer to the right-hand plane is shown in
figure 4.31. As in connected mode these variations of (wr) also affect negatively the
system damping. However, in contrast to connected mode, during islanded operation,
the system dynamics have been simplified (the HVdc link has not been included).
Therefore, comparing figures 4.22, 4.26 and 4.31 it is clear that the eigenvalues show
smaller position variation during islanded operation than during connected operation

for a similar range of (Cr) and (wp) variation.
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Figure 4.28: Eigenvalues in voltage control mode and islanded operation with (Cr)

varying from 0.856 to 4.856 [uF]
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Location of Eigenvalues According to CF Variations
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Figure 4.29: Zoom of the eigenvalues in voltage control mode and islanded operation
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4.5 Results

The validation of the previously described control strategy has been carried out us-
ing PSCADTM simulations. The parameters of the HVdc link have been obtained
from the CIGRE benchmark model [39], wherein a diode-based rectifier has been
used instead of a thyristor-based rectifier. Besides, the onshore inverter station has
been modeled by means of a variable voltage dc-source emulating as well, an onshore
inverter in voltage control mode of operation [25], [26].

Additionally, the bandwidth of the current control loop has been designed to be
around 180 Hz. This bandwidth is consistent with a wind turbine front-end con-
verter operating at 1 kHz switching frequency. When used, the base values for the

corresponding per unit (pu) magnitudes are shown in table 4.11.

Table 4.11: Base values of the offshore ac grid and the HVdc link

Component Parameter Base Value Units
Vr 193.6  (kV) L-N rms
Offshore ac-grid I 1.745 (kA) L-N rms

wr 50 (Hz)

Rated Power 603.73 (MVA)

Transformer Rated Freq. 50 (Hz)
(Tgr) Veri s Vere  345/213  (kV) L-L rms
Xirn 0.18 (pu)
HVdc Vide 500 (kV)
Link Prac 1000 (MW)
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4.5.1 Offshore ac-grid and HVdc link start-up operation

Figure 4.32 shows the start-up operation of the offshore ac-grid. As mentioned before,
the HVdc diode rectifier or, in general, an LCC rectifier cannot start the offshore ac-
grid by itself, even if the HVdc link is energized. Therefore, the wind farm should
perform this operation. Initially, it is assumed that an ancillary equipment energizes
the HVdc link and ramps up the (Vgg.) value. Once the HVdc voltage has reached
its rated value, the voltage and frequency control loops of the wind farm are enabled

and consequently, the voltage reference (V) is ramped-up to 1.1 pu in 1.7 s.

Note that the reactive current of the wind farm increases while the offshore ac-grid
voltage reaches its rated value. This is due to the fact that the HVdc rectifier is
not yet conducting and, therefore, the reactive power delivered by the capacitor bank
is absorbed by the wind farm. Once (Vgq4) reaches the value g%VRdC (at t = 1.7
s), the HVdc diode rectifier starts conducting and (Irq) and (Ir4.) increase to their
rated values. At the same time, (Ip,) decreases while the capacitor bank reactive
power compensates the reactive power absorbed by both the leakage reactance of
transformer (Tg) and the overlap angle of the HVdc rectifier. Note the reduction of
(Irdmax) when (Ip,) increases to keep the allowable output current below its rated

level, as per equation 4.39.

When operating at rated (Vpq) voltage, the active power delivered by the wind farm
(Pwn) is roughly proportional to wind farm active current (Iz4). During operation
at rated power, the wind farm delivered reactive power is zero. Figure 4.32 also shows
the waveforms corresponding to phase r of (V) and the ac-side currents of the diode
bridge (Irgr).

Figure 4.33 shows a detail of the previously shown start-up transient. When (Vgg)
reaches a value of 0.9 pu (at t = 1.7 s), the offshore rectifier starts conducting and
currents (Irq) and (Irqe) increase. As current (Irqe) increases, the (Vgq.) ripple

increases due to the higher harmonic content at higher currents.

When (Igg) reaches its limit (Ipgmax) at t = 1.89 s, the voltage control loop in figure
4.16 saturates and the offshore grid voltage (Vr4) does no longer follow its reference.

Therefore, figure 4.33 shows a smooth transition between voltage and current control
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mode of operation.

The ac-grid frequency remains close to 50 Hz during the voltage ramp-up. However,
once the rectifier starts conducting, the offshore ac-voltage shows an increased har-
monic content, which causes the frequency and HVdc link voltage ripple in figure
4.33. When the diode rectifier is not conducting, wind turbine speed (wg) is kept
at its rated value (14.8 rpm) by means of pitch control. Once the HVdec link starts
conducting, active power is extracted from the wind farm causing a small drop in
wind turbine speed. At this point, the pitch angle of the wind turbine (8) is reduced
at its maximum rate. During the connection transient, the minimum wind turbine
speed is 13.5 rpm. After the minimum pitch angle is reached 8 = 0°, the wind turbine
speeds returns to 14.8 rpm. The wind speed during the transient is 11.48 m/s.

The transients in figures 4.32 and 4.33 show reliable steady state operation at rated
power. Moreover, before the HVdc diode rectifier starts conducting, the proposed
control algorithm shows an excellent stand alone operation, with good voltage and

frequency regulation.

4.5.2 Response to frequency changes at rated power

The performance of the frequency control loop is shown in figure 4.34. The system
is operating in current control mode at rated power. At t = 0.1 s the frequency
demand rises to 52 Hz (1.04 pu) and then is changed back to 50 Hz (at t = 0.3 s).
A similar transient is carried out, but now reducing the frequency demand to 48 Hz.
The behavior of the control system is remarkable as the actual frequency reaches its
reference value in around 12 ms. The rest of the magnitudes remain constant during
the transients. Only minor variations on (Irq), (Vrq) and (Qw,) can be appreciated.
These variations are due to the frequency dependant nature of the reactive power of

the capacitor bank, filters and leakage reactances.
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4.5.3 Wind farm power control

Figure 4.35 shows the response of the system to changes in the wind farm power
set-point. The value of (Irpgmax) in figure 4.16 has been reduced from 1 to 0.1 pu
in 0.3 s and then ramped up to 1 pu to simulate power variations for changing wind
conditions.

Note (Irq) increases as (Irq) decreases, since the capacitor bank is overcompensating
the reactive power absorbed by the rectifier transformer leakage reactance. This fact
is consistent with the increased (Qwy) absorption shown in the third graph. On
the other hand, the HVdc link and offshore ac-grid voltages decrease slightly along
with (Ipq) due to smaller voltage drop on the HVdc link resistance and rectifier
transformer leakage reactance. It is worth noticing the decreased harmonic content in
the HVdc link voltage (Vgqc) at reduced power levels. During the complete transient,
the offshore ac-grid frequency is kept very close to its reference value.

Note a 0.9 pu power transient in 0.3 s might not be realistic, as power generated from
a wind farm of this size does not vary so rapidly. Nevertheless, figure 4.35 shows an
excellent behavior of the proposed control system during power reference changes.
Optimal power tracking for different wind conditions is shown in figure 4.36. From
an initial value of 5 m/s, the wind speed is increased to rated wind speed 11.48 m/s.
The wind turbine rotational speed increases to reach rated speed and rated power
operation. At t=14 s, the wind speed is further increased to 15 m/s to illustrate pitch
angle () control at high wind speed.
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4.5.4 Fault-ride-through performance during onshore faults

Figure 4.37 shows the response of the system to a three phase onshore grid short
circuit at the inverter terminals. The fault has a duration of 400 ms, a 100% depth,
and a 100 ms recovery time to 100% of the pre-fault voltage. During the fault, the
VDCOL mechanism reduces (Irq) and (Ip4) due to the small (Vp,) values caused by
the fault. As a result, the diode bridge stops conducting and the HVdc link (Igq.)
current decreases following the link unforced dynamics.

The behavior of the HVdc link current has been analyzed theoretically assuming a
short circuit at the onshore inverter terminals and an instantaneous voltage reduction
at the offshore rectifier terminals. The HVdc link natural (unforced) response can be

expressed as:

TRae = 2~ Tt 4+ \;%e’%t sin (wpt) (4.136)

Irge =27 B! 4 JOOVC o35t cos (w,t) (4.137)

where R, L, and C are the HVdc characteristic parameters and:

wy =3/ - & (4.138)

Therefore, the maximum rectifier (and inverter) current will be:

Thae =2 + \/% (4.139)

Substituting the R, L, C values used in the CIGRE benchmark yields w, = 57 Hz
and [ Rdepeak = 4.33 kA = 2.17 pu. These values are consistent with the results shown
in figure 4.37. Note the peak current is slightly higher in figure 4.37 (fRdc « 2.5 pu) as
the rectifier side de-voltage does not decrease to zero instantaneously. Clearly, in order
to reduce (f Rdc); @ good option would be an increased value of the serial smoothing
reactance. However, such an increase will lead to longer current decay times according
to equation 4.38. On the other hand, an increase on the cable capacitance will lead

to larger maximum values of (Ir4c).
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Note the present analytical study is also valid for HVdc link short circuits at the
dc-inverter terminals when voltage source converters (VSC) are used.

It is clear, both from the transient in figure 4.37 and from equation 4.38, that the
amount of time the rectifier current remains above its rated value is substantially
higher than the one obtained with an offshore controlled rectifier.

At this stage, it is necessary to check if both (Igqe) and ( / I?,,.dt) are within the
operational limits of existing diodes and thyristors. For calculation simplicity, it is

assumed that:

IRdc = IRdcoo + (fRdc - IRdcoo) e_%t (4140)
Therefore
z T 2 2
/ 13 gdt = I3y T 4 s UnacTnuee) | E{Trac—Tnuc) (4.141)
0

assuming (7') is large enough for the current to reach a new steady state current
(IRdeso). With T = 04 s, Ipge = 5 kA and Iggeeo = 0 kA, we have / I3,.dt =
5.99x10% AZs.

Both (f Rde) and / I%,.dt are within the operational limits of current high power
diodes and thyristors. For example, high power thyristors of 6 kV / 2.5 kA have
instantaneous maximum currents of more than 35 kA and values of / I 12%(1 .dt in excess
of 9x10° AZs.

Therefore, the proposed control system allows for the power electronic devices to
remain within their operational limits during solid three-phase on-shore faults at
inverter terminals. The system resumes operation at rated power 200 ms after the
fault has been cleared. Note the duration of the fault has been deliberately extended,
so, the natural discharge of the HVdc link can be appreciated.

The VDCOL protection system brings the offshore ac-voltage to a very low value dur-
ing the fault. Therefore, the wind turbines should be able to continue their operation
in the presence of low (V) voltages.

During the transient, the proposed control strategy keeps currents (Ir) and (Ig)

within safe bounds. Moreover, (Epc) overvoltage is kept below 1.1 pu by using
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dynamic braking. Additionally, wind turbine speed is limited by means of standard
pitch control, reaching a maximum of 16.3 rpm. These characteristics contribute to
the wind turbine required low voltage ride-through performance.

Figure 4.38 shows the behavior of the system to a 0.8 pu voltage sag of 100 ms duration
at the onshore inverter terminals. In this case, the behavior of the system is different
from the one shown in figure 4.37, as the control system is capable of keeping (Ir4.)
below 2 pu while reducing it to 0.2 pu in less than 50 ms.

It is worth noticing that (Ipq) reaches its limit during the transient. Therefore, the
offshore grid frequency is no longer controlled and frequencies of up to 125 Hz are ob-
served. However, these frequencies correspond mainly to the highly distorted voltages
with low amplitudes that appear at the onset of the transient. After approximately
75 ms the frequency control loop is no longer saturated and the frequency returns
rapidly to 50 Hz.

At the onset of the transient, the power delivered by the wind farm (Py,,) becomes
negative, implying an in-flowing power to the wind turbine converters. The in-flowing
power would then create a momentary increase in the wind turbine DC link voltage
(Epc). As the energy absorbed by the wind turbine is small, standard protection
schemes based on dynamic braking are sufficient to keep (Epc) within reasonable
bounds.

The overall transient, including restoration of rated power delivery lasts for around

350 ms, which is comparable to the one obtained with thyristor controlled rectifiers.
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Figure 4.38: Response to a 0.8 pu voltage sag at onshore inverter terminals
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4.5.5 Voltage and frequency control during rectifier ac-breaker

operation

Some of the previously reported offshore frequency and voltage control strategies
use the HVdc rectifier firing angle or the HVdc current (Ig4.) as control actions
[41]. However, these control actions are no longer available after the rectifier ac-
breaker has tripped. In this situation, control of the offshore grid might be lost and
power transmission would not be restored at breaker reclosure. Figure 4.39 shows the
behavior of the proposed control system when the rectifier ac-breaker is opened at t
= 0.1 s and reclosed after 200 ms. When the breaker trips, (Ir4) drops to a value
close to zero, and the voltage control loop shown in figure 4.16 is not longer saturated.
Therefore the offshore grid voltage is controlled to its 1.1 pu reference. Note the 1.3
pu peak of (Vry) during 15 ms has to be within the design ratings of the wind turbine
converters.

When the breaker is reclosed, power transmission is resumed in less than 40 ms. Note
the (Ipq) reference has not been ramped up, as in the previous cases, giving rise to
the voltage and current oscillations seen in figure 16 after reconnection.

During the transient, the wind turbine dc-link voltage (Ep¢) is again kept below
1.1 pu by means of dynamic braking. After the ac-breaker reclosure (Epc) exhibits
marked oscillations at the resonant frequency of the wind turbine two mass mechanical
model. These oscillations could be mitigated by an enhanced design of the (Epc)

control loop or simply by using a rate limit on (Ipg).
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Figure 4.39: Response to operation of the diode rectifier ac-breaker
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4.6 Summary

In this chapter all the wind turbines have been aggregated into a single equivalent
machine. The characteristics of the rotor, the generator and the back-end converter
are the same than in an individual wind turbine model. However, the front-end

converter has been scaled to produce the equivalent power of the entire wind farm.

Moreover, the power generated has been delivered to the onshore grid by means of
an HVdc transmission system based on diode rectifiers. Consequently, the control
strategy of the wind turbine has been divided into three tasks.

The first task involves the rotor speed regulation. This task uses a scheduled controller
by means of blade pitch angle variations. The strategy has shown the capability of
being used to follow the optimal power tracking and besides, avoiding the wind turbine
from overspeeding.

The second task corresponds to the (Ep¢) voltage regulation. In this task the back-
to-back dc-link has been set by using the back-end converter. Additionally, a chopper
resistance has been included to protect the dec-link from overvoltages. As the adequate
voltage regulation has been guaranteed, it has been possible to consider constant the
value of the (Epc¢). Therefore, the dynamics of the back-to-back converter have been
decoupled into back-end converter dynamics and front-end converter dynamics.

The last task is related to the integration of the wind turbine to the offshore ac-
grid. In this task it has been contemplated an islanded mode of operation and a
connected mode of operation. In islanded mode of operation and during the transition
to connected mode, the front-end converter has been employed to set the voltage and
frequency of the offshore ac-grid. But, in connected mode of operation the voltage
of the offshore ac-grid is clamped by the HVdc inverter. Therefore the front-end
converter has been employed to set the power (P and @) delivered to the offshore
ac-grid.

In addition, a system stability analysis has been carried out for both connected and is-
landed operation. In this analysis different values of (Cr) and (wr) have been used to
represent the parametric uncertainty due to both, filter bank switching and frequency

flickers. As a result, the analysis of the poles location has shown the robustness of
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the controller against variations of (Cr) and (wpg). Finally, the last section of this
chapter has described clearly the performed procedures and the obtained results.

In the following chapter a distributed control of the offshore wind farm will be imple-
mented. A clustered model of the entire offshore wind farm will be used to describe
the system dynamics. According to this model the power dynamics will be evalu-
ated taking into account the mutual interaction between wind turbines. Additionally,
these coupled dynamics will be considered not only during steady state but also in
transient functioning. Finally, the chapter will include a stability analysis of the
proposed control strategies and their corresponding validations by means of PSCAD

simulations.

130



CHAPTER D

Distributed Control of the Offshore Wind Farm

5.1 Introduction

In the previous chapter the control of the proposed offshore wind farm was carried
out by using its aggregated model. In addition, it has been demonstrated that the
control strategies used on a single model equivalent of the offshore wind farm allow
delivering adequately the power to the onshore grid. Nevertheless, the aggregated
model is not able to describe the mutual interaction between wind turbines during
steady state and transient operation. Hence, this chapter will be focused on the study
of the behavior of multiple wind turbines feeding a point of common coupling (PCC)
in connected and islanded mode of operation.

Figure 5.1 shows how the proposed offshore wind farm is represented according to the
cluster model defined before in section 2.3.3. Wherein, (n) wind turbines are lumped
in (m) groups in order to define a cluster model equivalent of the offshore wind farm.
In this model the dynamics of the rotor can be considered slower with respect to
the power dynamics. This is due to the fact that rotor dynamics fluctuate within a
time frame in seconds, whereas the power dynamics fluctuations are in milliseconds.
As a consequence the rotor dynamics can be neglected because their dynamics are

considered more than ten times slower than power dynamics.
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Moreover, it is assumed an adequate control of the dc-link voltage associated to the
jth cluster, therefore the dynamics of the rotor, the generator and the back-end power
converter are represented as a constant value (F ch).

It is important to remark that the main goal of this chapter is to extend the strategies
used to control the aggregated model to the distributed case. Therefore, the follow-
ing sections will describe the distributed control strategy used to perform the grid
integration of the (m) wind turbine cluster models belonging to the offshore wind
farm.

The proposed strategies will be implemented and validated by using PSCADTM.
Additionally, the typical grid disturbances have been applied to the system in order
to evaluate not only an adequate power sharing, but also, the impact on the power

system dynamics.
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Figure 5.1: Cluster model of the offshore wind farm with n-wind turbines
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5.2 Grid Integration of the j* cluster

Starting from the techniques used to control the aggregated model of the offshore wind
farm, it is possible to define a distributed control for the cluster model of the offshore
wind farm shown in figure 5.1. As in the aggregated model, the same simplifying
assumptions will be used for each cluster, i.e. the dc-link value will be considered as a
constant valued (Epc;), the offshore ac-line impedance will be considered negligible
with respect to the wind turbine transformer leakage impedance and last, the trans-
former shunt branches will be not considered. Additionally, the same operational

modes defined in Chapter 3 will govern the behavior of the offshore ac-grid.

Regarding to the above mentioned considerations, the proposed offshore wind farm
is modelled as a total of five clusters of different power rating. The total power
considered is 1 GW and each cluster corresponds to the aggregated model of multiple
5 MW wind turbines. Table 5.1 shows the considered clusters, their respective power

rating and the number of wind turbines considered by each cluster model.

Table 5.1: Clusters belonging to the considered offshore wind farm
Cluster N° of Wind Turbines Rated Power (MVA)

1 78 390
2 60 300
3 40 200
4 20 100
5 2 10

5.2.1 Current control of the j** cluster model

The analysis of each cluster model is exactly the same analysis carried out for the
aggregated model. This is because the cluster model is in turn an aggregated model
with less wind turbines. The following set of equations can be derived from the five

cluster model connected to the grid.
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d RTW 1 1

—Iwag = 9, Iwei + ———Vwag — ——V 5.1
q W Lty wdj + Wrlwg; + Lrw., W dj L. Fd (5.1)
d Ry, 1

%quj = —wrlwg — LT:Van Iwgj + Twmquj (5.2)

ith cluster model, besides all the variables

Wherein, the equations correspond to the j
are referred to the secondary side of the transformer (Tw,;) and moreover (wg) is
the instantaneous frequency of the voltage (V).

By analyzing separately the current equations of each cluster model it is possible
to perform the current control loops likewise that was made in Chapter 4 with the
aggregated model of the offshore wind farm. Figure 5.2 shows the stand-alone im-

plementation of the two PI control loops in the j** cluster connected to the offshore

grid.

I Cluster

Back-End Bye,; Front-End - Pwn; Ly Offshore
Converter — " Inverter Qwn, " ace Grid
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Il 3
DC, Y i

DC Link

Figure 5.2: PI control loops in the j** cluster connected to the offshore grid

The characteristics of the transformers corresponding to the five cluster models con-

sidered are shown in table 5.2. Besides, the values shown in table 5.3 correspond to
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the parameters of the PI controllers. Due to the fact that the transformer character-
istics are scaled in (pu), the resulting parameters of the PI controllers are identical
for all the clusters used to model the offshore wind farm. These values have been
obtained assuming the same constraints imposed before for the aggregated model, i.e.
a damping ration greater than 0.707 (DR > 0.707) and a settling time less than 2ms
(ST < 2x10735s).

Table 5.2: Characteristics of the scaled transformers

Parameter Units Value

Transformer ) Twnt  Twn2z Twns Twna Twns
Rated Power (MVA) 390 300 200 100 10
Rated Frequency (Hz) 50 50 50 50 50
Winding 1 (kV L-L rms) 20 20 20 20 20
Winding 2 (kV L-L rms) 13.6 13.6 13.6 13.6 13.6
Ry, (0.005 pu) (Q) 1526 1.984 2976 5951  59.513
Lty (0.06 pu) (mH) 58.28 75.774 113.66 227.32 2273.21

Table 5.3: PI controller parameters for the control of currents (Iwg;) and (Iyg;)

Parameter Value
Kpa; 33.83
Traj 3.5476x1075s
Kpyj 33.83
Trg 3.5476x10 s

Assuming sufficiently fast dynamics in the aforementioned current control loops, the
currents generated by the j* cluster will follow their references, i.e. Iyg = Ly 4
and Iwg; = Ijy,;. Therefore, the dynamics of the offshore ac-voltage (Vrq) and the

frequency (wp) can be expressed as:
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d 1 & 1
Vg ==Y Lya — =1 .
i VFd Cp =W Cp Fhd (5.3)

wpVpg = o > Livgr — O—FIFRQ (5.4)
k=1

It is important to remark that these expressions are only valid if the current loops
are significantly faster than the voltage dynamics defined in equations 5.3 and 5.4.
Therefore, as well as it was defined before in Section 4.3.1, the overall active current of
the offshore wind farm cluster model (3";°, I}, 4.) can be used to control the offshore
ac-grid voltage (Vp4), whereas the overall reactive current (37", Ijy,;) can control
the frequency (wg). As well as it was highlighted before, this is the opposite to the
technique commonly used in power systems, where the active power is used to control
the frequency and the reactive power to control the voltage. However, in our case, the
grid topology and load (capacitor and filter bank) characteristics are well known, and
their dynamics determine the coupling between (3", Pwnk), (O jeq Qwnk), (Vra)

and (wp).

5.2.2 Distributed voltage and frequency control

The distributed control of the offshore ac-grid voltage and frequency follows the same
philosophy used to control the aggregated model. In addition, the protection strate-
gies, the fault ride through capability and the self start capability can be guaranteed
by using the same control schemes explained before in sections 4.3.2 to 4.3.4. However,
in contrast to the aggregated model in the cluster model the overall power generated
is split in (m) power sources. Therefore, it is necessary to define a coefficient of partic-
ipation of each cluster according to its rated power. This coefficient of participation

will be defined for each cluster as:

Rated power of the j* cluster

wherein ZKDMJ' =1 (5.5)
j=1

Kpuy, =
DM; = Overall power of the offshore wind farm

The following sections show how the control defined for the aggregated model is mod-

ified by including the coefficients of participation (K pas) in the voltage and frequency
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control loops.

Distributed control of the offshore ac-grid voltage

In section 4.3.2 the procedure to calculate the offshore ac-voltage controller for the
aggregated model has been defined. But, the offshore ac-voltage dynamics is now
defined by the equation 5.3 and therefore the currents of each cluster defined in the
model shall be contemplated.

The plant to be controlled represents an integrator; hence, it can be easily controlled
with the same PI controller defined in table 4.8. However, the voltage control loop
requires a remote measurement of (I F Rd) as a compensation term. Due to the fact
that this term is not available in practice, it must be estimated by using local vari-
ables. Therefore the estimation errors shall be corrected with the integral part of the
controller. For this reason the controller proposal is defined with the proportional
part of the controller placed in each cluster model and the integral part common to
all cluster models.

The main idea is to calculate the controller in the same manner than the controller
calculated for the aggregated model and then, split the control action according to
the coefficient of participation of each cluster. This can be carried out multiplying
the output of each control loop with remote integrator by the constant (Kpps) pro-
portional to the rated power of each cluster. Thus, it is possible not only, to actuate
with the proportional part of the controller as a traditional droop controller, but also
to correct the steady state error with the centralized integrator. Figure 5.3 shows the
proposed voltage control loops for the j** cluster connected to the offshore ac-grid.
Notice that, the control schema of the j** cluster corresponds to a distributed con-
trol wherein the part enclosed in the dotted line is an integral part centralized, i.e.
common to the complete wind farm.

Just as with the aggregated model, the voltage control loop will be functioning only in
islanded operation and during the transition between islanded and connected mode.
However, during connected operation the HVdc diode rectifier will act as a voltage
clamp on (Vgg4) and the clusters will be operating in current control mode. There-

fore, the different voltage control loops will be saturated and the j** cluster will
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Figure 5.3: Offshore ac grid voltage control

inject a current (Iwg; = Iwdjmax) determined by both, the wind turbine optimal

characteristic [44] and the protections defined before in sections 4.3.2 to 4.3.4, i.e.

Iwdjmax = min (\/‘Iwnj|r2nax — I%qu , IdeOpt) wherein [Ty, | . is defined by
the VDCOL protection characteristic according to figure 4.15. Moreover, once the
distributed controller shown in figure 5.3 is no longer saturated, the offshore ac-grid
voltage (Vpq) will turn back again to be set by the aforementioned voltage control
loop.

Notice that, the required remote measurement of (Irpr4) can be avoided either by not
using the feed-forward term, with the corresponding performance degradation, or by

estimating (Ipgq) from local variables.

Distributed control of the offshore ac-grid frequency

As previously mentioned, equation 5.4 implies that the clusters connected to the off-
shore ac-grid can use their reactive currents to control the offshore ac-grid frequency.
However, in order to perform the distributed frequency control it is necessary that each
cluster injects a current (I{jvqj) proportional to its rated power, i.e. Iy, ; = Kpwm, I,

Wherein, I3, = 3% Iy and (Kpar,) defined by the equation 5.5 as the coefficient
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of participation of the j** cluster.

Equation 5.4 is just an algebraic equation that could be used to perform the open
control loop of the offshore frequency. But in the same manner as with the aggre-
gated model, it can be improved by using an estimated value of (Irg,) to close the
control loop. This estimated value (f FRq) is calculated by including just local mea-
surement. Additionally, the procedure to obtain this value was explained in section
4.3.3. Therefore, by using a similar procedure, it is possible to use the local values of

the j*" cluster in order to define the following expression:

1 VwgiPwnj — VwgjQwny

-C Vi 5.6
3Kpu, V‘,%,dj +VV%/qj FWRYRd (56)

IpRrg =

Using the equation 5.4 and substituting (Irgr,) by its estimated value (fFRq), the

following relationship can be defined:

1 VwgiPwnj — VwagjQwny (5.7)

I}, = CpVig (wh —
Py = CrVra (Wi wFH?)KDMj Viva + Vit

This expression correspond to the frequency control loop of the ;" cluster connected

to the offshore grid. Its corresponding block diagram is shown in figure 5.4.

VE, , W VDCOL

I"Vq Jjmazx

vy ;]*
S\ " dwg 5

Py Vivg; — Qi Vv,

( 3 KDM]) ( VVQVder V‘%,qj)

Figure 5.4: Offshore ac grid frequency control

Note that the frequency control loop corresponds to a simple proportional control
with a feed-forward compensation term. Therefore, the offshore ac-grid dynamics has
led to a scheme similar to traditional droop control. Additionally, the proportional

contribution to set the frequency is defined according to the coefficient of participation
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Figure 5.5: Cluster model of the offshore wind farm in connected mode

s le. Ly, = Kpm;lp,. Moreover, the current injected by the cluster will be also

.
limited by the VDCOL protection schema defined before in section 4.3.4, wherein
Twgjmax = [Twnj |

According to this schema, it is clear that the frequency control system is more robust
to Cp estimation errors. This is due to the fact that Cr now appears within the

control loop and it can be considered as a loop gain, rather than a plant parameter.

Besides, note that all the variables used in figure 5.4 are local to each cluster.

5.3 Stability Analysis

The stability analysis of the offshore wind farm with a distributed control will be
carried out by analyzing its poles. In section 4.4 a similar analysis was carried out
with the state space model of the complete offshore wind farm including all its control
loops. This analysis was also carried out assuming both, connected and islanded
operation. Therefore, it is clear that there is enough similarity between the analysis
made on the aggregated model and the analysis that has to be made on the cluster

model.
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In the following sections only the more relevant changes with respect to the aggregated
model analysis will be explained. Therefore, assuming that some expressions have
been explained before in Chapter 4, their development will only be referenced.
Mainly, only two aspects have changed. First, the front-end converters connected
to the PCC are more than one. Second, the dynamics of the offshore ac-grid will
have to include all the front-end converters connected to the PCC. Hence, the state
space model of the complete offshore wind farm will have to include not only, the new
dynamics associated to each front-end converter, but also its new control loops.

As mentioned before, there will be considered five clusters (m = 5) connected to the
PCC as shown in figure 5.5. This figure represents the connected operation mode and
beside, the characteristics of each cluster have been shown before in table 5.1 and 5.2.
According to figure 5.5, the corresponding linearized state space model of the offshore

wind farm in connected mode can be represented by the following equations:

Dynamics of the five front-end converters connected to the PCC

d RTWII
—Iwar = — Iwar +wrlwg + —Vwar — Vrd (5.8)
dt LTWll LTwll Ty 11
d Ry 1
—Iwq = —wplwar — Iwq + Vv g (5.9)
dt LTwll Ty 11
d R 1 1
—Iwaz = ——"Twar + wplwgz + ——Vivaz — Vrd (5.10)
dt LTW22 LTw22 LTw22
d Ty 22 1
—Iwgr = —wrlwaz — Iwgo + —Vivge (5.11)
dt LTw‘ZE Ty 22
d R 1 1
—Iwas = ——"ZTwas + wrlwgs + ——Vivas — Vpa (5.12)
dt LTW33 LTw33 LTw33
d 1
Equ3 = —wplwas — —2ZTwes + —— Vivgs (5.13)
t Ty 33 Ty 33
d Ty 44
—Iwas = — Iwas +wrlwgs + ——Vivas — Vid (5.14)
dt LTW44 LTW 44 Ty 44
d Ty 44 1
—Iwqs = —wrlwas — Iwgs + —Vwg (5.15)
dt LTW44 Ty 44
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d R 1 1
—Iwgs = — LTWSS Iwas + wrplwgs + Vivas — VFa (5.16)

dt Ty 55 LTW55 LTW55

d RTW55

—Iwges = —wplwas — Iwgs + ——Viwgs (5.17)
dt LTW55 Ty 55

Dynamics of the offshore ac-grid voltage (Vry) and the HVdc filter bank
d

il - 1 1 1 1 ...
dtVFd = olwar + o dwae + godwas + s dwas + g Iwas +
1 1 1 1
ot Gorg Voald — gy lrad + aog Vovd — g lovd + - (5.18)
L B\/ENVFdO*QBwFLTRIRdCOJ— . B“’FLTRI?MCO + Rao+ Ry v
7CFKDpioss VFdg Rde TCFKpiossVig, ' CrRaaRp Fd

%VCald = *mVCald +wrVeoalg + C%IILad + mVFd (5.19)
%VCalq = —wrVoald — goes Voalg + a5 Irag (5.20)
%VCan = wrVoa2q + C%QILad (5.21)
%VCaQq = —wrVoa2d + g5 Lag (5.22)
%ILad = —L%chd - L%Vazzd - Iz“; Itga +wrlpaq + L%VFd (5.23)
%ILaq = _%aVCalq - L%VCaQq —wrlpaa — %ILaq (5.24)
%Vde = —ﬁVde +wrVopg + C%)-’Lbd + ﬁVFd (5.25)
%Vqu = —wrVobd — g Vove + gl (5.26)
%ILbd = —L%)Vde +wrlppg + %bVFd (5.27)
%Iu,q = —2-Vebg —wrlina (5.28)
Dynamics of the HVdc link

%IRdC _ [, fg _ 3BLig wF} Tpae + 2By, — Ly, (5.29)

%Ildc =~ Ipae — £ Viae + V0 (5.30)

%VL = e 1Irac — g Irac (5.31)
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It is worth noticing that in islanded mode the HVdc link is not conducting. Hence,
this mode of operation can be represented by the equivalent circuit shown in figure

5.6, wherein Igg4. = 0.

Cluster Model Equivalent
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—
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Figure 5.6: Cluster model of the offshore wind farm in islanded mode

After eliminate equations 5.29, 5.30 and 5.31, the abovementioned set of equations
can be also used to represent the linearized state space model of the offshore wind
farm in islanded mode.

Moreover, a similar procedure as the used before in section 4.4 to include the current
controller and the voltage controller is carried out to include the control loops of the
five clusters connected to the PCC.

Note that the voltage control loop requires a remote measurement of (Ipgq) that is
considered as external perturbation during the stability analysis. This is due to the
fact that, during connected operation the value of (Ipgrq4) can be considered similar

to (Igq4e); and during islanded operation its value tends to zero.
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The parameters of the current and voltage controller are shown in table 5.3 and 4.8
respectively. The rest of the necessary parameters used to calculate the eigenvalues

of the closed loop system have been defined before in tables 4.9 and 4.10.

Eigenvalues in connected operation mode

In connected operation mode the system can operate in both, current control mode
and voltage control mode. Hence, the system stability in connected mode will be
carried out analyzing the eigenvalues location of the system defined by equations 5.8
to 5.31 and their corresponding control loops.

As in the stability analysis of the aggregated model, the eigenvalues will be calculated
in presence of variations of (Cr) and (wg). Figure 5.7 shows path of the eigenvalues
when (C'r) varies from 0.856 uF to 4.856 uF. In this case, the system is being operated
in current control mode. Notice that the zoom of the region closer to the inestability
region is shown in figure 5.8. According to figure 5.7 and 5.8, it is possible to see
that variations of (C) affect only to a pair of poles that have weak influence on the
system dynamics.

Similarly, figure 5.9 shows path of the eigenvalues when (wp) varies from 125.66 rad/ s
to 628.32rad/s. Additionally, the zoom of the region closer to the inestability region
is also shown in figure 5.10. In contrast to figure 5.8, large variations of (wp) affect

severely the system damping.
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Figure 5.9: Eigenvalues in current control mode and variable (wr) - Connected oper-

ation
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Moreover, during voltage control mode, the analysis will have to include not only the

dynamics of the current controllers, but also the voltage controller dynamics. Again

5.12.

Figure 5.11:

operation

(CF) varies from 0.856 uF to 4.856 uF and the eigenvalues are shown in figure 5.11.

Notice that the zoom of the region closer to the inestability region is shown in figure
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Similarly, figure 5.13 shows path of the eigenvalues when (w ) is varying from 125.66 rad/ s
to 628.32rad/s. Additionally, the zoom of the region closer to the inestability region

is also shown in figure 5.14.
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Eigenvalues in islanded operation mode

During islanded mode of operation, the system works only in voltage control mode.
Therefore, the analysis will have to include not only the dynamics of the current
controllers, but also the voltage controller dynamics. The value of (Cr) varies from
0.856 uF to 4.856 uF and its corresponding eigenvalues are shown in figure 5.15. Notice
that the zoom of the region closer to the inestability region is shown in figure 5.16.
According to these figures it is clear that variations of (Cr) only affect the location
of the poles that have less influence on the system dynamics.

Similarly, figure 5.17 shows path of the eigenvalues when (wp) is varies from 125.66 rad/ s
to 628.32rad/s. Additionally, the zoom of the region closer to the inestability region
is also shown in figure 5.18. As can be seen in these figures, when there are varia-
tions of (Cr) and (wr), the system remains in stable conditions. Notice that, as in
connected mode these variations of (wg) affect negatively the system damping.

In this operation mode the system dynamics have been simplified (the HVdc link
has not been included). As a consequence, the offshore ac-grid dynamics start to be
dominated by the capacitor and filter bank. In contrast to connected mode, during
this mode the wind turbines will have to change the traditional (P/f) and (Q/V)
strategies in order to control adequately the offshore ac-grid voltage and frequency.
Moreover, according to figures 5.12, 5.14, 5.16 and 5.18, it is clear that the eigenval-
ues show smaller position variation during islanded operation than during connected

operation for a similar range of (Cr) and (wp) variation.
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Location of Eigenvalues According to CF Variations
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5.4 Results

The control strategies previously described have been validated using PSCADTM
simulations. Several scenarios have been considered to check voltage and frequency
control during islanded operation, adequate start-up procedure, response to power
generation variations and response during different transient conditions (on-shore
faults, generation disconnection, HVdc rectifier ac-breaker tripping and reconnection
and capacitor bank switching). The parameters of the HVdc link have been obtained
from the CIGRE benchmark model [39], using a diode rectifier instead of a thyristor
rectifier and modelling the onshore inverter station by the means of a variable voltage
de-source [41, 40]. The wind farm has been modelled using a total of five equivalent
cluster models that in the following will be considered as wind turbines of different
rated power. The rated power of each cluster has been defined in table 5.1. Addi-
tionally, the coefficient of participation was defined before by equation 5.5, being the
overall power of the offshore wind farm also the base power for the whole system, i.e.
Srr = 1000MVA.

A switching frequency of 1kHz has been assumed for the wind turbine front-end con-
verters. Therefore, the front-end converter current loop bandwidth has been designed
to be around 180Hz. The offshore ac-grid voltage control loop is designed to have
a 20Hz closed loop bandwidth, therefore, communication delays on the centralized

integrator in the range of 5-10ms can be easily tolerated.

5.4.1 Islanded operation (operation mode A)

The performance of the proposed voltage and frequency control systems has been
initially tested with the offshore grid operating in islanded mode, i.e. the HVdc diode
rectifier is not conducting. Figure 5.19 shows the response of the proposed control
system to load changes and to frequency reference changes during islanded operation.
Initially, the offshore grid is operated at no-load and rated voltage and frequency.

At t = 0.1s, a 0.5 pu resistive load is connected. After a transient lasting approx-
imately 40ms, the system returns to the steady state, showing an excellent sharing

of active and reactive power amongst the different turbines. At t = 1s, the resistive
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load is disconnected. The minimum voltage during load connection is 0.85pu and the
maximum voltage during load disconnection is 1.15 pu. Note the sudden connection
and disconnection of a 500MW local load on the offshore grid represents an extreme
scenario, unlikely to happen in an actual system. Nevertheless the good response to
such a load variation proves the good voltage regulation and load sharing capability
of the proposed control strategy.

During the previously mentioned load transient, a frequency reference change of £2Hz
is carried out in order to show the performance of the frequency control loop. The

frequency reference is reached in 10ms.
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Self-start operation (transition between modes A — B — C)

As shown in figure 5.2, the wind turbine front-end converter current control loops are
oriented on (Vgg). Therefore, when the offshore ac-grid is not operational (Vg = 0),
an adequate start-up procedure is required for wind turbine connection.

Figure 5.20 shows the start-up transient, including the HVdc link energization. At
t = 0s, the onshore inverter starts operating, rising the HVdc link voltage from 0
to its rated value. At ¢t = 0.3s, after rated HVdc link voltage has been reached, the
offshore ac-grid voltage and frequency control loops are enabled and the (Vp4) demand
is increased linearly from 0 to 1.1 pu. Frequency reference is kept constant at 50Hz.
From t = 0.3s to t = 1.7s, the HVdc rectifier is not conducting, and the offshore
ac-grid is effectively operated in islanded mode, with a fixed frequency reference and
a variable voltage reference.

Note that the reactive current components (Iyy4;) are relatively large when the HVdc
diode rectifier is not conducting. Clearly, when the diode rectifier is not conduct-
ing, the capacitor and filter bank are overcompensating and the wind turbines must
balance the excess of reactive power produced by the capacitor bank.

When (Vgg) reaches a value of 0.87 pu (at ¢ = 1.7s), the off shore rectifier starts
conducting and currents (Iywgq;) and (Igqc) increase. As current (Ipq.) increases,
the (Vg4e) ripple increases due to the higher harmonic content at higher currents.
When (Iyg4;) reaches a value of 1 pu, the voltage control loop in fig. 5.4 saturates
and the offshore ac-grid voltage (Vpq) does no longer follow its reference. Therefore,
figure 5.20 shows a smooth transition between voltage and current control mode of
operation, as well as a smooth transition between islanded and connected operation.
The ac-grid frequency (wg) remains close to 50 Hz during the transient.

The transient in figure 5.20 shows reliable steady state operation at rated power and
stand alone operation of the wind farm with good voltage and frequency regulation
when the HVdc diode rectifier is not conducting and excellent active and reactive
power sharing during the complete transient. It is worth stressing that all wind
turbine front-end converters are controlled as grid-forming inverters and therefore all

of them contribute to the control of the offshore grid during start-up.
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Self start operation with power limits in some wind turbines

The connection transient shown in figure 5.20 assumes that rated active power is
available from all the wind turbines. However, depending on the wind conditions,
wind turbines might not be able to deliver full rated active power. To consider this
situation, the active power delivered by the 390MVA wind turbine is limited to 30%
of its rated value. The connection of the wind farm with this active power constraint
is shown in figure 5.21.

The behavior of the system is exactly the same as the unconstrained case up to 0.16s.
At this point, (Iyq1) saturates and stops contributing to the offshore ac-grid voltage
control. Nevertheless, the rest of the wind turbines would still be keeping (Vr4) very
close to its reference. Notice the increase slope on (I g2) to (Iywas) to compensate
for (Iwgq1) saturation. At ¢ = 0.24s, all the wind turbines saturate and the system
can no longer track the reference value of (V7).

During the transient there are no constraints on reactive power components (Iyg;)
and therefore reactive power is shared amongst all wind turbines. Note that, in
contrast with figure 5.20, the reactive current components do not reach a zero value
after the transient. This effect is caused again by the overcompensation of capacitor
and filter banks when the HVdc diode rectifier is not operating at full power.

It is worth stressing that, from ¢ = 0.16s to ¢ = 0.24s, some of the wind turbines
are controlling the ac-grid voltage, while some others are saturated due to insufficient
wind resource. As seen in figure 5.21, the proposed distributed control algorithm does

handle this situation automatically.
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5.4.2 Connected operation
Frequency control

The performance of the frequency control loop is shown in figure 5.22, while the system
is operating in current control mode at rated power. At ¢ = 0.1s the frequency demand
rises to 52 Hz (1.04 pu) and then is changed back to 50 Hz (at ¢ = 0.3s). Similarly, a
reduction on frequency demand (to 48Hz) is carried out at ¢ = 0.5s. In both cases, the
actual frequency reaches its reference value in around 12ms. The wind turbine active
currents (Iyq;) remain constant during the transients. On the other hand (Iw4;)
show minor variations, due to the frequency dependant nature of the reactive power

of the capacitor bank, filters and leakage reactances.

Power tracking (MPPT)

Figure 5.23 shows the response of the system to changes in the 390MVA wind turbine
power reference, i.e. j = 1. The value of (I3 4; 1ax) 0 figure 5.3 has been reduced from
390 MW to 200 MW in 0.1s, kept constant for 0.2s, ramped down to 39 MW, kept
constant again for 0.2s and then ramped up to 390 MW to simulate power variations
for changing wind conditions. Note a 351MW power transient in 0.2 s might not be
realistic, as power generated from a wind farm of this size does not vary so rapidly.
Therefore, the behavior during realistic power changes would always be better than
the one shown in figure 5.23.

It should be pointed out that the wind turbine front-end reactive currents (Iyq1
to Iwgs) increase as ([yq1) decreases, as the capacitor and filter bank are again
overcompensating the reactive power absorbed by the rectifier transformer leakage
reactance. On the other hand, the HVdc link and offshore ac-grid voltages decrease
slightly along with (Iyy41) due to smaller voltage drop on the HVdc link resistance
and rectifier transformer leakage reactance. During the whole transient, the frequency

of the offshore ac-grid follows its reference value.
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5.4.3 Transient performance
Capacitor bank switching

The reactive power absorbed by both the leakage inductances of the transformers
and the overlap angle of the HVdc rectifier are functions of the generated power.
Although, as shown in the previous figures, the wind turbine front-end converters
can compensate for reactive power variations, the capacitor banks would usually be
switched on and off depending on the required overall reactive power.

Figure 5.24 shows the response of the system to the connection of a 100MVA capacitor
bank at t = 0.05s and subsequent disconnection at ¢ = 0.25s, when the system is being
operated at rated power. The connection transient lasts for about 50ms. When the
capacitor bank is connected, the control system reacts by absorbing the additional
reactive power generated by the capacitor bank. Note the adequate reactive power
sharing amongst the different wind turbines.

During the connection transient, the offshore ac-grid voltage reaches a maximum
value of 1.1pu. However, during capacitor bank disconnection, the transient is al-
most negligible. This difference in behavior is due to the fact that all the front-
end converters are initially operating at rated current, therefore, when they are re-
quired to provide additional reactive current, the front-end current references are

limited by the protections defined before in sections 4.3.2 to 4.3.4, i.e. Iwgjmax =

min (\Hwnslte = Brgs + Iwaiops) a0d Twrgsmax = Iwnslypa Note the front-
end inverter active currents are reduced to provide enough reactive current capability
for the system to restore rated voltage and frequency. When the transient is over
(t = 0.1s), rated power operation is resumed.

It is worth stressing that the controller parameters have not been modified during
this transient, showing therefore, good robustness to relatively large sudden changes

of the system overall capacitance.
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Fault ride through operation

Onshore ac-grid voltage dip (80%) Figure 5.25 shows the response of the system
to an 80% voltage sag at the on-shore inverter terminals. The fault has a duration of
500 ms with a 350ms recovery time to 100% of the pre-fault voltage. As the HVdec link
voltage reduces, the offshore ac-voltage (Vpg) will reduce almost proportionally. This
behavior is caused by the HVdc diode rectifier voltage clamp on (Veg). Therefore,
the VDCOL mechanism on each independent cluster will sense the ac-grid voltage
reduction and therefore the active and reactive currents limits (I 4j max and I gj max)
will decrease in each cluster. When all reactive current components (Iyy4;) reach
their saturation limits, the frequency control loop saturates and the frequency of the
offshore ac-grid reaches a maximum of 120 Hz during less than 100ms. After 100 ms
(Iwqg;) are no longer saturated and frequency control is regained. Full power delivery
is resumed as the voltage (Vgq.) recovers its pre-fault value. It is worth stressing that
the peak HVdc link current is below 2pu, which is comparable to the values obtained
with fully controlled rectifiers.

Note that the wind turbine active currents (Iyyq1 to Iywgs) are positive during the
complete transient, except from few milliseconds right after the fault (¢ = 0.1s).
Therefore, during this period of time, active power will flow into the wind turbine
front-end converters. The maximum power flowing into the wind turbine front end
converters is 60MW (0.06pu) and the negative power flow lasts for less than 3 mil-
liseconds. Therefore, the overall energy flowing into the converters is at most 180
KJ and it could be easily absorbed by the dynamic breaking protection of the wind

turbines.
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Disconnection of a substantial number of wind turbines The response to a
sudden disconnection of 10% of the wind turbines is shown in figure 5.26. At ¢ = 0.1s
wind turbine 4 (100MVA) breaker is opened. After a small transient, lasting less
than 50ms, the offshore ac-grid voltage and current return to their reference values,
while the HVdc current (Igg4.) reflects the 10% reduction in generating power. Again,
the remaining wind turbines have to provide the reactive power required to keep the
offshore ac-grid frequency at 50Hz. As in previous transients, the wind turbines have
to absorb the reactive power excess compensation provided by the capacitor and filter

bank.

HVdc rectifier breaker trip and reclosure Figure 5.27 shows the response of
the control system to a sudden trip of the HVdc rectifier ac-breaker and its subse-
quent reclosure. At t = 20ms the HVdc rectifier ac-breaker trips, disconnecting the
rectifier and the transformer banks from the offshore ac-grid. As a consequence of
the disconnection, the offshore ac-grid voltage (Vgy) is no longer limited by the HVde
diode rectifier and it increases up to 1.22pu. After approximately 40ms the control
system drives (Vpq) to its reference value (1.1pu). Note the decrease of the HVdc
link current (Irq.) and the front-end active currents. At the same time, the front-end
reactive current increases to compensate for the capacitor bank overcompensation,
now that the HVdc rectifier is not conducting.

At t = T0ms the HVdc breaker is reclosed and, after a transient lasting approximately
50ms, normal operation is resumed with rated active power transmission. The offshore
ac-grid voltage (Vpq) is again being determined by the HVdec link inverter. During
the whole transient, both active and reactive currents are adequately shared amongst

all the front-end inverters.
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5.5 Summary

This chapter has been focused on the study of a clustered model on an offshore wind
farm. The main goal has been to extend the strategies used to control the aggregated
model to this distributed case. As in the aggregated model, the total power generated
has been delivered to the onshore grid by means of an HVdc transmission system based
on diode rectifiers. But, in contrast, this system has included multiple wind turbines
feeding a point of common coupling (PCC).

A clustered model of the offshore wind farm has been used. In this model all the wind
turbines belonging to the offshore wind farm have been lumped in a finite number of
small aggregated models or clusters. The rated power of each cluster is equivalent to

the sum of the rated power of all wind turbines included into it.

According to this model the control strategies shown in chapter 4 have been modified.
Firstly, it has been assumed an adequate control of the dc-link voltage associated to
the power converter of each cluster. Consequently, the dynamics of the rotor, the
generator and the back-end power converter have been replaced by a constant dc-
link voltage. Secondly, distributed voltage and frequency control loops have been
developed to perform its integration to the offshore ac-grid. This has been due to the

fact that the power dynamics of the (PCC) depends on the dynamics of each cluster.

Considering the conduction state of the HVdc link, it has been contemplated both,
islanded mode of operation and connected mode of operation. On one hand, in
islanded mode of operation and during the transition to connected mode, the front-
end converters of each cluster have been employed coordinately to set the voltage and
frequency of the offshore ac-grid. But, on the other hand, during connected mode
of operation the voltage of the offshore ac-grid is clamped by the HVdc inverter.
Therefore the front-end converters of each cluster have been employed coordinately
to set the power (P and Q) delivered to the offshore ac-grid.

Similarly to chapter 4, the system stability analysis has been carried out for both
operation modes. During the analysis different values of (Cr) and (wp) have been
used to represent the parametric uncertainty due to both, filter bank switching and

frequency flickers. As a result, the analysis of the poles location has shown the
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robustness of the controller against variations of (Cr) and (wp). Finally, the last
section of this chapter has described clearly the validation of the proposed strategies.
The results have been obtained during steady state and transient functioning by

means of PSCAD simulations.
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CHAPTER O

Conclusions and Future Works

6.1 Conclusions

6.1.1 More relevant information

This dissertation has contributed to demonstrate the technical feasibility of HVdc
links with a diode-based rectifier. However, important changes related to the typical
strategies used to control the wind turbines have had to be carried out. In previous
chapters it has been described step by step not only the followed procedure, but also
the proposed strategies and the obtained results. According to these results, the
more relevant information obtained during the development of the project can be
summarized as follows :

In chapter 1, the offshore wind energy trends have been analyzed. According to the
last projected offshore wind farms, a clear trend has been found with respect to the
offshore wind energy. This trend shows that the next generation of offshore wind
farms will be larger, located in deeper waters and faraway from the coastline. In
addition they will be conformed by wind turbines based on PMSG and fully rated
converters.

In chapter 2, the model of the entire offshore wind farm has been developed. Dur-
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ing this chapter, it has been shown that depending on the electrical dynamic to be
studied, the offshore wind farm could be analyzed based on three approaches. The
first approach is based on the reduction of the model complexity by using an aggre-
gated model. The second approach uses a distributed model of the wind farm, and
it is used for the analysis of wind turbines during simultaneous operation. The third
approach is the clustered model of the offshore wind farm. This corresponds to an
intermediate solution to obtain a reduced model of the entire wind farm that can be
analyzed during simultaneous operation.

Moreover, the offshore wind farm is connected to an HVdc link. The model of this
power transmission system has been based on the CIGRE Benchmark model for HVdc
studies. According to this model it has been demonstrated that the power dynamics
of a diode-based HVdc link is mainly dominated by the value of the current passing
through the rectifier. Therefore, three operational zones have been defined according
to the conduction constraints imposed by the diode rectifier. These zones correspond
to operational modes that shall be contemplated in order to perform the grid inte-
gration of the wind turbine. The operational modes defined for the offshore wind
farm are: Islanded operation mode, connecting operation mode with rectifier voltage
control and connecting operation mode with rectifier current control.

In chapter 3 the wind turbine control strategy is analyzed with regards to the re-
strictions imposed by the non-controlled rectifier. According to this chapter the main
drawback of using a diode-based HVdc rectifier station corresponds to the fact that
offshore ac-grid is no longer controlled by the rectifier. However, this lack of con-
trol can be overcome by using an adequate control on the wind turbines converters.
Therefore, this chapter is focused on dividing the tasks of the power converter. On
one hand, the back-end converter is used to set the dc-link voltage. Whereas, on the
other hand, the front-end converter is used to set both, the offshore ac-grid voltage
and frequency.

Finally, this chapter also describes the different operation modes that have to be
contemplated. This shows that the system can operate in three different modes de-
pending of the conduction condition of the HVdc diode rectifier. Therefore, three

strategies have been proposed to perform the offshore ac-grid control during islanded
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and connected mode of operation.

First, in islanded operation mode, the offshore ac-grid dynamics is well known and
dominated by the HVdc capacitor and filter bank. But, the diode rectifier is not
conducting in this operation mode. Therefore, the control strategy is focused on
regulating the offshore ac-grid voltage.

Second, in connecting operation mode with rectifier voltage control, the ac-grid volt-
age overcomes the conduction condition of the diode rectifier. However, the current
passing through the rectifier is not large enough to reach the maximum current limit
defined by the rectifier. Therefore, the control strategy is focused on performing a
smooth transition between of the offshore ac-voltage defined by the islanded operation
mode and the voltage imposed by the conduction of the diode based HVdc rectifier.
Third, in connecting operation mode with rectifier current control, the ac-grid voltage
overcomes the conduction condition of the diode rectifier. In addition, the current
passing through the rectifier reaches the maximum value defined by the rectifier.
Therefore, the control strategy is focused on limiting the current delivered by each

wind turbine according to both, the optimal power tracking and protection strategies.

6.1.2 More relevant contributions

Latest trends have shown that depending of the wind farm size and its distance to the
coastline, the best economical solution for bulk power transmission is based on the
HVdc technologies. Under these assumptions it is possible to consider the offshore
wind farms as power plants with unidirectional power flow. Therefore, the HVdc links
with diode based rectifier are introduced as a feasible alternative to the traditional
thyristor-based rectifier. Additionally, this research also found that by using new
control strategies it is possible to eliminate not only the transformer tap changer,
but also, the external voltage and the reactive compensation. In chapter 4 and 5 the
stand-alone and the distributed control strategies have been proved. According to
the obtained results it is possible to highlight the following characteristics:
Offshore ac-grid Self-Start Capability

During islanded operation mode, the HVdc diode rectifier is not able to start the

offshore ac-grid by itself. However, it has been shown that the offshore ac-voltage
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can be smoothly set with the proposed strategy. Therefore, it is possible to carry out
the grid forming task. This additional characteristic fulfils the self-start requirement
often cited as an important shortcoming of the LCC-HVdc technologies in comparison
with VSC-HVdc technologies.

Voltage and Current control mode

In connected mode of operation, it is possible to operate the wind farm and the HVdc
diode rectifier focusing either, on setting the voltage or on setting the current at the
dc-terminals of the HVdc rectifier. This behavior is similar to industrial practice in
LCC-HVdc links.

Fault protection capability

By limiting the current references in the front-end converters, it is possible to im-
plement a fault protection strategy similar to the standard VDCOL strategies. In
addition, this strategy could keep the devices within their operational limits in pres-
ence of faults, with recovery times comparable to those achieved with controlled HVdc
rectifiers. Moreover, by using this protection strategy the control system reacts ade-
quately to substantial generation disconnection, capacitor bank switching and HVdc
rectifier ac-breaker tripping and reclosure.

The aforementioned contributions have been validated by means of simulations con-

sidering both aggregated and clustered models of the offshore wind farm.

6.2 Future Works

As mentioned before, this dissertation has been based mainly on the control of the
offshore wind farm. Nonetheless, once proved the technical feasibility of the HVdc
diode rectifier, the following aspects have been proposed in order to be assessed in

future projects.

e The optimization of the power system dynamics. According to the pro-
posed systems the STATCOM has been eliminated, and both filter and capacitor
bank have been reduced. Therefore, the control strategy should be focused on
maximizing the energy production with an optimal regulation of the active and

reactive power.
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e A more broad research to perform a complete structural analysis of
the wind turbines. By means of this analysis will be possible to define a
control design procedure that consider not only the power dynamics, but also

the ultimate and fatigue loading of the wind turbines components.

e A detailed economical feasibility based on the cost of energy. According
to this analysis the savings obtained by using diode bridges (efficiency, losses,
components, structures, equipment, maintenance, etc.) should be considered. In
addition, this analysis could provide the possibility of comparing quantitatively

the price per KWH with regards to any other power generation system.

e A robust control strategy for the offshore ac-frequency (wr). Clearly,
whereas changes on (CF) have little effects on the position of the closed loop
eigenvalues; changes on (wg) decrease the damping of the dominant poles. So,
a robust control strategy could guarantee controllers operating adequately in a

wide range of frequencies.
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