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Abstract

The selection of the bulk power transmission technology in o�shore 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 o�shore wind farm, the transmission losses and the

investment cost for constructing the transmission system. However, when is necessary to

connect larger and more distant o�shore 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 recti�ers as a

technical alternative to replace the thyristor-based recti�ers in an LCC-HVdc link with uni-

directional power ow. This alternative shows advantages with regard to lower conduction

losses, lower installation costs and higher reliability. Nonetheless, as a counterpart the o�-

shore ac-grid control performed by the thyristor-based HVdc recti�er is no longer available.

This lack of control is compensated by using new control strategies over an o�shore 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 o�shore 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, O�shore wind farms, Wind power generation, Power transmission.
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Resumen

La selecci�on de la tecnolog��a para la transmisi�on de grandes cantidades de potencia proce-

dente de parques e�olicos marinos est�a estrechamente relacionada con el tama~no del parque

e�olico y su distancia a la costa. Actualmente existen diversas alternativas que pueden ser

evaluadas dependiendo de la potencia nominal del parque e�olico, las perdidas de transmisi�on

admisibles y la inversi�on necesaria para construir el sistema de transmisi�on. Sin embargo,

a medida que el parque e�olico aumenta sus dimensiones y su ubicaci�on es mas distante de

la costa, la mejor soluci�on tecnol�ogica para la transmisi�on de potencia tender�a al uso de de

sistemas transmisi�on de alta tensi�on, en continua y basados en convertidores conmutados en

l��nea (LCC-HVdc). Este trabajo de investigaci�on propone el uso de recti�cadores basados

en diodo como una alternativa viable para reemplazar los recti�cadores basados en tiristores

en los enlaces LCC-HVdc con ujo unidireccional de potencia. Esta alternativa presenta

ventajas relacionadas con la disminuci�on en las perdidas de conducci�on, reducci�on en los

costos de instalaci�on y aumento en la con�abilidad del sistema. Sin embargo, como contra-

parte esto puede ser obtenido a costa de perder el control que ejerce el recti�cador HVdc

basado en tiristores sobre la red el�ectrica en altamar. Este reporte muestra que la perdida del

control en la red ac del parque e�olico puede ser compensada a trav�es de la implementaci�on

de nuevas estrategias de control; siempre y cuando el parque e�olico marino est�e 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 �jar la tensi�on y la frecuencia en la red de conexi�on

en altamar. Adem�as, el desempe~no 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 recuperaci�on de la red en presencia de huecos de tensi�on,

sino tambi�en la estabilidad del sistema en estado estable y transitorio.

Palabras Clave: Enlace HVdc, Parque e�olico Marino, Generaci�on de Energ��a e�olica, Trans-

misi�on de potencia.
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Resum

La selecci�o de la tecnologia per a la transmissi�o de grans quantitats de pot�encia procedent

de parcs e�olics marins est�a estretament relacionada amb la grand�aria del parc e�olic i la seua

dist�ancia a la costa. Actualment existeixen diverses alternatives que poden ser avaluades

depenent de la pot�encia nominal del parc e�olic, les perdudes de transmissi�o admissibles i la

inversi�o necess�aria per a construir el sistema de transmissi�o. No obstant a�c�o, a mesura que

el parc e�olic augmenta les seues dimensions i la seua ubicaci�o �es m�es distant de la costa, la

millor soluci�o tecnol�ogica per a la transmissi�o de pot�encia tendir�a a l'�us de sistemes de trans-

missi�o d'alta tensi�o, en cont��nua i basats en convertidors commutats en l��nia (LCC-HVdc).

Aquest treball de recerca proposa l'�us de recti�cadors basats en d��ode com una alternativa

viable per a reempla�car els recti�cadors basats en tiristors en els enlla�cos LCC-HVdc amb

ux unidireccional de pot�encia. Aquesta alternativa presenta avantatges relacionats amb la

disminuci�o en les perdudes de conducci�o, reducci�o en els costos d'instal�laci�o i augment en

la con�abilitat del sistema. Encara que aquest bene�ci pot ser obtingut a cost de perdre el

control que exerceix el recti�cador HVdc basat en tiristors sobre la xarxa el�ectrica en alta

mar. Aquest article mostra que la p�erdua del control en la xarxa ac del parc e�olic pot ser

compensada a trav�es de la implementaci�o de noves estrat�egies de control; sempre que el parc

e�olic mar�� estiga compost per turbines de vent basades en generadors d'imants permanents i

convertidors de pot�encia nominal (full-rate converter). Les estrat�egies han sigut basades en

la capacitat que t�e el convertidor de la turbina per a �xar la tensi�o i la freq�u�encia en la xarxa

XXI



de connexi�o en alta mar. Per altra banda , el comportament del sistema de control proposat

ha sigut avaluat mitjan�cant l'�us de PSCAD; on s'han utilizat les pertorbacions de xarxa m�es

comunes per a demostrar tant la capacitat de recuperaci�o de la xarxa en pres�encia de buits

de tensi�o, com l'estabilitat del sistema en estat estable i transitori.

Paraules Clau: Enlla�c HVdc, Parc e�olic en alta mar, Generaci�o d'energia e�olica, Trans-

missi�o de pot�encia.
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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 o�shore 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 o�shore 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 o�shore 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 recti�er. This is especially

feasible if, on one hand, the o�shore wind farm is composed of wind turbines with per-

manent magnet synchronous generators (PMSG); and on the other hand, the power

ow can be considered as unidirectional.

The main advantages that can be achieved replacing the HVdc recti�er by a diode-

bridge are: lower conduction losses, lower installation costs and higher reliability [4][5].

However, the HVdc recti�er normally sets the o�shore ac grid voltage and frequency,

and its replacement by a diode bridge could lead to loss of control on the o�shore ac

grid. Fortunately, this drawback can be compensated by applying di�erent 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 recti�er. The proposal

is based on an o�shore wind farm connected to the onshore grid through a modi�ed

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 recti�er [6][7].

The study is focused according to the latest trends reported for the o�shore 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 o�er the best possibility to perform a tight control of the o�shore grid.

Additionally, the wind turbines with this technology are also considered as one of the

best technical and economical options for distant o�shore 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
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recti�er, the o�shore 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 o�shore 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 o�shore

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 recti�ers.

The remainder of this dissertation is structured as follow. First, the state of the

art and the research approach is used to de�ne the main objectives and the scope.

Next, the mathematical model of the selected wind turbine, the o�shore wind farm

and the HVdc link is de�ned. According to the models de�ned, 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 o�shore 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 O�shore Wind Farms

O�shore 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 o�shore wind power. In
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order to exploit this abundant energy resource, the European experience shows a clear

trend to increase the o�shore wind energy penetration: larger wind farms located at

deep waters far away from the coastline [13].

There are several advantages in placing wind turbines o�shore as opposed to onshore.

It has been demonstrated that o�shore wind is more constant and stronger than on

land; therefore, o�shore wind turbines generate electricity 70-90% of the time [14].

Moreover environmental analyses have shown that o�shore wind farms have had a

reduced negative impact on marine life [15].

O�shore wind industry is ourishing, as shown in recent studies of the European Wind

Energy Association (EWEA); who estimate that by 2020 the o�shore wind installed

capacity will be more than 7000 MW [13]. Currently (2012) o�shore 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 o�shore wind energy in their grids [13].

As technology develops and experience is gained, the o�shore 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 o�shore 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 o�shore 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

o�shore maintenance operations. Second, the development of an e�cient, pro�table

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 oating

o�shore wind turbine technology.

In the following sections the o�shore wind turbine technologies and the o�shore 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 o�shore wind energy.
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1.2.1 O�shore wind turbine technologies

Wind turbine manufacturers have demonstrated that there exist many approaches

to extract the wind energy e�ciently. However, since the wind industry moved out

of the coast, the technological challenges related to the o�shore power generation

and distribution have been studied in order to de�ne the most optimal technology to

extract the o�shore wind energy.

Currently, the race to develop the best o�shore 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 o�shore

applications will have to take into account aerodynamic, mechanical and electrical

aspects. O�shore wind energy conversion systems (WECS) could be classi�ed ac-

cording to the four aspects shown in �gure 1.1, i.e. wind turbine rotor, drive train,

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

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 o�shore 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 e�ciently [18].
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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 o�shore 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 e�ciency, reliability and service

life of the equipment are increased.

Currently, the gearboxes with double and three stages are still used by important

o�shore 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 o�shore 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 e�ciency and robust construction. Additionally, the SCIG has low speci�c 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 speci�c 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 o�shore 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 ux control capabilities, thus allows the minimization of

losses in di�erent 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 su�er 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 speci�c

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 �eld losses. Moreover, the PMSG full power converter decouples

totally the generator from the grid. Hence, grid disturbances have no direct e�ect 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 speci�c 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 di�culties 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

exibility 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 e�ciency [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

o�shore wind turbines. From this table is possible to infer that the trend of the next

generation of o�shore 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 O�shore power transmission

Technical and economical aspects of o�shore 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 o�shore 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 o�ering Multi-MW o�shore wind turbines with fully

rated converter

Manufacturer
WT Turbine

Model

Rated

Power

Rotor

Diameter

Generator

Type
Drive-Train

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

AREVA
Multibrid

M5000-135
5.0 MW 135 m PMSG

Planetary

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

BARD BARD6.5* 2x3.25 MW 122 m PMSG
Two

Drive-Shaft

ALSTOM
HALIADE

150-6MW
6.0 MW 150 m PMSG Direct Drive

SINOVEL SL6000 6.0 MW 128 m SCIG
Pararell Axes

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. 220MW at 132 kV,with a maximum dis-

tance of around 100km (without o�shore 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 400 kV cable can deliver 900MW for distances up

to 25 km, but at 50 km of distance the maximum power is reduced to 800MW and

�nally 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 o�shore 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).

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 di�erent books [2][27][28][29]. LCC-HVdc can be used for the transmission of

signi�cant amounts of power at large distances having low losses [1]. However, their

main drawbacks are the huge converter station for both onshore and the o�shore 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 su�cient ma-

turity to be commercialized. This technology represents an alternative to conventional

ac-transmission, and their use in di�erent o�shore 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 o�shore applications. One of the most signi�cant bene�ts of using

this technology is their important role in the stability of the system. This is due to

the fact that the VSC-HVdc recti�er is capable to provide o�shore grid voltage and

reactive power control [33][34].

Recent developments carried out by ABB in the DolWin1 link have shown that the

Light-HVDC is a proven technology capable of transmit up to 800MW at 320kV.

In addition, the con�gurations 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 o�-

shore grid stability; furthermore, is economically suitable to transmit power on relative

long distances. However, for larger and more distant o�shore 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

Available

Capacity

per System

800 MW at 400 kV

380 MW at 220 kV

220 MW at 132 kV

Up to 2000 MW

In submarine

transmission

Up to 400 MW

Installed

800 MW

Announced

Voltage

Level

132 kV Installed

220 kV and 400 kV

under development

Up to � 500 kV
Up to � 150 kV

�320 kV Announced

Black-Start

Capability
- Yes - - No - - Yes -

Technical

Capability

for Network

Support

- No -

SVC are required

to supply reactive

power

- No -

Capacitor banks or

STATCOMS are

required to supply

reactive power

to the valves

- Yes -

Reactive power

can be generated

or absorbed by the

VSC devices

Decoupling of

Connected

Networks

- No - - Yes - - Yes -

Space

Requirements

for O�shore

Substation

Smallest size Biggest size Medium size

Total

System

Losses

Distance

dependent

2% - 3% [1]

Plus requirements

for ancillary services

o�shore

4% - 6% [1]

Instalation

Cost

Small for station

(only transformer)

High cost for cable

High cost for station

( transformers, �lters,

capacitors banks,

thyristor valves,... )

Low cost for cable

High cost for station

30% - 40% more expensive

than LCC solution

due to power electronic

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 recti�ers for links

with unidirectional power ow [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 recti�ers 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 recti�ers. 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 su�cient 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 e�ciency and moreover increases the probability of

commutation failure.

Nonetheless, the proposal of using diode based HVdc recti�ers becomes more attrac-

tive if the total costs of the HVdc and HVac transmission systems are compared [1].

The trade-o� analysis shows that since the installation and the maintenance costs are

much higher in o�shore 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 o�shore wind farm with unidirectional power ow (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 de�ned by the wind turbine response. Additionally,

the system does not have to supply reactive power to the recti�er 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 o�shore 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 o�shore recti�er by a non-controlled diode-based recti�er. Second, eliminating

the static compensator (STATCOM). Last, eliminating the transformer tap changer

in the HVdc recti�er. Notice that these changes can lead to a signi�cant reduction of

the installation, but as a counterpart the o�shore ac-grid control is lost.

The aforementioned state of the art suggests that there is strong scienti�c evidence

to think that the lack of control can be solved by using the control exibility 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 o�shore grid and the

HVdc dynamics as a whole.

According to the current technologies available for o�shore 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 exibility. 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-a�ne.
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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 o�shore wind farm.

The o�shore 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 recti�er (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 recti�er

for an uncontrolled recti�er (diode based).

� Development of a control system in order to eliminate the o�shore voltage and

reactive power control systems (STATCOM).

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

changer in the HVdc Recti�er.

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

performance of the o�shore wind farm.

1.4 Thesis Outline

In this chapter the state of the art and trends related to o�shore wind energy technol-

ogy have been described. In addition, a diode based HVdc recti�er was presented as

an alternative for o�shore 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 de�ne the control strategies.

Although, the aerodynamic model of the wind turbine is de�ned, the chapter will be

focused on the electrical behavior of the wind turbine, the o�shore 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 di�erent 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 de�ned for both, connected and islanded

operation mode.

The control system for the aggregated model of an o�shore wind farm will be carried

out in chapter four. By using the models de�ned in chapter two, some control loops

will be performed in order to integrate adequately the whole wind farm to the o�shore

grid. The stability of the control loops will be analyzed, as well as several tests in

order to validate the control performance.

Similarly, chapter �ve will describe the control of the distributed model of an o�shore

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 de�nes 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 o�shore 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 signi�cant impact of the variables on the phenomena

being studied.

A typical o�shore 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

o�shore wind farm, where (n) PMSG-based wind turbines with fully rated converters

are connected to the o�shore ac-grid. Moreover, a non-controlled recti�er (i.e. a

12-pulse diode-based HVdc-recti�er) is connected to the o�shore ac-grid by means

of a transformer (TR) without tap changer. The reactive power compensation for

both, the non-controlled HVdc-recti�er and the transformer (TR) is carried out by

the capacitor and �lter bank (ZFR). Finally, a dc transmission line (submarine cable)

will connect the o�shore recti�er 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 o�shore wind farm

In the following sections the models of di�erent components, and the notation used in

�gure 2.1 will be speci�ed. 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 o�shore wind

farm will be presented. Lastly, the model of a HVdc link with a diode-based-recti�er

will be de�ned.

2.2 Wind Turbine Modelling

The proposed o�shore wind farm shown in �gure 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 simpli�ed block diagram of the wind turbine com-

ponents is presented in �gure 2.2; as shown in this scheme, the elements of the wind

turbine have been classi�ed 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 (Ta). 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

(Pm) 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 (TW ).

2.2.1 Aerodynamic model

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

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

power (Pm) produced by the wind turbine rotor in [Nm= s], is de�ned as follows [14]:

Pm =
1

2
� A CP (�; �) V

3
wind (2.1)

where (�) is the air density in [ kg=m3] and (A) is the area in [m2] covered by the

wind turbine rotor of radius (R) de�ned in [m]. The power coe�cient (CP ) is a

non-dimensional term speci�c for each wind turbine. It depends on the wind rotor

characteristics and its value is de�ned according to the blade pitch angle (�) and the

tip-speed ratio (�). The tip-speed ratio is a non-dimensional parameter de�ned by:

� =
!R R

Vwind
(2.2)

where (!R) is the angular speed of the wind turbine rotor in [ rad= s].

The block diagram of the aerodynamic model de�ned in the equation (2.1) is shown

in �gure 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 (CP max = 0:593) known as Betz

limit [14]. A mathematical approximation of the (CP ) expression can be de�ned as

follows:

CP = 0:5176

�
116

�0
� 0:4� � 5

�
� e

�21
�0 + 0:0068� (2.3)

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 (�0) value can be obtained from:

1

�0
=

1

�+ 0:08�
� 0:035

�3 + 1
(2.4)

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

by the wind turbine rotor can be de�ned in [Nm] as follows:

Ta =
Pm
!R

(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

de�ned in [ kgm2] and are coupled by a rigid shaft as shown in �gure 2.4.
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Figure 2.4: Two-masses model of the drive train

De�ning the damping of the wind turbine rotor and generator as (DR) and (DG)

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

Ta �DR
d�R
dt

� k (�R � �G) = JR
d2�R
dt2

(2.6)

TG �DG
d�G
dt

+ k (�R � �G) = JG
d2�G
dt2

(2.7)

Notice that mechanical losses are neglected, (DR) and (DG) are de�ned in [Nm= rad= s],

and (k) represents the shaft sti�ness in [Nm= rad]. Moreover, (�R) and (�G) are the

rotational angle of the rotor and the generator de�ned in [ rad]. Hence, the angular

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

!R =
d�R
dt

(2.8)

!G =
d�G
dt

(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 �gure 2.5.

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

generator voltage (VG) in [V] and current (IG) in [A]. The generator in a synchronous-
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Figure 2.5: PMSG model

frame (d-q axis) rotating at (!G) can be described as:

VGd = RGIGd + LGd
dIGd
dt

� !G�Gq (2.10)

VGq = RGIGq + LGq
dIGq
dt

+ !G�Gd (2.11)

where (RG) is the stator resistance in [ 
]; (LGd) and (LGq) correspond to the d and

q components of the stator leakage inductances in [H]. The ux linkages (�Gd) and

(�Gq) can be de�ned in [Wb] by the following equations:

�Gd = LGd IGd + �m (2.12)

�Gq = LGq IGq (2.13)

where (�m) is the ux linkage in [Wb] due to the permanent magnets of the rotor.

Neglecting losses, the electrical torque developed by the generator (TG) in [Nm] is:

TG = 3p (�GdIGq � �GqIGd) (2.14)

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

(PG) would be:

PG = !G TG = �3 (VGdIGd + 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 o�shore 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 �gure 2.6.

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

Notice that (VG) is the voltage at the terminals of the generator and (IG) the current

produced by the generator; while (VW ) and (IW ) 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:

PG = PDC1 =) �3 (VGdIGd + VGqIGq) = EDCIDC1 (2.16)

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

PDC2 = PW =) EDCIDC2 = 3 (VWdIFd + VWqIFq) (2.17)

The voltage (EDC) dynamics is de�ned by the equation of the dc-link capacitance

(CDC) and it can be expressed as:

IDC1 � IDC2 = CDC
dEDC
dt

(2.18)

Transformer and o�shore grid model

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

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-

uence on the power dynamic can be neglected [2]. Figure 2.7 shows the electri-

cal diagram of the wind turbine inverter connected to the o�shore ac-grid through

transformer (TW ). Notice that the transformer is represented by their equivalent

impedance, where (RTW ) and (LTW ) represent the resistive and the inductive com-

ponent respectively.

Figure 2.7: Wind turbine grid integration

The dynamics of this simpli�ed model can be written in synchronous dq coordinates

as follows:

VWd = RTW IFd + LTW
dIFd
dt

� LTW IFq!dq + VFd (2.19)

VWq = RTW IFq + LTW
dIFq
dt

+ LTW IFd!dq + VFq (2.20)

where (!dq) is the frequency in [ rad= s] of the rotational synchronous-frame, (VW )

and (VF ) are the grid voltages expressed in [V] and (IG) is the current delivered by

the wind turbine expressed in [A]. Notice that frequency (!dq) is not de�ned in �gure

2.7, therefore, it could represent any synchronous reference frame. The dynamics of

the grid voltage (VF ) will be de�ned in the following sections.
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2.3 O�shore Wind Farm Modelling

Once obtained the wind turbine single model, it is possible to develop an equivalent

model for the whole o�shore 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 o�-

shore wind farm will be presented. The models have been carried out under the

following simplifying assumptions: First, o�shore 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 o�shore

ac-grid, will be modeled by the capacitor (CF ) which represents the reactive power

compensation of the wind turbines transformers and the capacitive part of the �lter

bank (ZFR).

2.3.1 Aggregated model of an o�shore wind farm

The proposed aggregated model consists of a single wind turbine model equivalent to

the whole o�shore wind farm. The power delivered by the aggregated model must be

equivalent to the sum of the (n) wind turbines of the o�shore wind farm.

The following relationship for the total power produced by the o�shore wind farm

can be obtained from the power balance de�ned in equation 2.17.

Total power produced

by the o�shore wind farm
PWn =

nX
i=1

PDC2i =

nX
i=1

EDCiIDC2i (2.21)

where (PWn) is the total power of the o�shore wind farm and the subscript (i) rep-

resents the (i-th) wind turbine with i = 1; : : : ; n 2 N. Considering identical wind

turbine parameters and the same wind speed a�ecting all wind turbines, the total
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power of the o�shore wind farm (PWn) can be represented as the aggregation of (n)

wind turbines as follows:

PWn = n (IDC2)EDC (2.22)

Note the following two aspects. First, the (EDC) value should correspond to the wind

turbine dc-link voltage assuming an adequate control, i.e. (EDC = EDCrat); the rated

value of the dc-link voltage is 5.4 kV. Second, the current (IDC2) 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 modi�ed

to be (n) times larger. Using the equation (2.17), with (VW ) and (VF ) as the grid

voltages, and (IF ) as the current delivered by the aggregated wind turbine, the power

balance of the aggregated front-end converter can be de�ned as follows:

PWn = 3 (VWdIFd + VWqIFq) (2.23)

The electrical dynamics of the PMSG, the back-end converter and the dc-link will be

the same de�ned in section (2.2.3). Figure 2.8 shows the aggregated model equivalent

of an o�shore wind farm with (n) wind turbines.

Notice that the aggregated wind turbine transformer (TWn) is scaled in (pu) and it

will be represented by (RTWn
) and (LTWn

). The rated voltage of the transformer

(TW ) will be considered as voltage-base, while the power-base will be the total power

of the o�shore 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 o�shore 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 (!G)

dIGd
dt

= � RG
LGd

IGd +
LGq
LGd

!GIGq +
1

LGd
VGd (2.24)

dIGq
dt

= �LGd
LGq

!GIGd �
RG
LGq

IGq +
1

LGq
VGq �

1

LGq
!G�m (2.25)

Power balance at back-end converter

PG = �3 (VGdIGi + VGiIGi) (2.26)

PDC1 = EDCIDC1 (2.27)

Back-to-back dc-link dynamic

dEDC
dt

=
1

CDC
(IDC1 � IDC2) (2.28)

Power balance at front-end converter

PDC2 = n (EDCIDC2) (2.29)

PDC2 = PWn (2.30)

PWn = 3 (VWdIFd + VWqIFq) (2.31)

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

at (!dq)

d

dt
IFd = �

RTWn

LTWn

IFd + !dqIFq +
1

LTW
VWd �

1

LTW
VFd (2.32)

d

dt
IFq = �!dqIFd �

RTWn

LTWn

IFq +
1

LTW
VWq �

1

LTW
VFq (2.33)

Dynamics of the o�shore grid voltage in a synchronous-frame rotating at

(!dq)

d

dt
VFd =

1

CF
IFd �

1

CF
IFRd + !dqVFq (2.34)

d

dt
VFq =

1

CF
IFq �

1

CF
IFRq � !dqVFd (2.35)
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2.3.2 Distributed model of an o�shore wind farm

The aggregated model de�ned in section (2.3.1), is not su�cient 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 o�shore 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 o�shore wind farm.

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 o�shore ac-grid.

PMSG dynamic in a synchronous-frame rotating at (!Gi)

dIGid
dt

= � RGi
LGid

IGid +
LGqi
LGdi

!GiIGiq +
1

LGid
VGid (2.36)

dIGiq
dt

= �LGid
LGiq

!GiIGid �
RGi
LGiq

IGiq +
1

LGiq
VGiq �

1

LGiq
!Gi�mi (2.37)

Power balance at back-end converter

PGi = �3 (VGidIGid + VGiqIGiq) (2.38)

PDC1i = EDCiIDC1i (2.39)

Back-to-back dc-link dynamic

IDC1i � IDC2i = CDCi
dEDCi
dt

(2.40)

Power balance at front-end converter

PDC2i = EDCiIDC2i (2.41)

PWi = 3 (VWdiIWdi + VWqiIWqi) (2.42)

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

at (!dq)

d

dt
IWdi = �

RTWi

LTW i
IWdi + !dqIWqi +

1

LTWi

VWdi �
1

LTWi

VFd (2.43)

d

dt
IWqi = �!dqIWdi �

RTW i

LTWi

IWqi +
1

LTWi

VWqi �
1

LTWi

VFq (2.44)

Dynamics of the o�shore grid voltage in a synchronous-frame rotating at

(!dq)

d

dt
VFd =

1

CF

nX
k=1

IWdk �
1

CF
IFRd + !dqVFq (2.45)

d

dt
VFq =

1

CF

nX
k=1

IWqk �
1

CF
IFRq � !dqVFd (2.46)
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2.3.3 Clustered model of an o�shore wind farm

For large o�shore 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 o�shore wind farm with (n) wind turbines. Furthermore, the

o�shore wind farm cluster representation, is itself a distributed model, hence, both

have the same dynamic but with di�erent power rating and quantity of wind turbines.

Figure 2.10 shows the clustered model of an o�shore wind farm with (n) wind turbines

lumped into (m) clusters.

The following equations represent the electrical model of the jth cluster of wind tur-

bines connected to the point of common coupling (PCC) of the o�shore ac-grid. Note

that there are (nj) wind turbines lumped into the j
th cluster, and the total wind

turbines belonging to the wind farm are n =
mP
j=1

(nj).

PMSG dynamic in a synchronous-frame rotating at (!Gi)

dIGjd
dt

= � RGj
LGjd

IGjd +
LGqj
LGdj

!GjIGjq +
1

LGjd
VGjd (2.47)

dIGjq
dt

= �LGjd
LGjq

!GjIGjd �
RGj
LGjq

IGjq +
1

LGjq
VGjq �

1

LGjq
!Gj�mj (2.48)

Power balance at back-end converter

PGj = �3 (VGjdIGjd + VGjqIGjq) (2.49)

PDC1j = EDCjIDC1j (2.50)

Back-to-back dc-link dynamic

IDC1j � IDC2j = CDCj
dEDCj
dt

(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

PDC2j = EDCj (IDC2j)nj (2.52)

PWj = 3 (VWdjIWdj + VWqjIWqj) (2.53)

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

at (!dq)

d

dt
IWdj = �

RTWnj

LTWnj

IWdj + !dqIWqj +
1

LTWnj

VWdj �
1

LTWnj

VFd (2.54)

d

dt
IWqj = �!dqIWdj �

RTWnj

LTWnj

IWqj +
1

LTWnj

VWqj �
1

LTWnj

VFq (2.55)

Dynamics of the o�shore grid voltage in a synchronous-frame rotating at

(!dq)

d

dt
VFd =

1

CF

mX
k=1

IWdk �
1

CF
IFRd + !dqVFq (2.56)

d

dt
VFq =

1

CF

mX
k=1

IWqk �
1

CF
IFRq � !dqVFd (2.57)

2.4 Diode Based HVdc-Link Modelling

Diode-based HVdc recti�ers for links with unidirectional power ow have been pro-

posed previously by several researchers [35][4][5]. The main components of the pro-

posed HVdc transmission system are shown in �gure 2.11.

It is worth noting that the system con�guration and several of the employed param-

eters have been taken from the CIGRE benchmark model for HVdc system studies

[39]. However, the o�shore recti�er harmonic and reactive power compensation bank

has been modi�ed with respect to the original CIGRE benchmark model in order to

supply the required reactive power at the o�shore ac-grid voltage level (193.6 kV L-N

rms). The new �lter parameters are shown in table 2.1.

In the following sections the dynamic of the reactive compensation bank (ZFR), the

diode-based recti�er, 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 O�shore capacitor and �lter bank

The reactive power compensation for both, the non-controlled HVdc-recti�er and the

transformer (TR) is carried out by the capacitor and the �lter bank (ZFR). Figure

2.12 shows the electrical diagram of the the �lter bank (ZFR) proposed by CIGRE

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

The electrical dynamics of the capacitors and the �lter bank (ZFR) shown in �gure

2.12, can be de�ned as follows:

d

dt
VF =

1

CF
IF �

1

CF
IFR (2.58)

d

dt
VCa1 =

1

Ra2Ca1
VF �

1

Ra2Ca1
VCa1 +

1

Ca1
ILa (2.59)

d

dt
VCa2 =

1

Ca2
ILa (2.60)

d

dt
ILa =

1

La
VF �

1

La
VCa1 �

1

La
VCa2 �

Ra1
La

ILa (2.61)

d

dt
VCb =

1

RbCb
VF �

1

RbCb
VCb +

1

Cb
ILb (2.62)

d

dt
ILb =

1

Lb
VF �

1

Lb
VCb (2.63)

The dynamics of (ZFR) can be written in synchronous dq coordinates rotating at

(!dq) as follows:
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Figure 2.12: O�shore capacitor and �lter bank (ZFR)

d

dt
VFd =

1

CF
IFd �

1

CF
IFRd + !dqVFq (2.64)

d

dt
VFq =

1

CF
IFq �

1

CF
IFRq � !dqVFd (2.65)

d

dt
VCa1d = � 1

Ra2Ca1
VCa1d + !dqVCa1q +

1
Ca1
ILad +

1
Ra2Ca1

VFd (2.66)

d

dt
VCa1q = �!dqVCa1d � 1

Ra2Ca1
VCa1q +

1
Ca1
ILaq +

1
Ra2Ca1

VFq (2.67)

d

dt
VCa2d = !dqVCa2q +

1
Ca2
ILad (2.68)

d

dt
VCa2q = �!dqVCa2d + 1

Ca2
ILaq (2.69)

d

dt
ILad = � 1

La
VCa1d � 1

La
VCa2d � Ra1

La
ILad + !dqILaq +

1
La
VFd (2.70)

d

dt
ILaq = � 1

La
VCa1q � 1

La
VCa2q � !dqILad � Ra1

La
ILaq +

1
La
VFq (2.71)

d

dt
VCbd = � 1

RbCb
VCbd + !dqVCbq +

1
Cb
ILbd +

1
RbCb

VFd (2.72)

d

dt
VCbq = �!dqVCbd � 1

RbCb
VCbq +

1
Cb
ILbq +

1
RbCb

VFq (2.73)
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d

dt
ILbd = � 1

Lb
VCbd + !dqILbq +

1
Lb
VFd (2.74)

d

dt
ILbq = � 1

Lb
VCbq � !dqILbd + 1

Lb
VFq (2.75)

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

(ZFR) is shown in table 2.1.

Table 2.1: Parameters of the o�shore recti�er �lter bank

Component Units Original Value New Value

CF (�F) 3:342 2:856

Ca1 (�F) 6:685 5:714

Ca2 (�F) 74:28 63:49

Ra1 (
) 29:76 34:82

Ra2 (
) 261:87 306:4

La (mH) 136:4 159:6

Cb (�F) 6:685 5:714

Rb (
) 83:32 97:49

Lb (mH) 13:6 15:91

2.4.2 O�shore diode-based recti�er

O�shore recti�er is composed by a 12th-pulse diode-based recti�er as can be seen in

�gure 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 ��, 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 recti�er is conducting,

then, the relationship between the HVdc recti�er dc voltage (VRdc) and the o�shore

grid voltage (VFd) can be de�ned as [2]:

VRdc =
3B
p
6

�
NVFd �

3B

�
!FLTRIRdc (2.76)
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Figure 2.13: O�shore diode recti�er

where, (B) is the number of bridges in series (for 12-pulse diode bridge B = 2),

(N) is the turns ratio of the recti�er transformer, (LTR) is the leakage inductance of

the recti�er transformer, and (VFd) represents line to neutral voltage values in [rms]

and oriented in a synchronous-frame rotating at (!F ). The e�ects of commutation

overlap are included within the term ( 3B� !FLTRIRdc) in equation (2.76) and (!F ) 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 recti�er and inverters are denoted by (VRdc) and (VIdc)

respectively.

On the recti�er side, the resistance of the dc transmission line is represented by (RR)

while (LR) 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, (RI) represents the line resistance and (LI) is the series of the line

inductance and the smoothing reactor. The total capacitance of the dc transmission

line is represented by (CL). The dc currents are represented as (IRdc) and (IIdc) in

the recti�er and inverter side respectively, while (VL) represents the non-measurable

voltage of the line capacitance (CL).

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

written as:

d

dt
IRdc = �

RR
LR
IRdc +

1

LR
VRdc �

1

LR
VL (2.77)

d

dt
IIdc = �

RI
LI
IRdc �

1

LI
VIdc +

1

LI
VL (2.78)

d

dt
VL =

1

CL
IRdc �

1

CL
IIdc (2.79)

2.4.4 Onshore LCC-HVdc inverter

Onshore recti�er is composed of two three-phase thyristor bridges as shown in �gure

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 ��, 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 HVdc inverter dc voltage (VIdc) and the on shore
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Figure 2.15: Onshore HVdc inverter

grid voltage (VIacd) can be de�ned as [2]:

VIdc =
3B
p
6

�
NVIacd cos ()�

3B

�
!ILTI IIdc (2.80)

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, (LTI )

is the leakage inductance of the inverter transformer, and (VIacd) represents line to

neutral voltage values in [rms] and oriented in a synchronous-frame rotating at (!I).

The e�ects of overlap commutation are included within the term ( 3B� !ILTI IIdc) in

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

Nonetheless, assuming an adequate control of the voltage (VIdc) by means of a

minimum- strategy [2], the onshore inverter can be replaced by a variable voltage

dc source [40, 41]. Moreover, if the voltage drop caused by the overlap angle of the

onshore inverter and the leakage inductance of the transformer (TI) is not neglected,

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

This chapter has described the mathematical model of an o�shore wind farm and its

transmission system. The model has been divided in three functional blocks, namely

the wind turbine, the o�shore wind farm and the HVdc link.

The �rst functional block describes the wind turbine according to the latest trends

reported for multi-Megawatts o�shore 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 o�shore wind farm. In this

block the entire set of wind turbines and the o�shore ac-grid are represented according

to three approaches. The �rst approach includes all the wind turbines connected to

the point of common coupling. This representation is called the distributed model of

the o�shore 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 modi�ed

version of the recti�er station and its ancillary services. Firstly, the thyristor-based

recti�er has been replaced by a diode-based recti�er. Then, a transformer without tap

changer has been contemplated for the HVdc recti�er. Lastly, the �lter bank has been

modi�ed to produce the necessary reactive power to compensate the non-controlled
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recti�er 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 o�shore 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 O�shore Wind Farm Control Strategy

3.1 Introduction

The advantages of using a non-controlled HVdc recti�er have been mentioned before.

However, the use of a diode-based recti�er places important restrictions in both, the

control of the HVdc link and the control of the o�shore ac-grid. These imposed

restrictions not only have to be overcome by an adequate control strategy, but also

all the di�erent 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 recti�ers, both in voltage control mode

and current control mode. In addition, a similar response in presence to onshore and

o�shore 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 �rst task will enclose the wind turbine torque and speed

control, the converter dc-link voltage (EDC) 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 o�shore 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 de�ned 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 (EDC) 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 de�ned in more

complex strategies [18, 42, 43].

The proposed strategy will be programmed to operate according to �gures 3.1 to 3.3

, where, the optimal curves in steady state of the wind turbine de�ne 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 coe�cient Cp(�; �) regarding to the wind speed

operational range[14].

Moreover, �gures 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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Figure 3.1: Generator speed steady state operation

Figure 3.2: Blade pitch angle steady state operation
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Figure 3.3: Generator power steady state operation

are de�ned depending on the values of the wind speed, the generator speed and the

delivered power.

The control strategy for non-connected zone is de�ned by an open loop control of the

generator speed, where the blade pitch angle is commanded by the optimal pitch angle

curve de�ned in �gure 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 (!G = !Gmin).

The control strategy for low wind speed zone sets the blade pitch angle to a minimal

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

be de�ned according the optimal nonlinear relationship with respect to the demanded

electric power; i.e. (PGopt = Kopt !
3
G) [44]. This zone is also called quadratic zone

(quadratic regarding to the torque) and the value of (Kopt) can be calculated with

the maximum value of the power coe�cient Cp(�; �). The nonlinear relationship

with reference to electric power will be used later to de�ne the current limits of the

front-end converter connected to the grid side.

The control strategy for the transition zone is de�ned by an open loop control of the

generator speed, where the demanded power will be de�ned according the nonlinear

relationship respecting to the demanded electric power; i.e. (PGopt = Kopt !
3
G) [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 (!G = !Grat) as can be seen in �gure

3.1. The blade pitch angle should remain following the curve de�ned in �gure 3.2, i.e.

� = �min.

The control strategy for the high wind speed zone is de�ned 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. (!G = !Grat). As a

consequence the wind turbine will keep both rated speed and rated power under wind

speed uctuations at high wind.

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

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 (IWd) is used to control the dc-link voltage

(EDC), whereas the synchronous generator torque current (Isq) is used to achieve

an optimum power tracking. However, the dc-link voltage (EDC) can be set to a

reference value by means of an adequate control of the synchronous generator torque

current (Isq) [45]. This approach allows the control of (EDC) without relying on the

o�shore ac-grid. Therefore, in presence of an o�shore 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 ow through the power converter. Additionally,

the adequate control of the (EDC) 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 (CDC) and as a consequence an over voltage in (EDC), i. e. an abrupt

increasing of the voltage at the terminals of the capacitor (CDC). In order to avoid

the (EDC) 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.

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]

o�ers the possibility of tight control of the o�shore 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 o�shore

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 (Q) dynamics during the grid frequency and

voltage regulation. However, an o�shore ac-grid connected to a HVdc system is quite

di�erent than the microgrid considered in [52]. Hence, the analysis must be performed

with di�erent considerations.

Due to the nature of the proposed o�shore ac-grid, the control strategy has to con-

template di�erent modes of operation in order to perform the grid forming capability

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

� Islanded operation - Mode A (recti�er voltage control and inverter voltage con-

trol).

� Connected operation - Mode B (recti�er voltage control and inverter voltage

control).

� Connected operation - Mode C (recti�er current control and inverter voltage

control).

Figure 3.6 shows how the front-end converter could be used to control the o�shore

ac-grid voltage and frequency. The control strategy is applied to the ith-wind turbine

belonging to the wind farm.

3.3.1 Modes of operation

When the HVdc diode recti�er is conducting the relationship between the HVdc

recti�er dc voltage (VRdc) and the grid voltage (VFd) was de�ned 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. IFd =
Pn

i=1 IWdi. Assuming no losses on the o�shore ac-grid,

i.e. IFdmax = IRdmax in steady state; the relationship between IFdmax and IRdmax

can be de�ned as:

IRdcmax =

p
6�VRdc

12NVRdc � 6
p
6!FLTRIFdmax

IFdmax (3.1)

Equations 2.76 and 3.1 de�ne the steady state operation characteristic of the HVdc

recti�er (�gures 3.7 to 3.9). Clearly, this characteristic can be modi�ed by changing

the set point of the o�-shore ac-grid voltage (VFd) and/or by modifying the wind farm

overall active current limit (IFdmax).

The intersection between the HVdc diode recti�er curve and the HVdc inverter curve

will de�ne the HVdc link steady state operating point. Figures 3.7 to 3.9 show the

three possible operating points with regard to the o�shore ac-grid voltage value (VFd).

These �gures depict the HVdc recti�er 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 (IRdc = 0 and VRdc0 < VRdc)

When the wind farm is operating in islanding mode, the o�shore ac-grid dynamics

is well known and dominated mainly by the HVdc recti�er capacitor and �lter bank

(ZFR). However, as the recti�er is not conducting (IRdc = 0), then the recti�er voltage

(VRdc) will be equal to the HVdc inverter voltage (VIdc). Therefore, the expression

de�ned before in equation 2.76 is no longer valid to represent the dynamics of (VRdc).

The solution to overcome the conducting condition is strongly related to the control

of the o�shore ac-grid voltage (VFd). By using equation 2.76 with IRdc = 0, it is

possible to de�ne the relation VRdc0 =
3B
p
6

� NVFd , where (VRdc0) is de�ned by the

o�shore ac-grid voltage (VFd), and moreover its value establishes the non-conducting

condition of the HVdc recti�er as VRdc0 < VRdc (operation mode A). Hence, if the

value of (VRdc0) does not increase su�ciently to overcome the value of (VRdc) 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 o�shore ac-grid voltage; while, the (Q/f)

control strategy will be used to deliver the necessary reactive power to set the o�shore

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

turbine.

Connected operation - Mode B (0 < IRdc < IRdcmax and VRdc0 > VRdc)

In this operational mode, the o�shore ac-grid voltage is large enough to overcome

the conduction condition de�ned before. Once the HVdc link is conducting, the wind

farm will be operating in connected mode and the HVdc diode recti�er will act as a

voltage clamp on the o�shore ac-grid voltage. However, the active current delivered

by the front-end converters has not reached its limit (IFdmax) yet. This fact implies

that the wind turbines can still keep control of the o�shore ac-grid voltage. Therefore,

the proposed strategy for this operational mode will consist of the smooth transition

between the voltage de�ned in the islanded operation mode and the voltage imposed

by the HVdc diode recti�er.
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Figure 3.7: HVdc link steady state operation characteristic (operation mode A)

Figure 3.8 shows the operation of the HVdc link with an intermediate value of (VFd),

IRdc < IRdcmax, and both recti�er and inverter in voltage mode of operation (opera-

tion mode B).

Figure 3.8: HVdc link steady state operation characteristic (operation mode B)
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Connected operation - Mode C (IRdc = IRdcmax and VRdc0 > VRdc)

If the o�shore ac-grid voltage reference (VFd) is increased beyond a certain point

(�gure 3.9), then the current limit of each wind turbine is saturated (operation mode

C). This saturation limit is de�ned 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 o�shore ac-grid voltage magnitude will be determined by the inverter

side dc voltage (VIdc) and the HVdc link current (IRdc) as follows:

VFd =

p
6

36

�

N

�
VIdc +

�
RR +RI +

6

�
LTR!F

�
IRdc

�
(3.2)

Therefore, the o�shore ac-grid voltage will be indirectly controlled by the onshore

inverter. As shown in �gures 3.8 and 3.9, the transition from operation mode B

to operation mode C can be achieved by either rising (VFd) or by decreasing the

front-end converter active current limits (IWdimax), which in turn, determines the

value of (IRdcmax). At this stage, the active current limit on each front-end converter

(IWdimax) can be set to follow the optimal power tracking according to the wind

turbine characteristic [44].

The HVdc recti�er 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 o�shore wind farms

with HVdc Links and diode-based recti�ers. 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 o�shore 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 recti�er. As a consequence, three opera-

tional modes have been de�ned according to the conduction constraints imposed by

the diode recti�er. The �rst mode is the islanded operation; in this mode the recti-

�er is not conducting and the o�shore ac-grid dynamics is dominated mainly by the
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capacitor and �lter bank of the HVdc recti�er. However, in islanded operation the

o�shore 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 o�shore ac-voltage is de�ned according to the wind turbines and the

HVdc diode recti�er. The last operation mode or connected operation mode (C)

occurs when the current passing through the recti�er achieves its maximum value.

In this mode the HVdc diode recti�er acts as a clamp and the o�shore 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 o�shore 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 O�shore Wind Farm

4.1 Introduction

The control of an o�shore 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 o�shore 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 o�shore 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 recti�er is the fact that it can not

contribute to control the o�shore 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.

Figure 4.1: Aggregated model of an o�shore 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 �rst task will be the speed control to prevent the wind turbine from

overspeeding, and the second task will correspond to the (EDC) 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 o�shore

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 de�ned before in section 3.2.1.

Wind turbine speed will be controlled via variations of the pitch angle. However,

according to �gure 3.2, the blade pitch angle (�) must be held almost constant at

(�min) for power below (PGrat), while, the generator speed is set according to the

optimal non linear relationship (PGopt = Kopt !
3
G) [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. �R = �G, thus, !R = !G. The simpli�ed model of the drive-train will be

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

Ta + TG � (DR +DG)
d�R
dt

= (JR + JG)
d2�R
dt2

(4.1)

The mechanical parameters considered for the drive train model are shown in table

4.1.

De�ning a decoupling input UR = Ta + TG , a moment of inertia J = JR + JG and

damping constant as D = DR +DG , the equation 4.1 could be de�ned as:

J
d!R
dt

+D!R = UR (4.2)

It is worth noting that (TG) will be set indirectly by the (EDC) control strategy cov-

ered in the following section, hence, it cannot be used for speed control. Additionally,

as the (EDC) control loop will be su�ciently faster than the wind turbine dynamics,
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Table 4.1: Mechanical parameters

Parameter Units Value

Wind turbine rotor inertia (JR) (kg.m2) 10x106

Generator inertia (JG) (kg.m2) 100x103

Wind turbine rotor damping (DR) (N.m/rad/s) 20

Generator damping (DG) (N.m/rad/s) 100

Shaft sti�ness (k) (N.m/rad) 1:6x109

Parameters exptrapolated from [19]

it is possible to consider (TG) as a constant perturbation. Hence, the decoupling input

(UR) could be de�ned in frequency domain as UR(s) = Ta(s).

According to equation 4.2 , the wind turbine speed (!R) can be controlled to follow

desired speed references with a simple PI Controller. The proposed (!R) control loop

is depicted in �gure 4.2, where the equation 4.2 is used to obtain the following transfer

function:

!R(s) =
1

(Js+D)
Ta(s) (4.3)

Figure 4.2: Wind turbine angular speed (!R) control loop

The parameters of the resulting controller for the �rst order systems have been cal-

culated to accomplish with a settling time less than 5s (ST < 5 s) and a damping

ratio greater than 0.707 (DR > 0:707). The values of the necessary proportional gain

(KP ) and the integral time constant (TI) are shown in table 4.2.

The success of the (!R) control loop will depend on the ability to set the proposed

aerodynamic torque (Ta), according to the PI output references (T
�
a ).

The aforementioned equations 2.1 to 2.5, de�ne (Ta) as the non-linear relationship
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Table 4.2: Wind turbine speed (!R) controller parameters

Parameter Value

KP 16:5139x106

TI 78:7216x10�9s

between the wind speed (Vwind), the wind turbine angular speed (!R), and the blade

pitch angle (�), i.e. Ta = f(Vwind; !R; �). Therefore, in order to obtain an angular

speed at rated values, the value of (Ta) must be set according to the PI controller

output (T �a ). As a consecuense, the blade pitch angle (�) should vary according to

wind speed uctuations (Vwind) 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 de�ne the adequate relationship between the demanded aerodynamic

torque (T �a ) and its corresponding blade pitch angle reference (�
�).

Firstly, the dynamics of (Ta) will be de�ned assuming wind turbine operation within

high wind speeds zone; hence, the wind turbine speed should be set to rated value,

i.e. !R = !Rrat. Then, using a subset of wind speed values, a family of non-linear

equations for the aerodynamic torque will be de�ned. 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, �gure 4.3 shows the family of non-linear expression

for (Ta) with regards to di�erent wind speed values (for this case the values go from

9m= s to 25m= s). Note that rated aerodynamic torque value (Tarat) has been depicted

by a horizontal line, which de�nes the set of the necessary blade pitch angle (�o =

[�1; : : : ; �k]) in order to maintain Ta = Tarat.

Next, by using equations 2.1 to 2.5, a family of linearized expression of (Ta) will be

de�ned. Note that the set of linearization points (po) will be de�ned according to

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

values (�o), when Ta = Tarat. The linearized expression of (Ta) can be de�ned as
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Figure 4.3: Non-linear expression for (Ta) Vs. blade pitch angle (�) for di�erents

wind speed values

follows:

�Ta =
@

@�
(Ta)

����
po

�� (4.4)

where �Ta = Ta � Tarat and �� = � � �o. In addition, the expression @
@� (Ta)

���
po

de�nes, a gain-scheduled parameter also called aerodynamic torque sensitivity in re-

lation to blade pitch angle. Using the equation 4.4, and de�ning K� =
@
@� (Ta)

���
po

as a gain-scheduled parameter which varies according to the set of blade pitch angle

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

Ta(s) = K� �(s) (4.5)

Figure 4.4 shows the values of the expression K� =
@
@� (Ta)

���
po
with regards to the set

of blade pitch angle values (�o).

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 (!R)
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Figure 4.4: Gain-scheduling value (K�) Vs. Set of blade pitch angle (�o)

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

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

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

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

unnecessary functioning of the integral part of the controller.

Figure 4.5: Proposed (!R) control loop
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4.2.2 PMSG current control

The aggregated model of the wind farm was de�ned before by equations 2.24 to

2.35. Particularly, the equations 2.24 and 2.25 de�ne the dynamics of the PMSG

in a synchronous-frame rotating at (!G). However, in order to perform a dynamic

decoupling, two new control inputs namely (Ud) and (Uq) are de�ned in the model as

follows:

Ud =
LGq
LGd

!G IGq +
1

LGd
VGd (4.6)

Uq = �
LGd
LGq

!GIGd +
1

LGq
VGq �

1

LGq
!G�m (4.7)

Therefore, the generator dynamics de�ned by equations 2.24 and 2.25, can be repre-

sented as the following expressions:

dIGd
dt

= � RG
LGd

IGd + Ud (4.8)

dIGq
dt

= � RG
LGq

IGq + Uq (4.9)

By applying the Laplace transform with (Ud) and (Uq) as system inputs and (IGd) and

(IGq) as system outputs, the decoupled transfer functions of the generator dynamics

can be de�ned as follows:

IGd(s) =
1�

s+ RG

LGd

�Ud(s) (4.10)

IGq(s) =
1�

s+ RG

LGq

�Uq(s) (4.11)

As a result, the expression de�ned in equations 4.10 and 4.11 describes two inde-

pendent �rst order systems. Moreover, they can be used to control the (IGd) 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 de�ned in table 4.4. The values have been obtained

64



Figure 4.6: (IGd) and (IGq) current control loops

assuming as constraints a damping ration greater than 0.707 (DR > 0:707) and a

settling time less than 5ms (ST < 5x10�3 s).

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 (RG) (m
) 13:6

Stator leakage inductance (LGd) (mH) 5:09

Stator leakage inductance (LFq) (mH) 6:37

Rotor ux linkage (�m) (Wb) 9:31

Poles of the generator (p) Pairs 80

Parameters extrapolated from [19]

The implementation of the proposed current control loops of (IGd) and (IGq) is shown

in �gure 4.7. Notice that there exists a compensation expression de�ned for each loop.

These terms are decoupling expressions that are used to determinate the required

value of (V �Gd) and (V
�
Gq) while the currents (IGd) and (IGq) follow their references

(I�Gd) and (I
�
Gq).
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Table 4.4: PMSG current controller parameters

Parameter Value

KPd 16:0771

TId 8:086x10�3s

KPq 16:0771

TIq 8:086x10�3s

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 de�ned before by equations 2.26 and 2.27. Neglecting losses in power

conversion, its is possible to de�ne PG = PDC1 according to �gure 2.6 . Hence, the

following equation can de�ne the power balance between the ac-side and the dc-side

of the back-end converter.

�3 (VGdIGd + VGqIGq) = EDCIDC1 (4.12)

Assuming that the �eld current reference is set to zero i.e. I�Gd = 0, it is possible to

de�ne a proportional relationship between the generator torque (TG) and (IGq), i.e.

TG = 3p (�mIGq). Moreover, the equation 4.12 can be written as follows:

�3VGqIGq = EDCIDC1 (4.13)

Substituting the dc-link capacitor dynamic IDC1 = CDC
dEDC

dt + IDC2 (de�ned before

in equation 2.28), equation 4.13 can be de�ned as:

�3VGqIGq = CDCEDC
dEDC
dt

+ EDCIDC2 (4.14)

de�ning the expression
d(E2

DC)
dt = 2EDC

dEDC

dt as a mathematical arti�ce, and replac-

ing in equation 4.14, the following expression can be de�ned:

d
�
E2DC

�
dt

= � 1

CDC
(6VGqIGq + 2EDCIDC2) (4.15)

In order to perform a dynamic decoupling the following expression is de�ned for

(UEDC
):

UEDC
= � 1

CDC
(6VGqIGq + 2EDCIDC2) (4.16)

Therefore, the dynamics of (E2DC) is reduced to the following expression:

d
�
E2DC

�
dt

= UEDC
(4.17)

while its corresponding transfer function can be de�ned as follows:
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E2DC(s) =
1

s
UEDC

(s) (4.18)

The plant to be controlled becomes a simple integrator and (E2DC) can be easily

controlled by a PI control loop.

According to equation 4.16, it is possible to set (E2DC) at the desired values by using

the PMSG current reference (IGq) as follows:

IGq = �
CDC
6VGq

UEDC
� EDCIDC2

3VGq
= �CDC

6VGq

�
UEDC

+
2EDCIDC2
CDC

�
(4.19)

where (UEDC
) is the output of the PI controller used in the (E2DC) control loop.

Additionally, the generator torque current reference (IGq) has been limited, so the

generator never will operate in the motoring region. The proposed (E2DC) control

loop is depicted in �gure 4.8.

Figure 4.8: (E2DC) control loop

In order to perform the (E2DC) regulation, the rated value of EDC correspond to 5.4 kV

and the dc-link capacitance CDC is set to store 115 kJ at rated voltage (i.e. 8000 �F
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for 5 MVA of rated power). Moreover, the values of the (E2DC) 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�3 s). The resulting parameters are shown

in table 4.5

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

Parameter Value

KP 16:0771

TI 8:086x10�3s

4.2.4 Wind turbine control performance

Figure 4.9 shows the performance of the wind turbine speed (!R) and the back-to-

back converter dc-link control against large load variations. Initially, the system is

operated at rated wind and power. At (t = 0:1s), the load is suddenly disconnected.

After disconnection, the PMSG torque current (IGq) is rapidly reduced and the wind

turbine speed (!R) steadily increases. At this point, pitch control will act to bring

the turbine back to rated speed. At (t = 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 (EDC) remains within acceptable limits in spite of

the large load transients applied to the system. Therefore, in the following sections,

a constant dc-link value (EDC) 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 o�shore

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

� The dc-link voltage has been set to a constant value (EDC).

� O�shore ac-line impedance can be negligible compared with wind turbine trans-

former leakage impedance.

� Transformer shunt branches are not considered.

Considering these assumptions, a simpli�ed model of the aggregated wind farm is

shown in �gure 4.10.

Moreover, the ac-grid dynamics can be expressed by using equations 2.32 to 2.35 in

a synchronous-frame oriented on (VF ), i.e. VFq = 0 and !dq = !F . Hence, the wind

turbine grid integration dynamics can be de�ned as follows:

Figure 4.10: Simpli�ed model of the aggregated o�shore wind farm
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d

dt
IFd = �

RTWn

LTWn

IFd + !F IFq +
1

LTW
VWd �

1

LTW
VFd (4.20)

d

dt
IFq = �!F IFd �

RTWn

LTWn

IFq +
1

LTW
VWq (4.21)

d

dt
VFd =

1

CF
IFd �

1

CF
IFRd (4.22)

!FVFd =
1

CF
IFq �

1

CF
IFRq (4.23)

Where all the variables are referred to the secondary side of the transformer (TW) and

(!F ) is the instantaneous frequency of the voltage (VF ). In the following sections, a

cascade control strategy will be de�ned to control the o�shore 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 (IFd) and (IFq) to a reference (I
�
Fd) and (I

�
Fq).

Second, the design of the outer strategy to control the o�shore ac-voltage (VFd) and

the frequency (!F ). The outer loop response should be slower than the inner control

loops, and should provide them with their references (I�Fd) and (I
�
Fq) respectively.

4.3.1 Front-end converter current control

The dynamics of the front-end converter are de�ned by equations 4.20 and 4.21.

However, in order to perform a dynamic decoupling, two new inputs namely (UFd)

and (UFq) will be de�ned as follows:

UFd = LTW !F IFq + VWd � VFd (4.24)

UFq = �LTW !F IFd + VWq (4.25)

Therefore, the (IFd) and (IFq) dynamics becomes in the following expressions:

d

dt
IFd = �

RTWn

LTWn

IFd +
1

LTWn

UFd (4.26)

d

dt
IFq = �

RTWn

LTWn

IFq +
1

LTWn

UFq (4.27)

while, their corresponding transfer functions can be de�ned as follows:
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IFd(s) =

1
LTWn�

s+
RTWn

LTWn

�UFd(s) (4.28)

IFq(s) =

1
LTWn�

s+
RTWn

LTWn

�UFq(s) (4.29)

As a result, the expressions de�ned in equations 4.28 and 4.29 describes two inde-

pendent �rst order systems. Moreover, they can be used to control the (IFd) and

(IFq) 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.

Figure 4.11: Implementation of the (IFd) and (IFq) current control loops

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

resulting parameters of the PI controllers are de�ned 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 < 2x10�3 s).

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

RTWn
(0:005 pu) (m
) 595:125

LTWn
(0:06 pu) (mH) 22:7321

Table 4.7: Front-end (IFd) and (IFq) current controller parameters

Parameter Value

KPccd 33:83

TIccd 3:5476x10�5s

KIccq 33:83

TIccq 3:5476x10�5s

Assuming su�cien fast dynamics in the aforementioned current control loops, the

front-end converter currents will follow their references, i.e. IFd = I
�
Fd and IFq = I

�
Fq.

Therefore, the system dynamic de�ned in equations 4.22 and 4.23 will be reduced to:

d

dt
VFd =

1

CF
I�Fd �

1

CF
IFRd (4.30)

!FVFd =
1

CF
I�Fq �

1

CF
IFRq (4.31)

It is important to remark that these expressions are only valid if the current loops

are signi�cantly faster than the voltage dynamics de�ned in equations 4.30 and 4.31.

Therefore, (I�Fd) can be used to control the o�shore ac-grid voltage (VFd), whereas,

(I�Fq) can be used as a control action for the o�shore grid frequency (!F ). 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 di�cult to obtain,

but, in the case of an o�shore wind farm, the o�shore ac-grid characteristics are

largely determined by the transformer leakage reactance and the capacitance of the

combined �lter and capacitor bank. Hence, the o�shore grid dynamics (dominated

by the capacitor bank CF ) determine the coupling between the active and reactive

power with regards to the o�shore ac-voltage (VFd) and the frequency (!F ).

4.3.2 O�shore 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 o�shore wind farm

will have to be analyzed during islanded operation and connected operation.

During islanding operation mode or operation mode A, the (VFd) value will be set by

the wind farm. But in connected operation mode, the system can function according

to two di�erent modes of operation. On one hand, during connected operation mode

B, the (VFd) value will be set partially by the onshore inverter. However, the wind

farm will continue keeping certain control on the o�shore ac-voltage (VFd). Hence,

the same voltage control loop will keep being valid.

On the other hand, during connected operation mode C, the (VFd) 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 (IRdcmax) e.g. maximum current to ful�ll the

optimal power tracking.

Operation in islanded mode

According to equation 4.30, it is possible to de�ne UVFd =
(IFd�IFRd)

CF
to perform a

dynamic decoupling. Therefore, the dynamics of (VFd) are reduced to the following

expression:

d

dt
VFd = UVFd (4.32)
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the corresponding transfer function can be de�ned as follows:

VFd(s) =
1

s
UVFd(s) (4.33)

The plant to be controlled becomes a simple integrator. Hence, (VFd) can be easily

controlled by a PI control loop.

Figure 4.12 shows the o�shore ac-voltage (VFd) control loop. Notice that while the

value of (IFd) has not been saturated, the voltage PI controller will ensure that

the o�shore ac-voltage follows its reference by using the current control loop shown in

�gure 4.11. Besides, the required remote measurement of (IFRd) can be avoided either

by not using the feedforward term, with the corresponding performance degradation,

or by estimating (IFRd) from local variables.

Figure 4.12: (VFd) 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 de�ned 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 < 50x10�3 s).

Wind farm self-start capability

The aforementioned control in islanded mode presents an additional characteristic to

improve the overall behavior of the o�shore wind farm. If the wind farm is operated
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Table 4.8: Parameters of the (VFd) voltage controller

Parameter Value

KPvc 20:83333

TIvc 583:8x10�6s

in islanded mode, the HVdc diode recti�er would not able to start the o�shore 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 (EDC) to his rated value.

Afterwards, the front-end inverter could start its operation at reduced voltage (VFd)

(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 (VFd)

is slowly increased until it overcomes the conduction condition imposed by the diode

recti�er.

De�nitely, 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 simulations.

Operation in connected mode

Section 3.3.1 has de�ned the operational mode B and the operational mode C to de-

scribe the conducting condition of the HVdc diode recti�er. The conduction condition

is de�ned by equation 2.76 [2] and represents the relationship between the ac and dc

voltages on both sides of the recti�er. Figures 3.8 an 3.9 shows the operational curves

77



of connected operation mode B and connected operation mode C respectively.

As mentioned before, during operation mode B, the (VFd) control loop de�ned 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 o�shore ac-grid voltage (VFd) 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 �gure 4.12 will ensure that (VFd) follows its reference and, hence, the recti�er side

HVdc voltage (VRdc) 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 recti�er must be operated only in voltage control mode. Hence.

the current passing through the diode-based recti�er 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 o�shore 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 e�ciency.

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-

(Voltage control mode), the voltages (VRdc) and (VIdc) will be approximately the same

(neglecting HVdc line voltage drop). Therefore, according to equation 2.76, the diode

recti�er will act as a voltage clamp on (VFd). At this point, the voltage control loop

shown in �gure 4.12 will be saturated and both, the o�shore wind farm and the diode

recti�er, will be operating indirectly in current control mode. Figure 3.9 shows the

saturation limit (IRdcmax) imposed when the value of (VFd) is kept to rated values.

4.3.3 O�shore ac-grid frequency control

O�shore 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 (!F ) according to the (VFd) and (IFRq) values. Figure 4.13 shows the basic fre-

quency control algorithm, based directly on equation 4.31 with some �ltering on (VFd).

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

of (IFRq).

Figure 4.13: Open loop o�shore ac grid frequency control

A possible solution consists on estimating the value of (IFRq) by using local mea-

surements. The (IFRq) estimated has been obtained by using the active and reactive

power delivered by the front-end converter. The expressions used to de�ne (PWn)

and (QWn) are shown in the following equations.

PWn = 3 (VWdIFd + VWqIFq) (4.34)

QWn = 3 (VWdIFq � VWqIFd) (4.35)

Therefore, by using 4.31 and the relations of (PWn) and (QWn), the estimated value

of (IFRq) is represented by (ÎFRq) and it can be de�ned as follows:

ÎFRq =
1

3
PWnVWq�QWnVWd

V 2
Wd+V

2
Wq

� CF!FVFd (4.36)

Substituting 4.36 in 4.31, we have:

I�Fq = CFVFd (!
�
F � !F ) +

1

3
PWnVWq�QWnVWd

V 2
Wd+V

2
Wq

(4.37)

According to equation 4.37 , its corresponding block diagram is shown in �gure 4.14.

The modi�ed 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 CF estimation errors. This is due to the fact that

CF 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

(!F ) and the front-end inverter reactive current (IFq). Therefore, the proportional
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controller in �gure 4.14 could, theoretically, drive (!F ) to its reference instantaneously

(the loop gain having only an inuence on the steady state error). In this case, the

dynamics of the current loop can be no longer neglected and hence the closed loop

(!F ) dynamics are the same as those of the (IFd) loop. Moreover, the �ltered value

of (VFd) introduces additional dynamics in the frequency control loop, although such

e�ects can be easily minimized with adequate �lter design.

Figure 4.14: Modi�ed 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 jIF jmax according to the measured

grid voltage (VFd). Besides, a rate limit of jIF jmax will operate continuously during

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 jIF jmax limitation, the front-end converter currents (IFd) and (IFq) have

to be also limited according to the following relationship:

IFqmax = jIF jmax (4.38)

IFdmax = min

�q
jIF j2max � I2Fq ; IFdopt

�
(4.39)

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

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

First, the expression
q
jIF j2max � I2Fq,which will be obtained from the VDCOL char-

acteristic. Second, the optimal value (IFdopt), 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 (VFd) and (!F ) control

loops. Alternative protection schemes are possible, however, the proposed VDCOL

has been chosen to show that the wind farm together with the diode recti�er can be

operated in a similar way as traditional thyristor based HVdc recti�er.

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 (CDC) is

overcharged producing an overvoltage on the dc-link voltage (EDC). 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 dc-link capacitor (CDC) is connected in order to discharge the capacitor
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when its voltage rises above a certain level.

Figure 4.16: Limitations on the references of (IFd) and (IFq)
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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 o�shore wind farm will have to be de�ned.

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 recti�er, i.e. (IRdc = 0). Hence,

in order to simplify the analysis, the connected operation mode will be the �rst one

to be considered.

4.4.1 Stability analysis in connected operation mode

When o�shore 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 �gure 4.17.

Figure 4.17: O�shore wind farm
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This system has been modeled before in chapter 2 according to a generic synchronous

frame rotating at frequency (!dq). But, by using equations 2.32, 2.33, 2.64 to 2.75,

and placing the rotating frame on (VF ) i.e. (!dq = !F ) and (VFq = 0). It is possible

to de�ne, the dynamics of the system shown in �gure 4.17 as follows:

Dynamics of the front-end converter connected to the PCC

d

dt
IFd =

RTWn

LTWn
IFd + !F IFq +

1
LTW

VWd � 1
LTW

VFd (4.40)

d

dt
IFq = �!F IFd �

RTWn

LTWn
IFq +

1
LTW

VWq (4.41)

Dynamics of the o�shore ac-grid voltage (VFd) and the HVdc �lter bank

d

dt
VFd =

1
CF
IFd � 1

CF
IFRd (4.42)

d

dt
VCa1d = � 1

Ra2Ca1
VCa1d + !FVCa1q +

1
Ca1
ILad +

1
Ra2Ca1

VFd (4.43)

d

dt
VCa1q = �!FVCa1d � 1

Ra2Ca1
VCa1q +

1
Ca1
ILaq (4.44)

d

dt
VCa2d = !FVCa2q +

1
Ca2
ILad (4.45)

d

dt
VCa2q = �!FVCa2d + 1

Ca2
ILaq (4.46)

d

dt
ILad = � 1

La
VCa1d � 1

La
VCa2d � Ra1

La
ILad + !F ILaq +

1
La
VFd (4.47)

d

dt
ILaq = � 1

La
VCa1q � 1

La
VCa2q � !F ILad � Ra1

La
ILaq (4.48)

d

dt
VCbd = � 1

RbCb
VCbd + !FVCbq +

1
Cb
ILbd +

1
RbCb

VFd (4.49)

d

dt
VCbq = �!FVCbd � 1

RbCb
VCbq +

1
Cb
ILbq (4.50)

d

dt
ILbd = � 1

Lb
VCbd + !F ILbq +

1
Lb
VFd (4.51)

d

dt
ILbq = � 1

Lb
VCbq � !F ILbd (4.52)
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Dynamics of the HVdc link

d

dt
IRdc =

h
�RR

LR
� 3BLTR

�LR
!F

i
IRdc +

3NB
p
6

�LR
VFd � 1

LR
VL (4.53)

d

dt
IIdc = �RI

LI
IRdc � 1

LI
VIdc +

1
LI
VL (4.54)

d

dt
VL = 1

CL
IRdc � 1

CL
IIdc (4.55)

Non linear dynamics

Equations 4.42 and 4.54 include the nonlinearity of the o�shore 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- strategy [2]; it is possible to consider the value of (VIdc) as a constant

disturbance. Hence, the linearized expression of equation 4.54 can be written as:

d

dt
IIdc = �RI

LI
IRdc +

1
LI
VL (4.56)

Second, regarding to equation 4.42, it is worth noticing that the nonlinearity is in-

cluded in the (IFRd) value. But, this expression shall be de�ned according to the

dynamics imposed by the HVdc �lter and the HVdc recti�er. Hence, according to

�gure 4.17, the value of (IFRd) can be de�ned by:

IFRd = IZFd + IRacd (4.57)

In order to calculate (IZFd), it is necessary to calculate the current passing through

the HVdc �lter as follows:

IZF = ICa1 + ICb (4.58)

the current of each �lter branch can be de�ned by:

ICa1 = ILa +
VF � VCa1
Ra2

(4.59)

ICb = ILb +
VF � VCb
Rb

(4.60)
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Hence, by using the expressions of (ICa1) and (ICb), it is possible to de�ne (IZF ) as

follows:

IZF = � 1
Ra2
VCa1 + ILa + ILb � 1

Rb
VCb +

Ra2+Rb

Ra2Rb
VF (4.61)

by orienting the synchronous rotating frame on (VF ), the expressions for (IZFd) and

(IZFq) are de�ned by the following equations:

IZFd = � 1
Ra2
VCa1d + ILad � 1

Rb
VCbd + ILbd +

Ra2+Rb

Ra2Rb
VFd (4.62)

IZFq = � 1
Ra2
VCa1q + ILaq � 1

Rb
VCbq + ILbq +

Ra2+Rb

Ra2Rb
VFq (4.63)

Once obtained the expression for (IZFd), the value of (IRacd) can be calculated by

using the power relation on both sides of the diode recti�er. According to �gure 4.17,

the power on the ac-side and the dc-side of the recti�er can be written as:

PRac = 3VFdIRacd (4.64)

PRdc = VRdcIRdc (4.65)

Moreover, the total power delivered to the HVdc link will be a�ected by the losses

caused by the non-controlled diode bridges. Hence, by assuming (KDloss) as the diode

recti�er losses, it is possible to de�ne the following relationship:

PRdc = KDlossPRac (4.66)

Therefore, by using equations 4.57, 4.64, 4.65 and 4.66, the expression for (IFRd) can

be de�ned as:

IFRd = IZFd +
VRdcIRdc
3KDlossVFd

(4.67)

Notice that, the value of (IZFd) was de�ned before by equation 4.62. Hence, the

expression for (IFRd) will be de�ned by:

IFRd = � 1
Ra2
VCa1d + ILad � 1

Rb
VCbd + ILbd +

Ra2+Rb

Ra2Rb
VFd +

VRdcIRdc
3KDlossVFd

(4.68)
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Substituting the (IFRd) expression in equation 4.42 , the dynamics of (VFd) will be

de�ned as:

d

dt
VFd = 1

CF
IFd �

1

CF

�
� 1
Ra2
VCa1d + ILad

�
+ � � � (4.69)

� � � � 1

CF

�
� 1
Rb
VCbdILbd +

Ra2+Rb

Ra2Rb
VFd +

VRdcIRdc
3KDlossVFd

�
rewriting the equation

d

dt
VFd = 1

CF
IFd +

1
CFRa2

VCa1d � 1
CF
ILad + � � � (4.70)

� � �+ 1
CFRb

VCbd � 1
CF
ILbd � Ra2+Rb

CFRa2Rb
VFd � VRdcIRdc

3CFKDlossVFd

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; IRdc; VFd) will be de�ned:

f(VRdc; IRdc; VFd) =
VRdcIRdc

3CFKDlossVFd
(4.71)

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

f(IRdc; VFd) =
B
p
6N

�CFKDloss
IRdc �

B!FLTR
�CFKDloss

I2Rdc
VFd

(4.72)

Notice that, this non-linear expression includes the value of (IRdc); therefore, in is-

landed operation the conducting condition has not been overcome i.e. (IRdc = 0).

Moreover, by using the �rst order terms of the Taylor expansion, it is possible

to linearize the function f(IRdc; VFd) around the rated operation point OPrat =

(IRdc0 ; VFd0). The obtained expression can be written as follows:

�f(�IRdc;�VFd) =
@f

@IRdc

����
OPrat

�IRdc +
@f

@VFd

����
OPrat

�VFd (4.73)

for simplicity the di�erential notation (�) will be omitted. Hence, the linearized

expression of f(IRdc; VFd) can be written as:

f(IRdc; VFd) =
B
p
6NVFd0�2B!FLTRIRdc0
�CFKDlossVFd0

IRdc +
B!FLTRI

2
Rdc0

�CFKDlossV 2
Fd0

VFd (4.74)
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By including f(IRdc; VFd) in equation 4.70, the linearized dynamics of (VFd) can be

written as follows:

d

dt
VFd = 1

CF
IFd +

1
CFRa2

VCa1d � 1
CF
ILad +

1
CFRb

VCbd � 1
CF
ILbd + � � � (4.75)

� � � � B
p
6NVFd0�2B!FLTRIRdc0
�CFKDlossVFd0

IRdc �
�
B!FLTRI

2
Rdc0

�CFKDlossV 2
Fd0

+ Ra2+Rb

CFRa2Rb

�
VFd

Linearized state space model of the o�shore wind farm

The linearized state space model of the o�shore 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 OPrat = (IRdc0 ; VFd0). The resulting state equation of the

linearized system will be denoted in matrix form as follows:

_x = Ax+Bu (4.76)

where, (x) represents the state vector de�ned by:

x = [IFd IFq VFd VCa1d VCa1q VCa2d VCa2q : : :

: : : ILad ILaq VCbd VCbq ILbd ILbq IRdc IIdc VL]
T

(4.77)

(u) is the input vector de�ned by:

u = [VWd VWq]
T

(4.78)

and the state matrix (A) is a 16x16 matrix de�ned by the following elements:

A(1;1) =
RTWn

LTWn
A(1;2) = !F A(1;3) = � 1

LTWn
A(2;1) = �!F A(2;2) = �

RTWn

LTWn

A(3;1) =
1
CF

A(3;3) = � Ra2+Rb

CFRa2Rb
� B!FLTRI

2
Rdc0

�CFKDlossV 2
Fd0

A(3;4) =
1

CFRa2

A(3;8) = � 1
CF

A(3;10) =
1

CFRb
A(3;12) = � 1

CF
A(3;14) = �

B
p
6NVFd0�2B!FLTRIRdc0
�CFKDlossVFd0

A(4;3) =
1

Ra2Ca1
A(4;4) = � 1

Ra2Ca1
A(4;5) = !F A(4;8) =

1
Ca1

A(5;4) = �!F
A(5;5) = � 1

Ra2Ca1
A(5;9) =

1
Ca1

A(6;7) = !F A(6;8) =
1
Ca2

A(7;6) = �!F
A(7;9) =

1
Ca2

A(8;3) =
1
La

A(8;4) = � 1
La

A(8;6) = � 1
La

A(8;8) = �Ra1

La
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A(8;9) = !F A(9;5) = � 1
La

A(9;7) = � 1
La

A(9;8) = �!F A(9;9) = �Ra1

La

A(10;3) =
1

RbCb
A(10;10) = � 1

RbCb
A(10;11) = !F A(10;12) =

1
Cb

A(11;10) = �!F A(11;11) = � 1
RbCb

A(11;13) =
1
Cb

A(12;3) =
1
Lb

A(12;10) = � 1
Lb

A(12;13) = !F A(13;11) = � 1
Lb

A(13;12) = �!F A(14;3) =
3NB

p
6

�LR

A(14;14) = �RR

LR
� 3BLTR

�LR
!F A(14;16) = � 1

LR
A(15;14) = �RI

LI
A(15;16) =

1
LI

A(16;14) =
1
CL

A(16;15) = � 1
CL

and A(i;j) = 0 for any other element not de�ned above.

Last, (B) is the input matrix de�ned by:

B =

24 1
LTW

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 1
LTW

0 0 0 0 0 0 0 0 0 0 0 0 0 0

35T (4.79)

The values of the o�shore 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 o�shore 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 �gure, it is possible to de�ne the

following equations :

_xPI = 1
TI
uPI (4.80)

yPI = xPI +KPuPI (4.81)

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

loop of the currents (IFd) and (IFq).

Inclusion of the (IFd) and (IFq) current controller

Two current loops have been implemented to set the (IFd) and (IFq) values. By

using equations 4.80 and 4.81, the state model of (IFd) and (IFq) PI controller can

be de�ned as a two-input two-output model (TITO) as follows:
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Table 4.9: Values of the o�shore wind farm components

Component Units Value

RTWn
(m
) 595:125

LTWn
(mH) 22:7321

CF (�F) 2:856

Ca1 (�F) 5:714

Ca2 (�F) 63:49

Ra1 (
) 34:82

Ra2 (
) 306:4

La (mH) 159:6

Cb (�F) 5:714

Rb (
) 97:49

Lb (mH) 15:91

LTR (mH) 50

RR (
) 2:50

LR (mH) 0:5968

CL (�F) 26

RI (
) 2:50

LI (mH) 0:5968

Table 4.10: Parameters of the o�shore wind farm

Term Units Value

KDloss - 0:98

B - 2

N - 0:61871

VFd0 (L-Nrms) (V) 193600

IRdc0 (A) 2000

!F (rad/s) 314:159
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Figure 4.18: Generic PI controller (SISO)

24 d
dtxccd

d
dtxccq

35 =

24 1
TIccd

0

0 1
TIccq

3524 uccd

uccq

35 (4.82)

24 y
ccd

yccq

35 =

24 1 0

0 1

3524 xccd

xccq

35+
24 KPccd 0

0 KPccq

3524 uccd

uccq

35 (4.83)

The values of KPccd; KPccq; TIccd and TIccq have been de�ned in table 4.7. Writing

the controller expression in compact form, the following equations are de�ned:

_xcc = Bccucc (4.84)

ycc = Cccxcc +Dccucc (4.85)

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

close the current control loops. By using the o�shore wind farm model, and de�ning

(IFd) and (IFq) as system outputs, the output equation can be written in compact

form as:

y = Cx (4.86)

where, the output vector (y) is de�ned by:

y =
h
IFd IFq

iT
(4.87)

besides, (C) is the output matrix de�ned by:
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C =

24 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

35 (4.88)

and (x) is the state vector de�ned before in equation 4.77.

In order to perform the close loop, the following two new inputs will be de�ned:

uref =

24 I�Fd

I�Fq

35 (4.89)

As mentioned before it is assumed that the onshore inverter is controlled adequately

by a minimum- strategy [2]. Therefore, the value of (VIdc) has been not included as

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

The control law will be de�ned by:

ucc = uref � y (4.90)

ycc = u = Cccxcc +Dccucc (4.91)

therefore

ycc = Cccxcc +Dccuref �Dccy (4.92)

but y = Cx, then

ycc = Cccxcc +Dccuref �DccCx (4.93)

as ycc = u, the new state equation can be de�ned as:

_x = Ax+B [Cccxcc +Dccu
� �DccCx] (4.94)

rewriting the equation

_x = [A�BDccC]x+BCccxcc +BDccu� (4.95)

But, the state equation of the controller is:

92



_xcc = Bccucc (4.96)

as y = Cx and ucc = uref � y, then

_xcc = �BccCx+Bccuref (4.97)

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

following augmented state equation:

24 _x

_xcc

35 =
24 A�BDccC BCcc

�BccC 0

3524 x

xcc

35+
24 BDcc

Bcc

35 [uref ] (4.98)

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

will be denoted in compact form as:

_xcl = Aclxcl +Bclucl (4.99)

Inclusion of the (VFd) voltage controller

A voltage control loop has been implemented to set the value of (VFd). By using

equations 4.80 and 4.81, the state model of the PI controller for the voltage control

loop can be de�ned as:

d
dtxvc = 1

TIvc
uvc (4.100)

yvc = xvc +KPvcuvc (4.101)

The values of KPvc and TIvc have been de�ned in table 4.8. Writing the controller

expression in standard nomenclature, the following equations are de�ned:

_xvc = Bvcuvc (4.102)

yvc = Cvcxvcc +Dvcuvc (4.103)

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 de�ning (VFd) as system
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output. The output equation related to the system can be written in compact form

as:

ycl = Cclxcl (4.104)

where, the output vector (ycl) is de�ned by:

ycl = VFd (4.105)

besides, (Ccl) is the the output matrix de�ned by:

Ccl =
h
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

i
(4.106)

and (xcl) is the state vector de�ned by concatenating the state vector of the system

with the state vector of the current controller.

xcl =
h
x xcc

iT
(4.107)

In order to perform the close loop, the new input (V �Fd) will be de�ned in conjunction

with the following control law:

uvc = V �Fd � ycl (4.108)

ycl = VFd = Cclxcl (4.109)

therefore

yvc = Cvcxvc +DvcV
�
Fd �DvcVFd (4.110)

substituting the value of (VFd) by VFd = Cclxcl

yvc = Cvcxvc +DvcV
�
Fd �DvcCclxcl (4.111)

As the voltage control loop will be closed with the system input (I�Fd), i.e. yvc = I
�
Fd,

the state equation 4.99 shall be rewritten as follows:
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_xcl = Aclxcl +Bcl1I
�
Fd +Bcl2I

�
Fq (4.112)

where, (Bcl1) and (Bcl2) correspond to the �rst and second column of the matrix

(Bcl) respectively. The new state equation will be de�ned as:

_xcl = Aclxcl +Bcl1 (Cvcxvc +DvcV
�
Fd �DvcCclxcl) +Bcl2I�Fq (4.113)

rewriting the equation

_xcl = (Acl �Bcl1DvcCcl)xcl +Bcl1Cvcxvc +Bcl1DvcV �Fd +Bcl2I�Fq (4.114)

But, the state equation of the controller is:

_xvc = Bvcuvc (4.115)

replacing (uvc) by uvc = V
�
Fd � ycl and then (ycl) by ycl = Cclxcl

_xvc = �BvcCclxcl +BvcV �Fd (4.116)

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

following augmented state equation:

24 _xcl

_xvc

35 =
24 Acl �Bcl1DvcCcl Bcl1Cvc

�BvcCcl 0

3524 xcl

xvc

35+
24 Bcl1Dvc Bcl2

Bvc 0

3524 V �Fd

I�Fq

35
(4.117)

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:

_xvl = Avlxvl +Bvluvl (4.118)
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Eigenvalues in connected operation mode

Equations 4.99 and 4.118 include not only the dynamics of the o�shore 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 (Acl) (equa-

tion 4.99). Likewise, in voltage control mode the eigenvalues are calculated with the

state matrix (Avl) (equation 4.118).

Notice that both equations (4.99 and 4.118) represent the linearized model of the

o�shore wind farm assuming constant values of (CF ) and (!F ). But, in practice

these values are subject to small variations of both (CF ) and (!F ). Small changes

in (CF ) can be due to the reactive power compensation and harmonic �lter bank;

whereas, small distortions in frequency (!F ) can be associated to grid transients.

In any case, the main aim is to ensure that the eigenvalues remain stable during

variations of (CF ) and (!F ).

According to equation 4.99, �gure 4.19 shows the eigenvalues plot when (CF ) varies

from 0:856�F to 4:856�F. In addition, the zoom of the region closer to the inestability

area (right-hand plane) is shown in �gure 4.20. Notice that poles of (CF ) are located

relatively far away as shown in �gure 4.19. Hence, according to 4.20 it is possible to

say that the system dynamics are weakly inuenced in presence variations of (CF ).

Similarly, when (!F ) varies from 125:66 rad= s to 628:32 rad= s �gure 4.21 shows the

location plot of the system eigenvalues. The zoom of the more relevant poles of this

�gure can be seen in �gure 4.22. In contrast to �gure 4.20 the damping of the systems

is severely a�ected in presence of large variations of (!F ).
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Figure 4.19: Eigenvalues in current control mode and connected operation with (CF )

varying from 0.856 to 4.856 [�F]
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Figure 4.20: Zoom of the eigenvalues in current control mode and connected operation

with (CF ) varying from 0.856 to 4.856 [�F]
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Figure 4.21: Eigenvalues in current control mode and connected operation with (!F )

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

with (!F ) varying from 125.6 to 628.32 [rad/s]
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As can be seen in �gures 4.19,4.20,4.21 and 4.22, during current control mode it is

possible to de�ne clear trends and bounded zones according to the path de�ned by the

eigenvalues. In addition, when there are variations of (CF ) and (!F ), it is clear that

the system eigenvalues remain in the left-hand plane (stable condition). However,

although �gure 4.22 shows that the system can remain stable, its damping can be

a�ected negatively in presence of (!F ) variations.

Once the voltage control loop is closed, the system is de�ned by equation 4.118. This

equation represents the dynamics of the o�shore wind farm during voltage control

mode. Therefore, the state matrix (Avl) will be used to calculate the eigenvalues for

di�erent values of (CF ) and (!F ). Figure 4.23 shows the eigenvalues plot when (CF )

varies from 0:856�F to 4:856�F. In addition, the zoom of the region closer to the

inestability area (right-hand plane) is shown in �gure 4.24. Notice that according to

this �gure it is possible to see the inuence of the voltage controller over the the poles

of (CF ). But, as in the current control mode, the system dynamics are also weakly

inuenced during variations of (CF ).

Moreover, when (!F ) varies from 125:66 rad= s to 628:32 rad= 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 o�shore ac-voltage is clamped by the

HVdc link voltage. Hence, comparing �gures 4.21 and 4.22 with �gures 4.25 and

4.26 respectively, it is possible to see that the voltage control loop a�ects weakly the

system dynamics.
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Figure 4.23: Eigenvalues in voltage control mode and connected operation with (CF )

varying from 0.856 to 4.856 [�F]
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Figure 4.24: Zoom of the eigenvalues in voltage control mode and connected operation

with (CF ) varying from 0.856 to 4.856 [�F]
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Figure 4.25: Eigenvalues in voltage control mode and connected operation with (!F )

varying from 125.6 to 628.32 [rad/s]
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Figure 4.26: Zoom of the eigenvalues in voltage control mode and connected operation

with (!F ) varying from 125.6 to 628.32 [rad/s]
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4.4.2 Stability analysis in islanded operation mode

As commented before, the stability analysis in islanded operation can be simpli�ed by

using the analysis performed in connected operation mode. In islanded operation it is

possible to assume a non conducting condition in the HVdc recti�er. Therefore, the

current passing through the diodes can be neglected. Figure 4.27 shows the equivalent

circuit assuming that the HVdc recti�er is not conducting.

Figure 4.27: O�shore wind farm in islanded mode

According to �gure 4.27, it is possible to modify the initial equations that have been

used before to model the system in connected operation mode. The modi�cations

are shown in the set of equations 4.119 to 4.131. In these equations, the dynamics of

IRdc, IIdc and VL are not included. Besides, the non linear term
VRdcIRdc
3KDlossVFd

de�ned

for the dynamic equation of (VFd) in connected mode, has been neglected.

106



d

dt
IFd =

RTWn

LTWn
IFd + !F IFq +

1
LTW

VWd � 1
LTW

VFd (4.119)

d

dt
IFq = �!F IFd �

RTWn

LTWn
IFq +

1
LTW

VWq (4.120)

d

dt
VFd = 1

CF
IFd +

1
CFRa2

VCa1d � 1
CF
ILad +

1
CFRb

VCbd � 1
CF
ILbd � Ra2+Rb

CFRa2Rb
VFd

(4.121)

d

dt
VCa1d = � 1

Ra2Ca1
VCa1d + !FVCa1q +

1
Ca1
ILad +

1
Ra2Ca1

VFd (4.122)

d

dt
VCa1q = �!FVCa1d � 1

Ra2Ca1
VCa1q +

1
Ca1
ILaq (4.123)

d

dt
VCa2d = !FVCa2q +

1
Ca2
ILad (4.124)

d

dt
VCa2q = �!FVCa2d + 1

Ca2
ILaq (4.125)

d

dt
ILad = � 1

La
VCa1d � 1

La
VCa2d � Ra1

La
ILad + !F ILaq +

1
La
VFd (4.126)

d

dt
ILaq = � 1

La
VCa1q � 1

La
VCa2q � !F ILad � Ra1

La
ILaq (4.127)

d

dt
VCbd = � 1

RbCb
VCbd + !FVCbq +

1
Cb
ILbd +

1
RbCb

VFd (4.128)

d

dt
VCbq = �!FVCbd � 1

RbCb
VCbq +

1
Cb
ILbq (4.129)

d

dt
ILbd = � 1

Lb
VCbd + !F ILbq +

1
Lb
VFd (4.130)

d

dt
ILbq = � 1

Lb
VCbq � !F ILbd (4.131)

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

_x = Ax+Bu (4.132)

where, (x) represents the state vector de�ned by:

x = [IFd IFq VFd VCa1d VCa1q VCa2d VCa2q ILad ILaq VCbd VCbq ILbd ILbq]
T (4.133)

(u) is the input vector de�ned by:

u = [VWd VWq]
T

(4.134)
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and, (B) is the input matrix de�ned by:

B =

24 1
LTW

0 0 0 0 0 0 0 0 0 0 0 0

0 1
LTW

0 0 0 0 0 0 0 0 0 0 0

35T (4.135)

Notice that this system is completely linear and it represents the same system de�ned

before for connected mode but without the states IRdc, IIdc, VL and the non linear

term VRdcIRdc
3KDlossVFd

. 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 _x = Ax+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 (CF ) and (!F ). During islanded mode of operation, the system works only in

voltage control mode. Therefore, the stability will be de�ned by the eigenvalues of

(Avl) in equation 4.118. Figure 4.28 shows the eigenvalues plot when (CF ) is varied

from 0:856�F to 4:856�F. Besides, �gure 4.29 represents the zoom on the area closer

to the right-hand plane. According to these �gures it is clear that variations of (CF )

only a�ect the location of the poles that have less inuence on the system dynamics.

Moreover, �gure 4.30 shows the eigenvalues plot when (!F ) varies from 125:66 rad= s

to 628:32 rad= s. The zoom on the area closer to the right-hand plane is shown in

�gure 4.31. As in connected mode these variations of (!F ) also a�ect negatively the

system damping. However, in contrast to connected mode, during islanded operation,

the system dynamics have been simpli�ed (the HVdc link has not been included).

Therefore, comparing �gures 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 (CF ) and (!F ) variation.
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Figure 4.28: Eigenvalues in voltage control mode and islanded operation with (CF )

varying from 0.856 to 4.856 [�F]
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Figure 4.29: Zoom of the eigenvalues in voltage control mode and islanded operation

with (CF ) varying from 0.856 to 4.856 [�F]
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Figure 4.30: Eigenvalues in voltage control mode and islanded operation with (!F )

varying from 125.6 to 628.32 [rad/s]
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Figure 4.31: Zoom of the eigenvalues in voltage control mode and islanded operation

with (!F ) varying from 125.6 to 628.32 [rad/s]

112



4.5 Results

The validation of the previously described control strategy has been carried out us-

ing PSCAD
TM

simulations. The parameters of the HVdc link have been obtained

from the CIGRE benchmark model [39], wherein a diode-based recti�er has been

used instead of a thyristor-based recti�er. 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 o�shore ac grid and the HVdc link

Component Parameter Base Value Units

VF 193:6 (kV ) L-N rms

O�shore ac-grid IF 1:745 (kA) L-N rms

!F 50 (Hz)

Rated Power 603:73 (MVA)

Transformer Rated Freq. 50 (Hz)

(TR) VTR1 : VTR2 345=213 (kV ) L-L rms

XLTR 0:18 (pu)

HVdc VRdc 500 (kV )

Link PRdc 1000 (MW )
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4.5.1 O�shore ac-grid and HVdc link start-up operation

Figure 4.32 shows the start-up operation of the o�shore ac-grid. As mentioned before,

the HVdc diode recti�er or, in general, an LCC recti�er cannot start the o�shore 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 (VRdc) 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 �Fd) is ramped-up to 1.1 pu in 1.7 s.

Note that the reactive current of the wind farm increases while the o�shore ac-grid

voltage reaches its rated value. This is due to the fact that the HVdc recti�er is

not yet conducting and, therefore, the reactive power delivered by the capacitor bank

is absorbed by the wind farm. Once (VFd) reaches the value
p
6

36
�
N VRdc (at t = 1.7

s), the HVdc diode recti�er starts conducting and (IFd) and (IRdc) increase to their

rated values. At the same time, (IFq) decreases while the capacitor bank reactive

power compensates the reactive power absorbed by both the leakage reactance of

transformer (TR) and the overlap angle of the HVdc recti�er. Note the reduction of

(IFdmax) when (IFq) increases to keep the allowable output current below its rated

level, as per equation 4.39.

When operating at rated (VFd) voltage, the active power delivered by the wind farm

(PWn) is roughly proportional to wind farm active current (IFd). 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 (VF ) and the ac-side currents of the diode

bridge (IFR).

Figure 4.33 shows a detail of the previously shown start-up transient. When (VFd)

reaches a value of 0.9 pu (at t = 1.7 s), the o�shore recti�er starts conducting and

currents (IFd) and (IRdc) increase. As current (IRdc) increases, the (VRdc) ripple

increases due to the higher harmonic content at higher currents.

When (IFd) reaches its limit (IFdmax) at t = 1.89 s, the voltage control loop in �gure

4.16 saturates and the o�shore grid voltage (VFd) does no longer follow its reference.

Therefore, �gure 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 recti�er starts conducting, the o�shore ac-voltage shows an increased har-

monic content, which causes the frequency and HVdc link voltage ripple in �gure

4.33. When the diode recti�er is not conducting, wind turbine speed (!R) is kept

at its rated value (14.8 rpm) by means of pitch control. Once the HVdc 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 (�) 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 � = 0o, the wind turbine

speeds returns to 14.8 rpm. The wind speed during the transient is 11.48 m/s.

The transients in �gures 4.32 and 4.33 show reliable steady state operation at rated

power. Moreover, before the HVdc diode recti�er 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 �gure 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 (IFq), (VFd) and (QWn) can be appreciated.

These variations are due to the frequency dependant nature of the reactive power of

the capacitor bank, �lters and leakage reactances.
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Figure 4.32: O�shore grid black-start operation
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Figure 4.33: Response to o�shore ac-voltage reference ramp
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Figure 4.34: Response to frequency demand changes at rated power
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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 (IFdmax) in �gure 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 (IFq) increases as (IFd) decreases, since the capacitor bank is overcompensating

the reactive power absorbed by the recti�er transformer leakage reactance. This fact

is consistent with the increased (QWn) absorption shown in the third graph. On

the other hand, the HVdc link and o�shore ac-grid voltages decrease slightly along

with (IFd) due to smaller voltage drop on the HVdc link resistance and recti�er

transformer leakage reactance. It is worth noticing the decreased harmonic content in

the HVdc link voltage (VRdc) at reduced power levels. During the complete transient,

the o�shore 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, �gure 4.35 shows an

excellent behavior of the proposed control system during power reference changes.

Optimal power tracking for di�erent wind conditions is shown in �gure 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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Figure 4.35: Response to changes in wind farm power set-point
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Figure 4.36: Optimal power tracking
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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 (IFd) and (IFq) due to the small (VFd) values caused by

the fault. As a result, the diode bridge stops conducting and the HVdc link (IRdc)

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 o�shore recti�er terminals. The HVdc link natural (unforced) response can be

expressed as:

IRdc = 2e
�R

L t + 1000
p
Cp

8L�CR2
e�

R
2L t sin (!nt) (4.136)

IIdc = 2e
�R

L t + 1000
p
Cp

8L�CR2
e�

R
2L t cos (!nt) (4.137)

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

!n =
1
2

q
8
LC �

R2

L2 (4.138)

Therefore, the maximum recti�er (and inverter) current will be:

ÎRdc w 2 + 1000
p
Cp

8L�CR2
(4.139)

Substituting the R, L, C values used in the CIGRE benchmark yields !n = 57 Hz

and ÎRdcpeak = 4:33 kA = 2:17 pu. These values are consistent with the results shown

in �gure 4.37. Note the peak current is slightly higher in �gure 4.37 (ÎRdc w 2:5 pu) as
the recti�er side dc-voltage does not decrease to zero instantaneously. Clearly, in order

to reduce (ÎRdc), a 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 (IRdc).
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Figure 4.37: Response to a three phase fault at onshore inverter terminals
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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 �gure 4.37 and from equation 4.38, that the

amount of time the recti�er current remains above its rated value is substantially

higher than the one obtained with an o�shore controlled recti�er.

At this stage, it is necessary to check if both (ÎRdc) and (

Z
I2Rdcdt) are within the

operational limits of existing diodes and thyristors. For calculation simplicity, it is

assumed that:

IRdc = IRdc1 +
�
ÎRdc � IRdc1

�
e�

R
2L t (4.140)

Therefore

TZ
0

I2Rdcdt = I
2
Rdc1T +

4LIRdc1(ÎRdc�IRdc1)
R +

L(ÎRdc�IRdc1)
2

R (4.141)

assuming (T ) is large enough for the current to reach a new steady state current

(IRdc1). With T = 0:4 s, ÎRdc = 5 kA and IRdc1 = 0 kA, we have

Z
I2Rdcdt =

5:99x106 A2 s.

Both (ÎRdc) and

Z
I2Rdcdt 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

Z
I2Rdcdt in excess

of 9x106 A2 s.

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 o�shore 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 (VF ) voltages.

During the transient, the proposed control strategy keeps currents (IF ) and (IG)

within safe bounds. Moreover, (EDC) 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 di�erent

from the one shown in �gure 4.37, as the control system is capable of keeping (IRdc)

below 2 pu while reducing it to 0.2 pu in less than 50 ms.

It is worth noticing that (IFq) reaches its limit during the transient. Therefore, the

o�shore 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 (PWn) becomes

negative, implying an in-owing power to the wind turbine converters. The in-owing

power would then create a momentary increase in the wind turbine DC link voltage

(EDC). As the energy absorbed by the wind turbine is small, standard protection

schemes based on dynamic braking are su�cient to keep (EDC) 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 recti�ers.
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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 recti�er ac-breaker

operation

Some of the previously reported o�shore frequency and voltage control strategies

use the HVdc recti�er �ring angle or the HVdc current (IRdc) as control actions

[41]. However, these control actions are no longer available after the recti�er ac-

breaker has tripped. In this situation, control of the o�shore 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 recti�er ac-breaker is opened at t

= 0.1 s and reclosed after 200 ms. When the breaker trips, (IFd) drops to a value

close to zero, and the voltage control loop shown in �gure 4.16 is not longer saturated.

Therefore the o�shore grid voltage is controlled to its 1.1 pu reference. Note the 1.3

pu peak of (VFd) 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 (IFd) reference has not been ramped up, as in the previous cases, giving rise to

the voltage and current oscillations seen in �gure 16 after reconnection.

During the transient, the wind turbine dc-link voltage (EDC) is again kept below

1.1 pu by means of dynamic braking. After the ac-breaker reclosure (EDC) 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 (EDC)

control loop or simply by using a rate limit on (IFd).
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Figure 4.39: Response to operation of the diode recti�er 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 recti�ers. Consequently, the control

strategy of the wind turbine has been divided into three tasks.

The �rst 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 (EDC) 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 dc-link from overvoltages. As the adequate

voltage regulation has been guaranteed, it has been possible to consider constant the

value of the (EDC). 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 o�shore 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 o�shore ac-grid. But, in connected mode of operation the voltage

of the o�shore ac-grid is clamped by the HVdc inverter. Therefore the front-end

converter has been employed to set the power (P and Q) delivered to the o�shore

ac-grid.

In addition, a system stability analysis has been carried out for both connected and is-

landed operation. In this analysis di�erent values of (CF ) and (!F ) have been used to

represent the parametric uncertainty due to both, �lter bank switching and frequency

ickers. As a result, the analysis of the poles location has shown the robustness of
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the controller against variations of (CF ) and (!F ). 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 o�shore wind farm will be imple-

mented. A clustered model of the entire o�shore 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.
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CHAPTER 5

Distributed Control of the O�shore Wind Farm

5.1 Introduction

In the previous chapter the control of the proposed o�shore 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 o�shore 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 o�shore wind farm is represented according to the

cluster model de�ned before in section 2.3.3. Wherein, (n) wind turbines are lumped

in (m) groups in order to de�ne a cluster model equivalent of the o�shore 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 uctuate within a

time frame in seconds, whereas the power dynamics uctuations 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 (EDCj).

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 o�shore wind

farm.

The proposed strategies will be implemented and validated by using PSCAD
TM
.

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.

Figure 5.1: Cluster model of the o�shore wind farm with n-wind turbines
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5.2 Grid Integration of the jth cluster

Starting from the techniques used to control the aggregated model of the o�shore wind

farm, it is possible to de�ne a distributed control for the cluster model of the o�shore

wind farm shown in �gure 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 (EDCj), the o�shore 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 de�ned in Chapter 3 will govern the behavior of the o�shore ac-grid.

Regarding to the above mentioned considerations, the proposed o�shore wind farm

is modelled as a total of �ve clusters of di�erent 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 o�shore wind farm

Cluster No 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 jth 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 �ve

cluster model connected to the grid.
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d

dt
IWdj = �

RTWnj

LTWnj

IWdj + !F IWqj +
1

LTWnj

VWdj �
1

LTWnj

VFd (5.1)

d

dt
IWqj = �!F IWdj �

RTWnj

LTWnj

IWqj +
1

LTWnj

VWqj (5.2)

Wherein, the equations correspond to the jth cluster model, besides all the variables

are referred to the secondary side of the transformer (TWnj) and moreover (!F ) is

the instantaneous frequency of the voltage (VF ).

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 o�shore wind farm. Figure 5.2 shows the stand-alone im-

plementation of the two PI control loops in the jth cluster connected to the o�shore

grid.

Figure 5.2: PI control loops in the jth cluster connected to the o�shore grid

The characteristics of the transformers corresponding to the �ve 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 o�shore 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 < 2x10�3 s).

Table 5.2: Characteristics of the scaled transformers

Parameter Units Value

Transformer (-) TWn1 TWn2 TWn3 TWn4 TWn5

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

RTWn
(0:005 pu) (
) 1:526 1:984 2:976 5:951 59:513

LTWn
(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 (IWdj) and (IWqj)

Parameter Value

KPdj 33:83

TIdj 3:5476x10�5s

KPqj 33:83

TIqj 3:5476x10�5s

Assuming su�ciently fast dynamics in the aforementioned current control loops, the

currents generated by the jth cluster will follow their references, i.e. IWdj = I�Wdj

and IWqj = I
�
Wqj . Therefore, the dynamics of the o�shore ac-voltage (VFd) and the

frequency (!F ) can be expressed as:
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d

dt
VFd =

1

CF

mX
k=1

I�Wdk �
1

CF
IFRd (5.3)

!FVFd =
1

CF

mX
k=1

I�Wqk �
1

CF
IFRq (5.4)

It is important to remark that these expressions are only valid if the current loops

are signi�cantly faster than the voltage dynamics de�ned in equations 5.3 and 5.4.

Therefore, as well as it was de�ned before in Section 4.3.1, the overall active current of

the o�shore wind farm cluster model (
Pm

k=1 I
�
Wdk) can be used to control the o�shore

ac-grid voltage (VFd), whereas the overall reactive current (
Pm

k=1 I
�
Wqk) can control

the frequency (!F ). 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 �lter bank) characteristics are well known, and

their dynamics determine the coupling between (
Pm

k=1 PWnk), (
Pm

k=1QWnk), (VFd)

and (!F ).

5.2.2 Distributed voltage and frequency control

The distributed control of the o�shore 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 de�ne a coe�cient of partic-

ipation of each cluster according to its rated power. This coe�cient of participation

will be de�ned for each cluster as:

KDMj =
Rated power of the jth cluster

Overall power of the o�shore wind farm
wherein

mX
j=1

KDMj = 1 (5.5)

The following sections show how the control de�ned for the aggregated model is mod-

i�ed by including the coe�cients of participation (KDM ) in the voltage and frequency
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control loops.

Distributed control of the o�shore ac-grid voltage

In section 4.3.2 the procedure to calculate the o�shore ac-voltage controller for the

aggregated model has been de�ned. But, the o�shore ac-voltage dynamics is now

de�ned by the equation 5.3 and therefore the currents of each cluster de�ned 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 de�ned in table 4.8. However, the voltage control loop

requires a remote measurement of (IFRd) 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 de�ned 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 coe�cient of participation of each cluster. This can be carried out multiplying

the output of each control loop with remote integrator by the constant (KDM ) 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 jth cluster connected to the o�shore ac-grid.

Notice that, the control schema of the jth 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 recti�er will act as a voltage

clamp on (VFd) and the clusters will be operating in current control mode. There-

fore, the di�erent voltage control loops will be saturated and the jth cluster will
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Figure 5.3: O�shore ac grid voltage control

inject a current (IWdj = IWdjmax) determined by both, the wind turbine optimal

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

IWdjmax = min
�q

jIWnj j2max � I2Wqj ; IWdjopt

�
wherein jIWnj jmax is de�ned by

the VDCOL protection characteristic according to �gure 4.15. Moreover, once the

distributed controller shown in �gure 5.3 is no longer saturated, the o�shore ac-grid

voltage (VFd) will turn back again to be set by the aforementioned voltage control

loop.

Notice that, the required remote measurement of (IFRd) can be avoided either by not

using the feed-forward term, with the corresponding performance degradation, or by

estimating (IFRd) from local variables.

Distributed control of the o�shore ac-grid frequency

As previously mentioned, equation 5.4 implies that the clusters connected to the o�-

shore ac-grid can use their reactive currents to control the o�shore ac-grid frequency.

However, in order to perform the distributed frequency control it is necessary that each

cluster injects a current (I�Wqj) proportional to its rated power, i.e. I
�
Wqj = KDMj

I�Fq.

Wherein, I�Fq =
Pm

k=1 I
�
Wqk, and (KDMj

) de�ned by the equation 5.5 as the coe�cient
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of participation of the jth cluster.

Equation 5.4 is just an algebraic equation that could be used to perform the open

control loop of the o�shore frequency. But in the same manner as with the aggre-

gated model, it can be improved by using an estimated value of (IFRq) to close the

control loop. This estimated value (ÎFRq) 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 jth cluster in order to de�ne the following expression:

ÎFRq =
1

3KDMj

VWqjPWnj � VWdjQWnj

V 2Wdj + V
2
Wqj

� CF!FVFd (5.6)

Using the equation 5.4 and substituting (IFRq) by its estimated value (ÎFRq), the

following relationship can be de�ned:

I�Fq = CFVFd (!
�
F � !F ) +

1

3KDMj

VWqjPWnj � VWdjQWnj

V 2Wdj + V
2
Wqj

(5.7)

This expression correspond to the frequency control loop of the jth cluster connected

to the o�shore grid. Its corresponding block diagram is shown in �gure 5.4.

Figure 5.4: O�shore ac grid frequency control

Note that the frequency control loop corresponds to a simple proportional control

with a feed-forward compensation term. Therefore, the o�shore ac-grid dynamics has

led to a scheme similar to traditional droop control. Additionally, the proportional

contribution to set the frequency is de�ned according to the coe�cient of participation
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Figure 5.5: Cluster model of the o�shore wind farm in connected mode

, i.e. I�Wqj = KDMjI
�
Fq. Moreover, the current injected by the cluster will be also

limited by the VDCOL protection schema de�ned before in section 4.3.4, wherein

IWqjmax = jIWnj jmax.

According to this schema, it is clear that the frequency control system is more robust

to CF estimation errors. This is due to the fact that CF 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 �gure 5.4 are local to each cluster.

5.3 Stability Analysis

The stability analysis of the o�shore 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 o�shore 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 o�shore ac-grid will

have to include all the front-end converters connected to the PCC. Hence, the state

space model of the complete o�shore 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 �ve clusters (m = 5) connected to the

PCC as shown in �gure 5.5. This �gure 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 �gure 5.5, the corresponding linearized state space model of the o�shore

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

Dynamics of the �ve front-end converters connected to the PCC

d

dt
IWd1 = �

R
TW 11

L
TW 11

IWd1 + !F IWq1 +
1

L
TW 11

VWd1 �
1

L
TW 11

VFd (5.8)

d

dt
IWq1 = �!F IWd1 �

R
TW 11

L
TW 11

IWq1 +
1

L
TW 11

VWq1 (5.9)

d

dt
IWd2 = �

R
TW 22

L
TW 22

IWd2 + !F IWq2 +
1

L
TW 22

VWd2 �
1

L
TW 22

VFd (5.10)

d

dt
IWq2 = �!F IWd2 �

R
TW 22

L
TW 22

IWq2 +
1

L
TW 22

VWq2 (5.11)

d

dt
IWd3 = �

R
TW 33

L
TW 33

IWd3 + !F IWq3 +
1

L
TW 33

VWd3 �
1

L
TW 33

VFd (5.12)

d

dt
IWq3 = �!F IWd3 �

R
TW 33

L
TW 33

IWq3 +
1

L
TW 33

VWq3 (5.13)

d

dt
IWd4 = �

R
TW 44

L
TW 44

IWd4 + !F IWq4 +
1

L
TW 44

VWd4 �
1

L
TW 44

VFd (5.14)

d

dt
IWq4 = �!F IWd4 �

R
TW 44

L
TW 44

IWq4 +
1

L
TW 44

VWq4 (5.15)
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d

dt
IWd5 = �

R
TW 55

L
TW 55

IWd5 + !F IWq5 +
1

L
TW 55

VWd5 �
1

L
TW 55

VFd (5.16)

d

dt
IWq5 = �!F IWd5 �

R
TW 55

L
TW 55

IWq5 +
1

L
TW 55

VWq5 (5.17)

Dynamics of the o�shore ac-grid voltage (VFd) and the HVdc �lter bank

d

dt
VFd = 1

CF
IWd1 +

1
CF
IWd2 +

1
CF
IWd3 +

1
CF
IWd4 +

1
CF
IWd5 + � � �

� � �+ 1
CFRa2

VCa1d � 1
CF
ILad +

1
CFRb

VCbd � 1
CF
ILbd + � � � (5.18)

� � � � B
p
6NVFd0�2B!FLTRIRdc0
�CFKDlossVFd0

IRdc �
�
B!FLTRI

2
Rdc0

�CFKDlossV 2
Fd0

+ Ra2+Rb

CFRa2Rb

�
VFd

d

dt
VCa1d = � 1

Ra2Ca1
VCa1d + !FVCa1q +

1
Ca1
ILad +

1
Ra2Ca1

VFd (5.19)

d

dt
VCa1q = �!FVCa1d � 1

Ra2Ca1
VCa1q +

1
Ca1
ILaq (5.20)

d

dt
VCa2d = !FVCa2q +

1
Ca2
ILad (5.21)

d

dt
VCa2q = �!FVCa2d + 1

Ca2
ILaq (5.22)

d

dt
ILad = � 1

La
VCa1d � 1

La
VCa2d � Ra1

La
ILad + !F ILaq +

1
La
VFd (5.23)

d

dt
ILaq = � 1

La
VCa1q � 1

La
VCa2q � !F ILad � Ra1

La
ILaq (5.24)

d

dt
VCbd = � 1

RbCb
VCbd + !FVCbq +

1
Cb
ILbd +

1
RbCb

VFd (5.25)

d

dt
VCbq = �!FVCbd � 1

RbCb
VCbq +

1
Cb
ILbq (5.26)

d

dt
ILbd = � 1

Lb
VCbd + !F ILbq +

1
Lb
VFd (5.27)

d

dt
ILbq = � 1

Lb
VCbq � !F ILbd (5.28)

Dynamics of the HVdc link

d

dt
IRdc =

h
�RR

LR
� 3BLTR

�LR
!F

i
IRdc +

3NB
p
6

�LR
VFd � 1

LR
VL (5.29)

d

dt
IIdc = �RI

LI
IRdc � 1

LI
VIdc +

1
LI
VL (5.30)

d

dt
VL = 1

CL
IRdc � 1

CL
IIdc (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 �gure

5.6, wherein IRdc = 0.

Figure 5.6: Cluster model of the o�shore 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 o�shore 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

�ve clusters connected to the PCC.

Note that the voltage control loop requires a remote measurement of (IFRd) that is

considered as external perturbation during the stability analysis. This is due to the

fact that, during connected operation the value of (IFRd) can be considered similar

to (IRdc); 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 de�ned 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 de�ned 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 (CF ) and (!F ). Figure 5.7 shows path of the eigenvalues

when (CF ) varies from 0:856�F to 4:856�F. 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 �gure 5.8. According to �gure 5.7 and 5.8, it is possible to see

that variations of (CF ) a�ect only to a pair of poles that have weak inuence on the

system dynamics.

Similarly, �gure 5.9 shows path of the eigenvalues when (!F ) varies from 125:66 rad= s

to 628:32 rad= s. Additionally, the zoom of the region closer to the inestability region

is also shown in �gure 5.10. In contrast to �gure 5.8, large variations of (!F ) a�ect

severely the system damping.
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Figure 5.7: Eigenvalues in current control mode and variable (CF ) - Connected op-

eration
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Figure 5.8: Zoom of the eigenvalues in current control mode and variable (CF ) -

Connected operation
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Figure 5.9: Eigenvalues in current control mode and variable (!F ) - Connected oper-

ation
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Figure 5.10: Zoom of the Eigenvalues in current control mode and variable (!F ) -

Connected operation
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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

(CF ) varies from 0:856�F to 4:856�F and the eigenvalues are shown in �gure 5.11.

Notice that the zoom of the region closer to the inestability region is shown in �gure

5.12.

Figure 5.11: Eigenvalues in voltage control mode and variable (CF ) - Connected

operation
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Figure 5.12: Zoom of the eigenvalues in voltage control mode and variable (CF ) -

Connected operation
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Similarly, �gure 5.13 shows path of the eigenvalues when (!F ) is varying from 125:66 rad= s

to 628:32 rad= s. Additionally, the zoom of the region closer to the inestability region

is also shown in �gure 5.14.

Figure 5.13: Eigenvalues in voltage control mode and variable (!F ) - Connected

operation
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Figure 5.14: Zoom of the eigenvalues in voltage control mode and variable (!F ) -

Connected operation

152



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 (CF ) varies from

0:856�F to 4:856�F and its corresponding eigenvalues are shown in �gure 5.15. Notice

that the zoom of the region closer to the inestability region is shown in �gure 5.16.

According to these �gures it is clear that variations of (CF ) only a�ect the location

of the poles that have less inuence on the system dynamics.

Similarly, �gure 5.17 shows path of the eigenvalues when (!F ) is varies from 125:66 rad= s

to 628:32 rad= s. Additionally, the zoom of the region closer to the inestability region

is also shown in �gure 5.18. As can be seen in these �gures, when there are varia-

tions of (CF ) and (!F ), the system remains in stable conditions. Notice that, as in

connected mode these variations of (!F ) a�ect negatively the system damping.

In this operation mode the system dynamics have been simpli�ed (the HVdc link

has not been included). As a consequence, the o�shore ac-grid dynamics start to be

dominated by the capacitor and �lter 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 o�shore ac-grid voltage and frequency.

Moreover, according to �gures 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 (CF ) and (!F ) variation.
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Figure 5.15: Eigenvalues in current control mode and variable (CF ) - Islanded oper-

ation
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Figure 5.16: Zoom of the eigenvalues in current control mode and variable (CF ) -

Islanded operation
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Figure 5.17: Eigenvalues in current control mode and variable (!F ) - Islanded oper-

ation

156



Figure 5.18: Zoom of the eigenvalues in current control mode and variable (!F ) -

Islanded operation
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5.4 Results

The control strategies previously described have been validated using PSCAD
TM

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 di�erent transient conditions (on-shore

faults, generation disconnection, HVdc recti�er 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 recti�er instead of a thyristor

recti�er and modelling the onshore inverter station by the means of a variable voltage

dc-source [41, 40]. The wind farm has been modelled using a total of �ve equivalent

cluster models that in the following will be considered as wind turbines of di�erent

rated power. The rated power of each cluster has been de�ned in table 5.1. Addi-

tionally, the coe�cient of participation was de�ned before by equation 5.5, being the

overall power of the o�shore wind farm also the base power for the whole system, i.e.

SRT = 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 o�shore 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 o�shore grid operating in islanded mode, i.e. the HVdc diode

recti�er 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 o�shore 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 di�erent 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 o�shore 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.

Figure 5.19: Response to load and frequency reference changes during islanded oper-

ation
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Self-start operation (transition between modes A { B { C)

As shown in �gure 5.2, the wind turbine front-end converter current control loops are

oriented on (VFd). Therefore, when the o�shore ac-grid is not operational (VFd = 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

o�shore ac-grid voltage and frequency control loops are enabled and the (VFd) 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 recti�er is not conducting, and the o�shore

ac-grid is e�ectively operated in islanded mode, with a �xed frequency reference and

a variable voltage reference.

Note that the reactive current components (IWqj) are relatively large when the HVdc

diode recti�er is not conducting. Clearly, when the diode recti�er is not conduct-

ing, the capacitor and �lter bank are overcompensating and the wind turbines must

balance the excess of reactive power produced by the capacitor bank.

When (VFd) reaches a value of 0.87 pu (at t = 1:7s), the o� shore recti�er starts

conducting and currents (IWdj) and (IRdc) increase. As current (IRdc) increases,

the (VRdc) ripple increases due to the higher harmonic content at higher currents.

When (IWdj) reaches a value of 1 pu, the voltage control loop in �g. 5.4 saturates

and the o�shore ac-grid voltage (VFd) does no longer follow its reference. Therefore,

�gure 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 (!F ) remains close to 50 Hz during the transient.

The transient in �gure 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 recti�er 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 o�shore grid during start-up.
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Figure 5.20: HVdc link and o�-shore ac grid start-up operation
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Self start operation with power limits in some wind turbines

The connection transient shown in �gure 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 �gure 5.21.

The behavior of the system is exactly the same as the unconstrained case up to 0.16s.

At this point, (IWd1) saturates and stops contributing to the o�shore ac-grid voltage

control. Nevertheless, the rest of the wind turbines would still be keeping (VFd) very

close to its reference. Notice the increase slope on (IWd2) to (IWd5) to compensate

for (IWd1) saturation. At t = 0:24s, all the wind turbines saturate and the system

can no longer track the reference value of (V �Fd).

During the transient there are no constraints on reactive power components (IWqj)

and therefore reactive power is shared amongst all wind turbines. Note that, in

contrast with �gure 5.20, the reactive current components do not reach a zero value

after the transient. This e�ect is caused again by the overcompensation of capacitor

and �lter banks when the HVdc diode recti�er is not operating at full power.

It is worth stressing that, from t = 0:16s to t = 0:24s, some of the wind turbines

are controlling the ac-grid voltage, while some others are saturated due to insu�cient

wind resource. As seen in �gure 5.21, the proposed distributed control algorithm does

handle this situation automatically.
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Figure 5.21: O�shore ac grid voltage ramp-up with power constraints

163



5.4.2 Connected operation

Frequency control

The performance of the frequency control loop is shown in �gure 5.22, while the system

is operating in current control mode at rated power. At t = 0:1s the frequency demand

rises to 52 Hz (1.04 pu) and then is changed back to 50 Hz (at t = 0:3s). Similarly, a

reduction on frequency demand (to 48Hz) is carried out at t = 0:5s. In both cases, the

actual frequency reaches its reference value in around 12ms. The wind turbine active

currents (IWdj) remain constant during the transients. On the other hand (IWqj)

show minor variations, due to the frequency dependant nature of the reactive power

of the capacitor bank, �lters 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 (I�Wdjmax) in �gure 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 �gure 5.23.

It should be pointed out that the wind turbine front-end reactive currents (IWq1

to IWq5) increase as (IWd1) decreases, as the capacitor and �lter bank are again

overcompensating the reactive power absorbed by the recti�er transformer leakage

reactance. On the other hand, the HVdc link and o�shore ac-grid voltages decrease

slightly along with (IWd1) due to smaller voltage drop on the HVdc link resistance

and recti�er transformer leakage reactance. During the whole transient, the frequency

of the o�shore ac-grid follows its reference value.
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Figure 5.22: Response to frequency demand changes at rated power
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Figure 5.23: Response to changes in wind farm power set point
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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 recti�er are functions of the generated power.

Although, as shown in the previous �gures, the wind turbine front-end converters

can compensate for reactive power variations, the capacitor banks would usually be

switched on and o� 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 t = 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 di�erent wind turbines.

During the connection transient, the o�shore ac-grid voltage reaches a maximum

value of 1:1pu. However, during capacitor bank disconnection, the transient is al-

most negligible. This di�erence 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 de�ned before in sections 4.3.2 to 4.3.4, i.e. IWdjmax =

min
�q

jIWnj j2max � I2Wqj ; IWdjopt

�
and IWqjmax = jIWnj jmax. 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 modi�ed during

this transient, showing therefore, good robustness to relatively large sudden changes

of the system overall capacitance.
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Figure 5.24: Response to the switching of a 100MVA capacitor bank
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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 HVdc link

voltage reduces, the o�shore ac-voltage (VFd) will reduce almost proportionally. This

behavior is caused by the HVdc diode recti�er voltage clamp on (VFd). Therefore,

the VDCOL mechanism on each independent cluster will sense the ac-grid voltage

reduction and therefore the active and reactive currents limits (IWdjmax and IWqjmax)

will decrease in each cluster. When all reactive current components (IWqj) reach

their saturation limits, the frequency control loop saturates and the frequency of the

o�shore ac-grid reaches a maximum of 120 Hz during less than 100ms. After 100 ms

(IWqj) are no longer saturated and frequency control is regained. Full power delivery

is resumed as the voltage (VRdc) 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 recti�ers.

Note that the wind turbine active currents (IWd1 to IWd5) are positive during the

complete transient, except from few milliseconds right after the fault (t = 0:1s).

Therefore, during this period of time, active power will ow into the wind turbine

front-end converters. The maximum power owing into the wind turbine front end

converters is 60MW (0.06pu) and the negative power ow lasts for less than 3 mil-

liseconds. Therefore, the overall energy owing 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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Figure 5.25: Response to an 80% voltage sag at onshore inverter terminals
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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 �gure 5.26. At t = 0:1s

wind turbine 4 (100MVA) breaker is opened. After a small transient, lasting less

than 50ms, the o�shore ac-grid voltage and current return to their reference values,

while the HVdc current (IRdc) reects the 10% reduction in generating power. Again,

the remaining wind turbines have to provide the reactive power required to keep the

o�shore 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 �lter

bank.

HVdc recti�er breaker trip and reclosure Figure 5.27 shows the response of

the control system to a sudden trip of the HVdc recti�er ac-breaker and its subse-

quent reclosure. At t = 20ms the HVdc recti�er ac-breaker trips, disconnecting the

recti�er and the transformer banks from the o�shore ac-grid. As a consequence of

the disconnection, the o�shore ac-grid voltage (VFd) is no longer limited by the HVdc

diode recti�er and it increases up to 1.22pu. After approximately 40ms the control

system drives (VFd) to its reference value (1.1pu). Note the decrease of the HVdc

link current (IRdc) 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 recti�er is not conducting.

At t = 70ms the HVdc breaker is reclosed and, after a transient lasting approximately

50ms, normal operation is resumed with rated active power transmission. The o�shore

ac-grid voltage (VFd) is again being determined by the HVdc link inverter. During

the whole transient, both active and reactive currents are adequately shared amongst

all the front-end inverters.
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Figure 5.26: Response to a sudden disconnection of 10% of the wind turbines
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Figure 5.27: Response to a HVdc recti�er ac-breaker trip and reclosure

173



5.5 Summary

This chapter has been focused on the study of a clustered model on an o�shore 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 recti�ers. But, in contrast, this system has included multiple wind turbines

feeding a point of common coupling (PCC).

A clustered model of the o�shore wind farm has been used. In this model all the wind

turbines belonging to the o�shore wind farm have been lumped in a �nite 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 modi�ed.

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 o�shore 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 o�shore ac-grid. But, on the other hand, during connected mode

of operation the voltage of the o�shore 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 o�shore ac-grid.

Similarly to chapter 4, the system stability analysis has been carried out for both

operation modes. During the analysis di�erent values of (CF ) and (!F ) have been

used to represent the parametric uncertainty due to both, �lter bank switching and

frequency ickers. As a result, the analysis of the poles location has shown the
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robustness of the controller against variations of (CF ) and (!F ). 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 6

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 recti�er. 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 o�shore wind energy trends have been analyzed. According to the

last projected o�shore wind farms, a clear trend has been found with respect to the

o�shore wind energy. This trend shows that the next generation of o�shore 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 o�shore 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 o�shore wind farm could be analyzed based on three approaches. The

�rst 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 o�shore 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 o�shore 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 recti�er. Therefore, three operational zones have been de�ned according

to the conduction constraints imposed by the diode recti�er. 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 de�ned for the o�shore wind

farm are: Islanded operation mode, connecting operation mode with recti�er voltage

control and connecting operation mode with recti�er current control.

In chapter 3 the wind turbine control strategy is analyzed with regards to the re-

strictions imposed by the non-controlled recti�er. According to this chapter the main

drawback of using a diode-based HVdc recti�er station corresponds to the fact that

o�shore ac-grid is no longer controlled by the recti�er. 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 o�shore ac-grid voltage

and frequency.

Finally, this chapter also describes the di�erent operation modes that have to be

contemplated. This shows that the system can operate in three di�erent modes de-

pending of the conduction condition of the HVdc diode recti�er. Therefore, three

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

First, in islanded operation mode, the o�shore ac-grid dynamics is well known and

dominated by the HVdc capacitor and �lter bank. But, the diode recti�er is not

conducting in this operation mode. Therefore, the control strategy is focused on

regulating the o�shore ac-grid voltage.

Second, in connecting operation mode with recti�er voltage control, the ac-grid volt-

age overcomes the conduction condition of the diode recti�er. However, the current

passing through the recti�er is not large enough to reach the maximum current limit

de�ned by the recti�er. Therefore, the control strategy is focused on performing a

smooth transition between of the o�shore ac-voltage de�ned by the islanded operation

mode and the voltage imposed by the conduction of the diode based HVdc recti�er.

Third, in connecting operation mode with recti�er current control, the ac-grid voltage

overcomes the conduction condition of the diode recti�er. In addition, the current

passing through the recti�er reaches the maximum value de�ned by the recti�er.

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 o�shore

wind farms as power plants with unidirectional power ow. Therefore, the HVdc links

with diode based recti�er are introduced as a feasible alternative to the traditional

thyristor-based recti�er. 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:

O�shore ac-grid Self-Start Capability

During islanded operation mode, the HVdc diode recti�er is not able to start the

o�shore ac-grid by itself. However, it has been shown that the o�shore 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 ful�ls 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 recti�er focusing either, on setting the voltage or on setting the current at the

dc-terminals of the HVdc recti�er. 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

recti�ers. Moreover, by using this protection strategy the control system reacts ade-

quately to substantial generation disconnection, capacitor bank switching and HVdc

recti�er ac-breaker tripping and reclosure.

The aforementioned contributions have been validated by means of simulations con-

sidering both aggregated and clustered models of the o�shore wind farm.

6.2 Future Works

As mentioned before, this dissertation has been based mainly on the control of the

o�shore wind farm. Nonetheless, once proved the technical feasibility of the HVdc

diode recti�er, the following aspects have been proposed in order to be assessed in

future projects.

� The optimization of the power system dynamics. According to the pro-

posed systems the STATCOM has been eliminated, and both �lter 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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� A more broad research to perform a complete structural analysis of

the wind turbines. By means of this analysis will be possible to de�ne a

control design procedure that consider not only the power dynamics, but also

the ultimate and fatigue loading of the wind turbines components.

� A detailed economical feasibility based on the cost of energy. According

to this analysis the savings obtained by using diode bridges (e�ciency, 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.

� A robust control strategy for the o�shore ac-frequency (!F ). Clearly,

whereas changes on (CF ) have little e�ects on the position of the closed loop

eigenvalues; changes on (!F ) 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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