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Abstract

Offshore wind energy is currently characterized by the highscassociated with
installation and maintenance. To a large extend these aostdown to the way in
which energy in the wind is converted to electricity. A windline rotor converts
power in the wind to rotating kinetic energy in the form ofgae and rotation speed.
Practically every turbine placedfshore so far contains a gearbox which lowers the
torque and increases the rotation speed. The gearbox idecbigpa generator. In
order to feed the electricity into the grid the voltage arefrency are regulated
using power electronics.

Gearboxes in particular have been singled out as a key softitice high mainte-
nance costs offeshore wind farms. For a given wind speed the rotor torquesses
cubically with the diameter of the swept area. As the maxinsiza of dfshore wind
turbines continues to increase, mass reduction and riljadie of growing impor-
tance for the system’s economy.

In any industry where robust machinery is required to hatatlge torques, the
hydraulic drive systems are applied. It is therefore alntlestobvious solution for
wind turbines. The functionality is explained as followssikf a hydraulic pump, the
torque and speed of the rotor are transformed to pressuriéahflow. A hydraulic
motor converts the pressure and flow back into torque andiontapeed. Although
the solution is not new, it has renewed potential thanks teld@ments in hydraulic
machinery.

The research presented in this thesis is centered aroungiéstions of whether
and how the application of fluid power technology is feasidmean alternative to
current (gearbox and generator) and upcoming (permanegrehdirect drive gen-
erators) drive train technologies foffshore wind turbines.

The approach is to define several possible configuratiorsedfuid power trans-
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mission system. From these, a concept for centralizedradiégtproduction within
an dfshore wind farm is subjected to further analysis. Througleaech, modeling
and experiments, the feasibility of this concept is analyZ@ue to its wide use in
relevant literature, the NREL 5SMW fhore Baseline turbine is selected as reference
technology. In the conceptual and preliminary designs dsaseghe majority of the
computational models, the properties of the rotor of thisnence turbine are used.
The modularity of hydraulic components gives rise to manyonys for the archi-
tecture of a power transmission system féfisbore wind turbines. Three configura-
tions presented in this thesis are:

1. The nacelle solution, where the entire fluid power trassion system is lo-
cated in the nacelle.

2. The tower-base solution, with a pump in the nacelle andbir and genera-
tor located at the foot of the turbine tower.

3. The hydraulic wind farm solution, where the idea is to esypeawater as
power transmission medium and use one hydro-power-likerggor station to
convert the pressurized flow from multiple turbines intacHieity.

The most unique of these configurations is number 3, the #t&hore Turbine
(DOT) concept. This concept for centralized electricitypguction within an -
shore wind farm is selected for further analysis througleaesh, modeling and ex-
periments.

The main challenge in coupling a hydraulic drive train to advturbine rotor
is matching the speed and torque ranges of the aerodynatoicaied the pump to
whichitis coupled. The modeling of hydraulic pumps, moteedves and piping is to
a large extend based on empirical relations. The power padioce of a wind turbine
rotor is essentially a function of the tip speed ratiand the pitch anglé of the wind
turbine blades. In particular the presence of the turbinet@nd the stochastic nature
of wind introduce noise in the torque it produces. A fluid powiecuit, such as may
be applied in the transmission of a wind turbine, essegtiEdhaves as a second order
system. To be able to describe a system in this way is berldéicithe simplicity of
the analysis of its dynamic behavior. The amount and the cessjbility of the fluid
in the system have a significant influence on thérstss of the transmission system
and hence pressure transients. On the other hand, the rats moment of inertia
has an important influence in the time response of pressuteaational speed,
leading to a slower but smoother response of the system. Exp@riments with a
1MW-class single circuit oil-hydraulic transmission gystfor wind turbines, it was
observed that high and low frequent variations in the topied to the drive train
are quickly damped, leading to a smoothened electrical powput. Apart from



mapping the dynamic response characteristics, the maasuots were also used to
validate simulation models of the test bench.

It was found that in theory it is possible to configure the flpdver transmission
system in such a way that no form of active control is requftedhe drive train.
Experiments with a 600W setup in a wind tunnel showed thatptssive torque
control solution works as expected. This control methoddrasmous potential for
the DOT wind farm. It significantly simplifies the design amdjulation of the wind
turbine drive train without sacrificing the aerodynamicfpanance of the rotor.

On the basis of the afore mentioned research and experirmagmidiminary de-
sign of the DOT transmission system is defined. This systera ftom the shaft of
the NREL rotor to the hydro turbine at the generator statibhe estimated DOT
nacelle mass is approximately one third of the nacelle megweaeference turbine.
The nominal power output is limited due to the design coirgtfar the maximum
speed of the blade tip and the optimal tip speed ratio. Usingeaties derived from
current state-of-the-artithe-shelf components, the transmissifficeency from ro-
tor to hydro turbine is calculated to be around 80%. The maince of dficiency
loss is the seawater pump. The relatively large bulk modofisgawater makes that
the stifness of the simulated response of the system to dynamic waut$lon the ro-
tor is still satisfactory for a seawater pipeline more th@krt long. The phenomenon
of pipeline flow dynamics requires further research.

To make dfshore wind a competitive source of electricity requiresertban in-
crementally improving and scaling-up onshore turbineg DT concept for power
transmission is technically feasible. Pumps suitable fieaod coupling to multi-MW
wind turbines rotors do not exist at the time of this writinQurrent developments
in the fluid power industry suggest that such pumps will be mamtially available
within the next few years. The design as presented in thisigheill significantly
reduce the complexity offtshore wind energy technology. With currently available
off-the-shelf components, it is possible to construct a DOVedriain prototype with
up to around 1MW of nhominal power output. A way to further pedlre functionality
and demonstrate the possible use of such a drive train is itdifmyand testing it,
preferably in a real turbine fishore.
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Samenvatting

Offshore windenergie wordt momenteel gekenmerkt door de hagtek voor
installatie en onderhoud. Veel van deze kosten zijn te idettenaar de manier
waarop de energie in de wind wordt omgezet naar elektriclbe rotor van een wind
turbine zet het vermogen in de wind om in roterende kinetésstergie in de vorm van
een draaimoment (koppel) en de rotatie snelheid. In vrijedére op zee geplaatste
turbine zit een tandwielkast die het koppel verlaagt en betental verhoogt. Dit
component in het bijzonder wordt geassocieerd met hogerbaddskosten. De
tandwielkast is gekoppeld aan een generator. Om de opgewskbm aan het net
te kunnen voeden moeten de spanning en de frequentie gévegrelen door diverse
vermogenselektronica. Voor een gegeven windsnelheid neendraaimoment van
de rotor kubisch toe met de diameter van het bestreken ojpgerv

De maximale grootte van fishore windturbines blijft almaar toenemen.
Massavermindering en betrouwbaarheid worden hierdoooénémende mate van
economisch belang.

In iedere industrie waar robuuste machines nodig zijn ontegilcaaimomenten
over te brengen wordt met hydrauliek gewerkt. Het is dan @oikddjna voor-de-hand
liggende uitkomst voor windturbines. Het functionele pipe is als volgt. Een
hydraulische pomp, gekoppeld aan de rotor, zet het draagnbem de draaisnelheid
om in druk en de stroming van vloeistof. Een hydraulischeanpét deze stroming
en druk weer terug om in koppel en draaisnelheid. Hoewel dg#tessing niet
nieuw is, heeft hij hernieuwde potentie gekregen dankzijele ontwikkelingen van
hydraulische aandrijfcomponenten.

Het onderzoek dat in dit proefschrift wordt gepresenteeedtgover de
vraag of en hoe de toepassing van hydraulische technologabdar is
als alternatief voor huidige (tandwielkast & direct aangedn generatoren)
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overbrengingstechnologieén iffishore windturbines.

De modulariteit van hydraulische componenten leidt totevelogelijkheden
voor de architectuur van het systeem voor de vermogensaragimg. In dit
proefschrift zijn drie configuraties voor hydraulischengmissie in eshore wind
turbines gedefinieerd:

1. Het gehele transmissiesysteem is in de gondel ondeiggbra

2. Er is enkel een pomp in de gondel. De motor en de generavardsn zich
aan de voet van de turbinetoren.

3. Dit is een uitbreiding van configuratie 2. De motor aan detwan de
toren is gekoppeld aan een tweede circuit, waarin zeewatedtvgebruikt
als hydraulische vloeistof. Er is slechts één generatorr voeerdere
turbines. In een soort waterkrachtcentrale worden de irgkmia hoge druk
vloeistofstromen omgezet naar elektriciteit door enkedéanturbines.

De meest unieke van deze configuraties is nummer 3, betermtiells het
Delft Offshore Turbine (DOT) concept. Dit concept voor gecentrafide
elektriciteitsproductie in eenfishore windpark is geselecteerd voor verdere analyse
middels onderzoek, modellering en experimenten. Vanwegeume gebruik ervan
in relevante literatuur, wordt de NREL 5MWfI3hore Baseline turbine gebruikt als
referentietechnologie.

De belangrijkste uitdaging in het ontwerpen van een hydselu aandrijftrein
voor een windturbine is het afstemmen van de karakteristiefoor het toerental en
draaimoment van de aerodynamische rotor en de pomp waai@as gekoppeld.
Het modelleren van hydraulische pompen, motoren, kleppdeidingen is in grote
mate gebaseerd op empirische relaties. De vermogendgesia de rotor van
een windturbine is voornamelijk een functie van de tipseigliverhouding en de
standhoek van de windturbine bladen. In het bijzonder devaaigheid van de
turbinetoren en de stochastische aard van wind leideni®irtiet draaimoment van
de rotor. Een hydraulisch circuit, zoals kan worden toegkjpade transmissie van
een windturbine gedraagt zich in wezen als een tweede ostieesy. Het beschrijven
van een systeem op deze manier is gunstig voor de eenvoucevamati/se van het
dynamisch gedrag. De hoeveelheid en de samendrukbaadreitbwloeistof in het
hydraulisch systeem heeft een aanzienlijke invloed opiffleeitl van de transmissie.
Anderzijds heeft het massatraagheidsmoment van de rotob&angrijke invioed
op de respons van druk en rotatiesnelheid. Uit experimemtgtreen 1 MW-klasse
olie-hydraulische overbrenging voor windturbines is vg@@omen dat hoog en laag
frequente variaties in het draaimoment op de aandrijvieggadempt worden. Naast
het in kaart brengen van dynamische responskaraktegstielin de metingen ook
gebruikt om simulatiemodellen te valideren.



Vi

In theorie is het mogelijk om het hydraulische overbrengsysteem zodanig te
configureren dat geen enkele vorm van actieve regelingsteseiUit experimenten
met een 600W opstelling in een windtunnel is gebleken dae gessieve vorm
van regeling werkt zoals verwacht. Deze regelmethode bieeltpotentie voor het
DOT windparkconcept. Het ontwerp en de regulering van del@aing worden er
aanzienlijk mee vereenvoudigd zonder dat de aerodynamjzastatie van de rotor
vermindert.

Op basis van het genoemde onderzoek en experimenten is eeontwerp
van het DOT transmissiesysteem gedefinieerd. De grenzemivamtwerp zijn
enerzijds de as van de rotor en anderzijds de waterturbim&egagenerator station.
De geschatte massa van de DOT gondel is ongeveer een derdgevgandel
massa van de referentieturbine. Het nominale vermogentvimperkt door de
maximaal toelaatbare snelheid van de uiteindes van de rbladede optimale
tipsnelheidsverhouding. Met behulp van eigenschapperijdiafgeleid van de meest
geavanceerde huidig verkrijgbare componenten, is heeraradt van de transmissie
tussen rotor en waterturbine berekend op ongeveer 80%. Badrgkste bron van
rendementsverlies is de zeewaterpomp. Uit simulaties ymetrdische windbelasting
blijkt dat de relatief hoge stijfheid van zeewater ervoaigtalat een zeewaterpijplijn
meer dan 10km lang haalbaar is. De dynamiek van de stromidg mydraulische
leidingen vereist verder onderzoek.

Om ofshore wind een concurrerende bron van elektriciteit te maker meer
nodig dan het stapsgewijs verbeteren en opschalen van delwdiines die op land
staan. Het DOT concept voor de energieoverbrengingfshore windturbines en
parken is technisch haalbaar. Hoge druk pompen die gesafiktoor directe kop-
peling met multi-MW windturbinerotoren bestaan niet tgédetivan dit schrijven. De
huidige ontwikkelingen in de hydraulische industrie suggen dat dergelijke pom-
pen in de komende jaren op de markt komen. Het ontwerp vanraipéng zoals
het is gepresenteerd in dit proefschrift zal leiden tot esmeeenlijke vermindering
van de complexiteit van defshore windenergietechnologie. Met de huidig beschik-
bare componenten is het mogelijk om een prototype te bouwande DOT aan-
drijving met een nominaal vermogen van ongeveer 1 MW. Eenienam van een
dergelijke aandrijftrein de functionaliteit verder te bgen en de mogelijke bruik-
baarheid te tonen is middels bouwen en testen, bij voorkeegn echte windturbine,
offshore.
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Introduction

1.1 Motivation

1.1.1 Background: Challenges of Exploiting Wind Afshore

As a source of renewable energytahore wind has enormous potential. Its utiliza-
tion is not yet cost #ective without subsidies. The engineering challenge isn fi
technical solutions which are compatible with free marlairomics: i.e. making
offshore wind an economically competitive source of energy.

The dfshore environment is notoriously harsh, in particular fay abject at or
just above the sea surface. Afishore wind turbine should sustain the continuous
attack by forces from wind and waves, corrosion, erosiolayrsadiation and marine
growth throughout its design lifetime.

Currently installed fishore wind turbines are enormously complex machines.
Each consists of a multitude of subsystems. The shear nuofiledectric and me-
chanical components results in a need for frequent maintenand contributes to
high cost of operation and maintenance (O&M). Other poifitsomcern in modern
wind turbine technology are the use of vast amounts of coppdrthe amount of
software and switch gear required to run all systems.

With increasing competition forftshore sites to place wind turbines, there is a
gradual move to more remote and deeper locations. Masabilélf and complexity
will therefore have an even bigger impact on the wind farrmeooics.

In 2008 DUWIND, the Delft University wind energy researcktitute, launched
the Delft Ofshore Turbine (DOT) project. The goal of the project is to fiachnical
solutions which will make fishore wind energy an cost-competitive source of energy
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without subsidies. The approach is to re-evaluate the wayhith wind energy
offshore is converted to electricity onshore. The projectfindey research line is
the re-assessment of the power conversion and transmigsibnology applied in
offshore wind turbines.

1.1.2 Wind Turbine Power Conversion and Transmission Tech-
nology

Primary Function

The primary function of a wind turbine is to convert powerrfr¢he flow of air into
electricity. Air has a relatively low density, hence a rifally large aerodynamic
rotor is required to extract energy. The rotational speeti®fotor is limited by the
airspeed experienced by the blade tips. A typical limit fog blade tip speed (in-
plane) is 80ns, though the move to higher design tip-speeds is being ated{l].
The great length of the blade thus means that large windtemoitors are designed to
convert the kinetic power in the wind to mechanical powehiaform of high torque
and low rotation speed.

State of the Art

So far, two techniques have been commercially applied toadmigh torque, low
speed mechanical power into electricity.

1. The drive train of each wind turbine installeffshore so far has a mechanical
gearbox coupled to a high speed generator. Wind (and wasds lare highly
dynamic and stochastic. Vibrations and asymmetric loalang caused com-
ponents, which have been designed to last 20 years, to boek o soon,
sometimes after only one year [2,/3] 4, 5]. Gearboxes inqdsti have been
singled out as a key source of the high O&M costs d$laore wind farms.

2. Direct drive technology, wherein the rotor is directlyupted to a low speegd
high torque generator, reduces the number of mechanicad thain compo-
nents. Drive technology using electromagnets, as comnsa@y onshore (En-
ercon), is considered too bulky to instaftghore. New direct drive technology
using permanent magnets (Siemens, Alstom) is more compé#cequires the
use of expensive rare earths, which is widely considereshagatainable.

The conventional model for wind turbines both onshore afishore is to install
a generator in the nacelle. Supplying each turbine withvts generator, frequency
converter and voltage transformer has several disadvesitag
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¢ |t demands large amounts of copper, making wind farms expens
e The nacelle is heavy and thus requires a strong supportisteuc

e Continuous #icient conversion from kinetic to electric energy requiresnym
high-tech and intelligent control systems.

There Must Be a Better Way

The power transmission system of a wind turbirEsloore should be safe, simple,
robust, reliable and energyteient. It should not break down due to software prob-
lems. It should be easy to install. It should be easy to maint®ffshore wind
turbines should not require a lot of attention, yet produt af power.

1.1.3 The Proposed ldea: Fluid Power Transmission

In industries such as mining, building, demolition, agltiete and shipping, fluid
power technology is a well-established solution for ogeretinvolving high torques.
The option to use oil hydraulics for the conversion to lowgtoe high speed in wind
turbines was first tested in the early 19805 [6]. Lofficéency at partial load and
the lack of required components rendered the applicatisnesessful. Recently, hy-
draulic transmission has been given a second chance. Theingabf the industry
has led to fluid power technology having the reputation ohgeieliable and ro-
bust. Other reasons are the high torque to weight ratio (esinpss), the option
for variable transmission and improvements in enefjgiency due to precision en-
gineering. As the size of wind turbines continues to inceeasass reduction and
reliability have become of paramount importance to theesy& economy. Several
parties around the world are now developing fluid power dtmains for wind tur-
bines. The lack of suitable multi-MW drives has led thesdipsito develop their
own hydraulic drive systems.

The modular nature of hydraulic equipment makes it posslaanipulate the
architecture of a transmission system. For instance, ibssible to place the entire
hydraulic circuitin the nacelle or only a pump. Itis also gibte to have high pressure
flows from several sources come together and be converteckiattricity by one
generator. This presents an interesting option forfeshore wind farm. The distance
between the turbines means using vast amounts of hydraliioat the question. So
what about just using seawater as hydraulic fluid? Despiteesseemingly obvious
objections, such the corrosive and non-lubricating natdreeawater, this form of
power transmission has several benefits.
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1.2 Research Objective

The central theme of this dissertation is the applicatiofiuddl power technology as
an alternative to current drive train technologies ffslbore wind turbines. What we
essentially want to know is whether fluid power is a feasilileraative to what is
used currently (geared transmission) and in the near fiftlirect drive permanent
magnet generators). The main research question of thiss tiseékerefore:

How can fluid power transmission be applied for larggsbore wind
turbine drive trains?

1.3 Approach and Structure

In figure[1.1, an overview is given of the structure and esakeapproach to answer
the main research question and the key questions.

To motivate the application of fluid power transmission ifishore wind tur-
bines, the approach in chaplér 2 is to investigate the kistod state-of-the-art of
fluid power technology. In chaptéi 3 an analysis is made oérsd\possible fluid
power drive train configurations. The one which is selecteddrther development
is known as the Delft @shore Turbine (DOT) concept. The DOT concept is to have
centralized electricity production using high pressuranseter hydraulics between
each turbine and the generator station. To work out the ginakdesign requires
knowledge of the modeling of the power performance of bothdaturbine rotors
and fluid power circuits. The necessary equations for diioensy hydraulic power
transmission system and matching it to an aerodynamic aveogiven in chaptér 4.
In chaptefd, the dynamic interaction between the aerodimaror and a simplified
fluid power drive train is analyzed. The results are obtatheough:

1. a co-simulation between a self-derived model of the hyldralrive train and
commercial software for the rest of the wind turbine.

2. experiments with a 1MW fluid power drive train on a test benc

In chaptei 6 a novel control method for fluid power drive teaand its validation
through experiments are described. The assembled knog/tefdbe previous chap-
ters is combined in chapter 7 to yield the preliminary desifjthe DOT fluid power

transmission system, coupled to the aerodynamic rotor &i\&/Seference turbine.
The overall conclusion of the presented work and recomntendafor further re-

search are given in chapiér 8.
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Main Research Question

How can fluid power drive
trains be applied in large
offshore wind turbines?

Key question / objective Approach Chapter
Why use fluid power technology for Show that fluid power transmission is g
| the drive train of an offshore wind p-| 2 feasible option for offshore wind » £ 2
( turbine? “ | turbines and argue its potential ] %’
: benefits and weaknesses 8
Derive a fluid power drive train _
How can a fluid power drive train for concept fpr fur?hel.’ development: 5 =
\ > . : .| - Set design criteria . a2
r— an offshore wind turbine be . t | . - 9 | 3
configured? - Create conceptual de5|g.ns - e g
: - Select one concept and identify its 8
main components
How are the rotor and drive train - Model steady-state and dynamic c
dimensioned and modeled? behavior of fluid power transmission ®2
/—<— g = - Identify key parameters for ol 22 14
How are rotor and hydraulic drive matching rotor and fluid power 8 £
train envelopes matched? transmission system @
- Model rotor and drive train power
. . transmission dynamics o 8w
N g E::; Sgtzvsh?:;zg?;;r;ﬂ ?;“ée::r';c | - Conduct experiments with a 1MW . E s 21 5
wind loads? ) 4 "~ | hydrostatic drive train to prove s § [
‘ functionality & validate computer Ox <
modeling
Analytical derivation and
. experimental validation of method for °38
— ;'r(i’\xltsrat?: Js:ﬁgﬁ;gff the rotor and | passive torque control for variable > ‘g’ £|6
: speed turbines using fluid power o=
transmission
- Make preliminary design of a multi-
MW fluid power transmission system -
\ 3 Create a preliminary design and .| - Simulate response to stochastic & — 2 7
model its behavior | dynamic wind loads o g
- Calculate transmission efficiency
- Identify limits of the design

Figure 1.1: Flow chart of the structure of this thesis
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Fluid Power Technology and the Application in
Wind Turbines

2.1 Introduction

Key Question Approach Chapter
Show that fluid power transmission is g

Why use fluid power technology for a a feasible option for offshore wind o 2
wind turbine drive train? turbines and argue its potential %’
©
o

benefits and weaknesses

Figure 2.1: Flowchart of the objective and approach of thespter

The idea of using hydraulic transmissions in wind energyesys is not a novelty.
However, modern production technology has given rise tactmamercial develop-
ment of highly compact andigcient drives that make this option more attractive than
before.

Already several institutions and companies all over theladvare developing oil
hydraulic circuits for wind turbine application. Their camn vision is solely the
replacement of the gearbox and frequency converter. Thiimgprinciple behind
this concept as presented in figlire]2.2 is that rotating nmechlapower from the
prime mover is converted into a fluid flow at high pressure, fleid power, by a
positive displacement pump. At the other end of the hydcanitcuit, the fluid power
is converted back to mechanical power by a hydraulic motor.

The development of fluid power technology has until recelmtign focused on the
application of force or torque. For the application as potk@nsmission, the focus
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low
speed
shaft

high pressure line

rotor
high speed shaft

low pressure line

Figure 2.2: The functioning principle of fluid power transsibn for wind turbine
application

is shifting towards energyfigciency. Due to a lack of suitable components for multi-
MW drive trains, several parties are currently develophejrtown hydraulic drives
as is described in sectign 2.5.

This chapter adds background and motivation to the reseprektion posed in
sectior L.P. The objective and approach are stated in thelflawin figurd 2.11.

2.2 A Brief History of Fluid Power Technology

Early Developments

Evidence of the use of water power dates back to 250 BC. Theeoosmon applica-
tion up to well into the 20th century was in the form of watdtspiwhich were used
to grind grains. The Romans were responsible for large seatermill development.
Evidence surviving today is the Barbegal aqueduct and wallenear Arles, France
and a similar mining site at Janiculum, Italy.

Pascal’s Principle

Blaise Pascal (1623 - 1662) noted that pressure applied ¢mfned fluid is trans-
mitted undiminished in all directions and acts with equatéon equal areas and at
right angles to them. The possibility to apply this prineipb multiply force or torque
is what makes fluid power technology so attractive.

Victorian-Age Water Power

The use of high pressure in hydraulics was introduced onge Iscale in the second
half of the 19th century. In major cities such London, Liveopand Melbourne, hy-
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rating

property high middle low
power to weight H P E,EM,M
torque to inertia H P E,EM,M
speed of response¢ H E.EM P,M
controllability EM,H | E,EM,P M
load stithess H M E.EM,P
velocity range EM,H E.EM P,M

Table 2.1: Comparison of drive properties for various aysté€]: E = Electronic,
EM = Electromechanical, & Hydraulic, M= Mechanical, P= Pneumatic

draulic mains (first cast-iron, later steel) were instalbesheath the streets. Pressure
was maintained by hydraulic power stations, originallyen by coal-fired steam
engines. Short-term energy storage was provided by hyidractumulators, which
were large vertical pistons loaded with heavy weights ankit@n high towers. Appli-
cations included cranes, elevators, presses, extrudiofines and theater curtains.

At its peak in 1939, pumping stations at the city-edge of Lamdere supplying
an average flow of around 14,000 liters of water per min atlnér bar pressure.
This translates to an average power production of arounsMV2 Around 1900
electricity took over as the primary source of power. Waetibomb damage, the
departure of manufacturing firms from the city center anditfesof power electronics
gradually led to the shut down of the last pumping station9i 7l

Developments in Hydraulic Oils

In 1906, the first documented application of oil hydrauliesvior the control of the
barrel direction of British warship guns. The advantagessifig oil over water are
that it is more lubricant, more viscous (leading to less &gk though slightly more
friction), less corrosive and has a wider temperature ramigerein the fluid is in
liquid state [7]. Hence forth, oil (petroleum base and sgtit) became the dom-
inant hydraulic medium. Nowadays, oil-based hydraulicigepent is omnipresent
in countless types of industrial equipment. Modern indakapplications of oil hy-
draulics include heavy lifting machines such as craneddbeérs, digging machin-
ery, rock crushing machinery, ship propellers, jack-upeays, bridges as well as
water-lock doors. Table 2.1 gives an indication of why hytiasystems are so pop-
ular. In commercial wind turbines hydraulic equipment igdi$or motion control:
for blade pitching and turbine azimuth (yaw) systems.

Hydraulic oils are tailored to suit specific hydraulic applions. Important con-
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siderations for the choice of a hydraulic fluid are:

- Compatibility with the other hydraulic components. Usuéhe manufacturers
of hydraulic equipment have clearly listed which type ofdmimay be used.
Failure to comply will likely lead to damage to the equipment

- The application environment. Consider potential fire hdzgor risk of leakage
or damage and subsequent pollution to a sensitive ecosystamply with
regulation.

- The encountered temperature range. The properties {dewisicosity, etc.)
may change significantly over a range of temperatures.

- The handling characteristics of the oil. If frequent hamgllis likely, for in-
stance due to spillage from parts replacement, contacthwithan skin is also
likely.

Other considerations include cost and lubricity. The véitlypdensity and bulk mod-
ulus may also be considered, but these are usually avaitatiie required ranges.

Environmental awareness has led to the development of bl with high
biodegradability. The term “biodegradability” esseniakfers to the speed at which
a fluid is broken down by micro-organisms in the environmaeiitmately yielding
carbon dioxide and water as end products. Throughouttitera distinction is made
betweerreadily or ultimate (fast) biodegradability, where a fluid breaks down over
90% in 28 days anahherently(slow) biodegradability. An overview of the biodegra-
dation test methods employed by and other standardizatiam@ations such as ISO
and ASTM is listed in[[9].

2.3 State-of-the-Art Hydraulic Pumps

2.3.1 The Positive Displacement Pump

The invention of the hydraulic or positive displacement JPDmp is accredited to
Ctesibius, a Greek inventor and Mathematician around 20 Bhe term “positive
displacement” refers to the phenomenon where fluid is moyecbbfining a fixed
amount of it and then forcing (displacing) that trapped woduout of the confining.
Today this is still the only method to create high pressufiedince £50bar) over a
single pump in hydraulic systems.

Pumps can be divided in two general categories: kinetic ydraddynamic) and
PD pumps. In hydrodynamic pumps such as centrifugal purhpsflaw is contin-
uous from inlet to outlet and results from kinetic impulseegi to the fluid stream.
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The output is characterized by low pressure and high volumetficiency and easy
stalling as a result of back-pressure make these pumpstabkufor control. In PD
pumps, fluid flows through an inlet into a chamber. As the puhgftgotates, the
(positive or definite) volume of fluid is sealed from the indetd transported to the
outlet where it is subsequently discharged. The esseritigrence between these
two main categories is that kinetic pumps are for fluid tramspystems and PD drive
systems are for fluid power systems. By far the most widelg txgee of pump is the

Hydrodynamic lobe pump
(kinetic) gear pump
cavity pump

screw pump

vane pump

flexible impeller
Pumps .
peripheral pump
Rotary-type
peristaltic pump

diaphragm pump -
Hydrostatic . ! . fixed pistons
Ve Reciprocating-type radial -
(positive displacement) - rotating pistons
piston pump

Linear-type Rope/chain pump

Figure 2.3: Classification of positive displacement pumps

centrifugal pump (kinetic). Positive displacement pumply @account for about 10%
of pumps in existancé [10].

The PD pump exists in several configurations, see figute 2c8niverts mechani-
cal power (torque rotation speed) to a pressurized fluid flow (pressuvelumetric
flow rate).

The choice of which type to apply depends predominantly errttiation speed,
the required pressure and on occasion the type of fluid. Amatbnsideration is the
need for fixed or variable volumetric displacement. Pumps wariable displace-
ment allow the operator to vary the fluid displaced per retimfuof the pump. For
power transmission systems, enerdfyogency is also a criterium.

2.3.2 The Radial Piston Pump

Large dfshore wind turbines rotate with relatively low speed andhhiyque. Cur-
rently there is one clear market leader manufacturifigient low speegthigh torque
hydraulic motors which are also applicable as pumps. WheRDapump con-
verts torque into pressure, a positive displacement (PRpnuonverts pressure into
torque. Swedish company Hagglunds Drives AS (since 2018ugily integrated
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(a) View of the cam ring, pistons and rollers  (b) Animation a radial piston pump12]
inside a Hagglunds Compact hydraulic mo-
tor (also applicable as pump)[11]

Figure 2.4: Examples of radial piston pump and motor conéigons

into the Bosch Group) developed its first hydraulic motorlfov speedhigh torque
applications in 1960. Since then, several types of rad&tbpi motors were devel-
oped for diterent industrial applications. Recently the focus of thsigte of their
drive systems has also moved to power transmission apphsain renewable en-
ergy technology, such as wind and tidal turbines. The kelea technology is that
the radial pistons roll along a cam ring. The number of canterdenes how fre-
quent each cylinder charges and discharges per revolutitte@ump shaft. High
volumetric dficiency is possible through a combination of small tolerareed ef-
fective seals between piston and cylinder wall andfigantly high cylinder cycle
frequency.

If one considers the wind turbine rotor to be directly codpie a single pump,
the current product rangéfers solutions for wind turbines up to approximately 1MW
installed capacity. The reason that a suitable drive for &\bidtor is not available is
due to lack of demand, not technical feasibility.

Because Héagglunds pumps are the state-of-the-art of wisalitsble for wind
turbine application, their properties are used in sevegsigh calculations and simu-
lation models throughout this thesis.
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2.3.3 (Sea)Water Hydraulic Pumps

When the rotation shaft seal of a pump or motor wears out osa horsts, hydraulic
fluid spills into the surrounding environment. Current mgas to minimize the im-
pact on this environment are to use fluids with high biodegjdiy and to contain
and clear the spillage using absorbing materials. Duriedgttch Fluid Power Con-
ference in September 2012 the consensus was that in partigtgshore hydraulic
systems will gradually be forced to use (sea)water as hyidnaedium to minimize
pollution. Using (sea)water as medium has some importardfite:

1. ltis freely available and in abundance.
2. There is little or no risk of pollution.

3. No cooling is needed.

4. There is a reduced risk of fire.

A breakthrough in the development of seawater hydraulicsavenounced in an
article in volume 82 of “New Scientist”, published on Apri2t 1979. It mentions
that, at the time, hydrostatic motors using seawater idstéail were near to com-
mercial production. These motors, developed by the Brilglional Engineering
Laboratory (NEL), were expected to have a short life and letively expensive.
An article in the same journal from June2%987, p.45 mentions the development
by NEL of pumps sizing up to a stroke volume of 73.3cc (11/nlih at 1500rpmﬁl
However, the market for seawater hydraulics has remaineidtee nwith only few
specialist manufacturers.

In 1994 Danish hydraulic components manufacturer Danfussduced new wa-
ter hydraulics technology called Nessie. Its systems apalda of matching the
performance characteristics of oil hydraulic systemdidly the technology was de-
veloped for filtered (10m) tap water. Later, systems for technical water and seawate
were developed. So far, the Nessie axial piston drives haee beveloped up to a
volumetric displacement of 100tev. The main types of application are:

- Jetting, i.e. creating either a high velocity jet (fire figigt, industrial cleaning)
or mist (for cooling, dust suppression)

- Reverse osmosis (RO) for water desalination, includirgrgyrecovery from
RO.

1A subsidiary company “Scot Tech” was to be formed for comriaérevelopment of these pumps as
part of what is now Fenner Power Transmission Group. Whaehastually become of this technology is
unknown to the author. Communications with Fenner provetliiful.
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- Conventional hydraulics (forges, presses, food prongssiuipment)

Water hydraulics is widely used in the mining and ste@h-ferrous metals indus-
tries. Here, the high working temperatures and hazardotisogments have oil hy-
draulics undesirable. Initially focused on mining, Hydaitfrom Sch&hausen[12],
Switzerland developed radial pressure pumps (so far up@o@®v), which are ca-
pable of using seawater as medium. The key technology irptiisp is the sleeve
inside the piston which is slightly stretched when the pistocharged. The use of
this sleeve means there is no leakage across the pistonisTgseficial in terms of
volumetric gficiency, however the heat created by the expansion and ctintraf
the piston sleeve will reduce mechanici@ency. In 2009 IHC Hydrohammer de-
veloped a seawater hydraulic system for deep sea pile i@, incorporating the
Hydrowatt drives (see figufe 2.5). A key advantage of thisesyds the option to use
an open circuit (i.e. the fluid is not circulating). Althoutiis cancels the need for
cooling equipment, a disadvantage is that it is likely thié¢r have to be cleaned
more frequently.

Figure 2.5: The R25@50S Hydrowatt radial piston pump in a seawater hydraulic
power pack of IHC Hydrohammer

2.4 Common Components of Hydraulic Circuits

A common setup of a hydraulic transmission is to have a priream usually a diesel
engine or electric motor, directly coupled to a hydraulioypu The pump charges the
fluid to suficient pressure to move a linear (cylinder) or rotary (moéatyator.

The prime mover typically operates at constant speed (nbyrrha00 or 1800
rpm). Only the required torque (electric current) varie®ré] Pascal’s principle is



2.5 - Fluid Power Transmission Applications in Wind Turbines 15

exhibited again: low torque at high speed is converted mtodpeed and high torque
or force. Common additional circuit components are:

- Pressure relief valvego avoid overpressure. One of the major advantages of
a hydrostatic drive train over and electro-mechanicaladtiain is the safety
relief valve. Once the pressure in the system reaches atpradeed thresh-
old, the valve opens. The maximum pressure in the systenusslitmited. A
functional diagram of this component is given in figlire 2.6.

- Directional valvesto ensure the flow direction.
- Control valvesto control flow to respective actuators.
- Piping, lines typically distinguished are:

1. the work line (high pressure),

N

the return line (low pressure),

w

the supply or charge line (low pressure),

Ea

the drain line (low pressure) which drains internallykie fluid from a
pump or motor.

- Filters - to reduce wear of components. The degree of filtration igrgin
micrometer gm), also referred to as “micron” (not an Sl-unit). A typicallue
for hydraulic systems is 10n.

- A charge system®r “boost” system is required if the pump has no self priming
ability. Failure to secure fluid supply to such pumps will sacavitation. The
charge system thus secures a feed flow to the pump.

2.5 Fluid Power Transmission Applications in Wind
Turbines

2.5.1 Ideas Born from the Oil Crises

The global oil crises in the 1970s lead to a push in the seanchlternative energy
sources. Major and minor programs were set up to develop ®nedgy technology.
The oldest found patent application stating the idea ofyapglfluid power transmis-
sion dates from 1981 [14]. Like most of the major wind energyjgcts [15] of that
time, both the experimental projects described here edjbyated success.
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Set pressure adjusting
screw
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Stem or shaft

I ./I Low pressure outlet I T I
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(8) Closed p < pim) (b) Open 0> piim)

Figure 2.6: A pressure relief valve

The Bendix/Schackle 3MW Turbine

Around 1980, this variable speed turbine, designed by €a&¢thackle and built by
the Bendix Corporation, was erected at the Southern Calddedison Wind Cen-
ter, USA. The upwind 3-bladed turbine had an optimal tip spestio of 6 and a
rotor manufactured of wood and fibreglass with a diametemppiaximately 50m.
The drive train was a hybrid system that included a one-stggebox coupled to
a variable hydraulic transmission. The hydraulic circwibsisted of fourteen fixed
displacement axial piston pumps operating in conjunctigh gighteen variable dis-
placement axial piston motors at ground level. The yaw syst@as located at the
ground level, so that the triangular truss tower also rdtatben the turbine was
faced into the prevailing wind direction. The turbine haektively high rated wind
velocity of 40mph (17.918) and a cut-out wind velocity of 55mph (24.8N0

The conclusion of the project involving this prototype whattthe application
of hydraulic transmission was unsuited for wind turbinelegggpion. The main rea-
son was the lack of components specifically designed for ¢eels of &icient wind
power generation [16/6]. The hydraulic components thaewesed yielded low en-
ergy dficiency (particularly at partial load) and often proved tadpeeliable.

JERICO - 6.3kW

In 1981, The Jacobs Energy Research Inc. (JERICO) subngittegort to the US
Department of Energy with the results of using a small wirthitue with hydraulic
transmission (one step gearbox coupled to a gear pump) T&%ling the system was
done by mounting a five meter diameter turbine on a traileirtskh pickup truck
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and pulling it over the road. The results showed a maximurpuuif 6.3 kW at a
wind speed of 11.1 ys and a corresponding pressure of 82.7 bar. A lack of precisio
engineering resulted in an overall lofieient system, which required high start-up
torques.

The general conclusion of this project is that for small eagplications, a hy-
draulic drive train is not a practical solution, but that Farger systems “these draw-
backs may become less significant and the advantages mayrbgnominent”.

2.5.2 The Big Push for Renewable Energy

Between the early 1980s and late 2000s, research and denahbpn wind energy
technology continued, particularly in Europe. Howevesgarch on hydraulic trans-
mission for wind turbines was only sporadically published.

Since the end of the 1990s, the rise in the global demand §silfluels has seen
the cost of energy rapidly increase. This, in combinatiothwhe growing popular
awareness of theffiects of global warming, led to a second push for alternatrezgy
sources. The last ten years have seen an exponential gréwitle evind turbine
industry.

Around 2007, the typical large (0.5 - 5MW) wind turbine onshand dfshore
had an upwind rotor with three pitch-controlled blades. Tyemeral configurations
of the drive train were distinguishable:

1. a gearbox with between 1 and 3 stages of helicalarmdanetary gears, cou-
pled to a variable speed generator, which was connectedregadncy con-
verter and a voltage converter.

2. adirect drive generator, also connected to a frequeroyerter and a voltage
converter.

The increased competition for space on the European mairelagh the favorable
wind climate and shallow waters of the North Sea, the Balda 8nd the Irish Sea
incited the movementftshore. However, since the commissioning of the first large
(10MW-+) offshore wind farm in 2002 at Horns Rev, concerns have ariseal@iil-
ity and maintainability and the subsequent drop in avdilgl{i.e. revenue). These
have led to wide-spread questioning of the way in which enexdpeing extracted
from offshore wind.

The enormous growth of the wind energy market has also ohpiéeties to look
for new technical solutions or to reconsider older ones.c&®007 a wide variety
of drive train concepts have been presented, including yliedadynamic gearbox
[18] and superconducting generators [19]. Developmerigdnaulic equipment and
the possible advantages listed in secfion 2.7 have led @gvarties to research the
application of fluid power drive trains for wind, wave anddidurbines.
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ChapDrive AS

The Norwegian company ChapDrive AS has developed a hydr@atismission with
a variable speed control system. The principal charatieoétheir concept is the
relocation of the major components from the nacelle at tpeofathe turbine tower
to a power unit at the base of the tower using a hydrostatisitnéssion with a syn-
chronous generator. They have refitted conventional wirldries (onshore) into 225
and 900 kW functioning prototypes.

In 2010, Chapdrive diverted from their initial idea of hayithe generator at
ground level. Hence, the mainftérence between the Chapdrive and the Artemis
concept is the use of a fixed displacement versus a variagfgdadement pump. A
variable displacement motor is directly coupled to a syaohus high voltage gener-
ator, eliminating the need for a frequency converter anditage transformer. Cur-
rently systems with a rated capacity of 3.3MW and 6.6MW aiaddeveloped[20].

generator

(a) Artist impression (b) Simplified hydraulic diagram

Figure 2.7: Chapdrive drive train solution for wind turbsér@1]

Artemis Intelligent Power

Artemis is a spin-& company from a research group at the University of Edinburgh
which initially focused on wave energy converters. It hageligped a high #icient
hydraulic pumpmotor by means of computer controlled high speed solendietsa
The volumetric displacement of the radial piston pump isngea by controlling
poppet valves with high speed actuators. Individual cyiscare thus reconfigured
to either pump or idle on each stroke, resulting in higiiceencies over the complete
range of operation, with a high level of controllability. g¢e obtainedf@ciencies are
comparable to that of a current wind turbine transmissiahtha technique is widely
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generator 1

generator 2

(a) Artist impression (b) Simplified hydraulic diagram

Figure 2.8: Artemis digital displacement concept [22]

regarded as potentially revolutionary for fluid power dsivé his technology is also
being developed for applications infidirent industries including hybrid vehicledf-o
road vehicles and renewable energy generation.

In December 2010 Artemis Intelligent Power was acquired liglbishi Heavy
Industries, which also has a wind turbine manufacturingstn. At the 2011 EWEA
Offshore conference in Amsterdam, Mitsubishi announced thigjet of having their
first hydraulic dfshore wind turbine “Sea Angel’[2B, 24], with an installegaaity
of 7MW operational in 2015.

IFAS - 1MW Testbench

The Institute for Fluid Power Drives and Control at Aacherivérsity in Germany
(IFAS) is developing and testing a hydrostatic drive traon Wind turbines in the
1MW-class. The 1MW test bench that was completed in 2010vallmeasurements
under realistic conditions as experienced by a wind turbis is so far the biggest
test bench that allows real time simulation of thietient components with promising
results. Static and dynamic behavior is being explored mittrall achievedféicien-
cies of 85% throughout a wide power range. A more detailedrgasn of the IFAS
hydrostatic transmission is given in section 5.4.1.

The Statoil/Hagglunds Two-Speed Concept

Statoil ASA and hydraulic motor company Hagglunds receptisented their idea
for a two-speed hydraulic transmission with fixed displaeetrpumps and motors.
The reasoning is that current state of the art variable aéigghent motors are less
efficient at partial load. This concept employs four highfyagent Hagglunds motors
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Figure 2.9: IFAS 1 MW test bench as described in se¢fion@Adlin [25]

nacelle

nacelle
generator 1

generator 2
generator 2

(a) The IFAS concept (b) The Statoil concept

Figure 2.10: Simplified hydraulic diagrams of the IFAS andt&it concepts
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that can be switched doff to allow the rotor to operate at or above the optimum tip
speed ratio. The aerodynamidieiency will be slightly reduced for the greater part
of the envelope, but the transmissioffi@ency will significantly increase [26, 27]
The conversion from hydraulic to electric power happens$atiase of the turbine
tower. Statoil is also involved in the development of flogtimind turbines([28]. The
mass reduction that this hydraulic drive train concepbidtices is thus particularly
interesting.

2.6 The Delft Offshore Turbine (DOT) Project

To stimulate the innovation infishore wind energy technology, the Delft Univer-
sity wind energy research institute DUWIND launched thelfD@ftshore Turbine”
(DQOT) project in August 2008 [29]. This project is focusedtbe development of
technical solutions to makefshore wind energy a commercially competitive source
of energy. The approach is to step away from incrementalorgments and recon-
sider how wind energy can be converted to useful electrioitthe most technical-
economic way. The physical scope of the project ranges fh@horizontal axis rotor
to the power grid connection onshore.

The DOT project was set up to re-examine every aspecfisfiore wind turbine
technology. However, in this dissertation, the focus iy@ml the power transmission
system.

The energy conversion process from wind to electricity iaally different from
conventional techniques. Recognizing the potential ofifapwer transmission for
wind turbines, the DOT pushes this idea one step further t flawer transmission
for offshore wind farms, with centralized electricity productenmd seawater as hy-
draulic fluid. The energy in the seawater from multiple tods is thus relayed to one
station where it is converted to electricity. This idea wagented and patented by
Jan van der Tempel [30].

Centralized conversion to electricity should minimize #mount and total vol-
ume of electronic equipment. The only drive train compotacdted in the nacelle is
a directly driven positive displacement pump. The primifithe pump in the nacelle
is an issue that is discussed in secfion 3.3.6. A single pifl@ransport seawater
from each turbine to the generator platform. This gives thmelfarm an open-circuit
seawater-based power transmission system. The goal ietasufew components
and as little software as possible in order to simplify addgrand functionality, and
reduce installation and maintenance requirements.

An overview of the DOT transmission concept is given in fig2El. The project
objectives stated in this section form a platform from whiotstart the process of
designing the fluid power transmission system. The devedoprof the conceptual
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‘ Hydro Power [
Station

(a) Artist impression

substation

S B BTN S &

(b) Hydraulic diagram

Figure 2.11: The DOT transmission concept
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design of the DOT transmission system is described in ch@pfeor the preliminary
design in chaptdr] 7 choices have to be made on the size or patireg of the rotor
(see section 3.11.5) and which kind of pumps to use (see s&Ei0]1).

Before the realization of the DOT, other decisions must bdemauch as on:

- The design of the powgransformer station.
- If and how to include an option of long term or short term gyestorage.

- How to deal with marine growth.

How to minimize and ease maintenance requirements.
- How to maximize the ease of installation.

These issues are considered outside the scope of this.thesis

2.7 Advantages and Disadvantages of Applying Fluid
Power Transmission in Large (fshore Wind Tur-
bines

2.7.1 Advantages

1. The option of continuous variable transmission: thisoégsvariable (optimal)
rotor speed control with a constant output speed at the gethereby elim-
inating the need for a frequency converter.

2. The higher torque to weight ratio of the transmission imparison with cur-
rent commercial technology reduces the overall nacellesmakis will influ-
ence the support structure dimensiadns [31].

3. The damping properties of hydraulic transmission systemean that load
peaks are smoothened, this is explained in more detail itiosdg.4. It is
one of the reasons why these systems have a reputation épatialy highly
dynamic and stochastic loads. An example of a common apiglicavhere
such loads are observed is in hydraulic excavators.

4. The low maintenance requirements: according to the mtoshanual of the
H&agglunds CBP motor, the only parts of the hydraulic cirthétt require regu-
lar replacement are the filters. The condition of the hydedlulid must also be
monitored. Controlling the oil contamination is essenfital maintaining the
reliability of the circuit components.
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5. The presence of a non-rigid (i.e. soft or flexible) couglithe connection be-
tween the pump and the rest of the circuit is usually not rigdgdraulic hoses
allow for a degree of flexibility. For application in a windrhine this is a sig-
nificant advantage. One of the main sources of failureffishmre wind turbine
is misalignment between the bearings of the low speed shdftte gearbox
connection[[32, 33]. Although marginal, the misalignmesiges eccentricity
in the already highly dynamic loading of the gearbox. Thédeto local peak
loads which are higher and more frequent than was desigmed fo

6. Low risk of overload and subsequent overheating: everdufic circuit
should contain one or more pressure relief valves. The presslief valve
protects a line from excess pressure by opening at a predegd threshold.
Hence, damage to the system is prevented. As is demonsimatectior 6.3.2,
this low cost solution to overloading is beneficial in windkimne application.

7. Possibility of simple condition monitoring: on-line piate counters are widely
used in the fluid power industry to monitor contamination pfltaulic fluids
due to wear in the system.

8. Hydraulic components are modular. Henc@edent brands and sizes can be
coupled.

9. The principle construction material of hydraulic compnts is steel. No rare
earth metals are required.

2.7.2 Disadvantages

1. The energy#iciency is comparatively lower than a gearbox. When usirtgsta
of-the-art variable displacement motors this is even morat partial load.

2. There might be external leakage. This is most frequeh#ycase when com-
ponents need to be disconnected. This means hydraulic filligpi# into the
surrounding environment. Depending on the type of hydecdidid, this may
cause pollution or increase the risk of fire.

3. The availability of multi-MW components is limited, butaying. The re-
search and developments mentioned in se€fidn 2.5 pusisegrdvith.

4. In preparation for the wind tunnel experiments describeskctior 6.8, it was
found that water hydraulic pumps have a relatively hightaiartorque due
to internal friction. However, seeing how the torque at icutvind speed in-
creases with wind turbine size, this is not expected to besreifor large wind
turbines.
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2.7.3 Arbitrary Issues

1. Fluid power drives have a reputation for toughpiedristness, i.e. a high reli-
ability of components.

The challenge with wind turbines is that continuous operais required over
a lifetime of at least 20 years. In comparison: a typical mata road ve-
hicle achieves no more than three years of continuous aperétased on
1,000,000km at an average speed of Am

According to the product manual, the design lifetime of a ¢légds CB motor
is 40,000 hours which corresponds to roughly four and a tedfy of contin-
uous operation. The expected use is for 500 hours per 3 moyiiding a
design lifetime of 20 years.

What is important to consider here is thi@eget that a component failure will
have on the availability of a turbine. Availability can beirased by reducing
the number of components, improved reliability of the comgrats in place and
reduced maintenance per component.

2. The presence of high frequency noise, caused by the swftelach piston
between low and high pressure. How this compares to geardilemt drive
transmission systems is not yet known for large wind turbine

2.8 Concluding Remarks

The application of fluid power technology for the purposerargy transmission was
first applied in the later half of the 19th century. The ideapplying of fluid power
transmission in wind turbines dates from before 1980, alginadevelopments around
this time proved unsuccessful.

So what exactly has changed over approximately the last & ybat have lead
to a new attempt at fluid power drive trains? Two main develeptshold the key:

1. the development of computer based precision engineesinigh has allowed
tolerances to become smaller, yielding drives with higligciency.

2. the development of the radial piston pump in combinatidh & cam ring.
This enables energyfiicient operation at low rotational speeds.

The dficiency of current variable displacement drives is stillrded unsatisfac-
tory by developers of fluid power transmission and wind taebinanufacturers. This
problem is mitigated by developing new drives, specificdiygsigned for high fé-
ciency and by coupling multiple fixed displacement via cohialves to have a form
of variable displacement [26].
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The increasing demand foffardable renewable energy technology over the last
few years has lead to new research on fluid power technologynasans for energy
transmission. Applications are researched and develagedihd, wave and tidal
energy. The main motivations are:

- high torque to weight ratio, i.e. the compactness of thestnaission reliability

reputation for the ability to tolerate highly dynamic artdchastic loads.

reputation for reliability

reputation for low maintenance requirements

- the option of continuous variable transmission ratio,akhéxcludes the need
for frequency converters.

Considering these aspects, there is a case to be made thdtaaly solution may
offer solid economic benefits when compared with current gesodions. The
reason that multi-MW hydraulic drives wind turbines are aailable yet is due to
lack of demand, not technical feasibility.
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3

Conceptual Designs of Fluid Power
Transmission Systems for Offshore Wind
Turbines

3.1 Introduction

Key Question Approach

(2]
3
o
T
3
o
=

Derive a fluid power drive train
How can a fluid power drive train for concept for further development:

an offshore wind turbine be - Set design criteria .
configured? - Create conceptual designs
: - Select one concept and identify its
main components

Conceptual
Design
w

Figure 3.1: Flowchart for the objective and approach of téd®

3.1.1 Background

In the chaptel 2 the arguments for considering fluid powerstrzEission in large &
shore wind turbines are presented.
Offshore wind turbines are situated in remote locations witsthanvironments.
Their sole purpose is to extract energy from the wind and edriinto electricity.
Horns Rev, commissioned in 2002, is widely considered afirgtéreal” offshore
wind farm, due to its size (802MW turbines) and its location (14km of the Danish
coast). According to the EWEA: as of 30 June 2012, 1,5f8hore wind turbines
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are fully grid connected in 56 wind farms across 10 countriéth a total capacity
of 4,336MW [34]. The largest fully commissioned farm at tlime was the UK’s
Greater Gabbard with 504MW of installed capacity. Howevaraopment plans for
the Dogger Bank in the North Sea mention a wind farm capa€ity&@0MW.

The development of anfishore wind farm is a highly complicated process. Over
the years, many problems were encountered, such as isstlegearboxes, grouted
connections and often seemingly simple installation licgs Unfortunately these
“lessons learned” are more often than not kept from the pubjithe project par-
ticipants. The reluctance to share this information, wtdolld be of great value
to other wind farm developers, is due to fear of the eageroessdern news me-
dia to publish bad news as a sensation and the immediatet ¢his has on political
decisions.

3.1.2 Objective

The goal of the research presented in this dissertatiorfisdmut whether the appli-
cation of fluid power technology will lead to an improvementtie COE for fshore

wind farms. The objective of the research presented in thapter is to form concep-
tual designs in which this technology is applied and to $elae for further analysis.

3.1.3 Approach

The approach taken here is to start at wind farm level andwnadown through the
turbine level and to the drive train level. In section] 3.2safshore wind farm de-
sign considerations which are relevant for the design ofithe train are listed. The

Interfaces to consider

\
Wind Farm \

Wind Turbine

Power Transmission System

Components
P

World Boundary of the design

Figure 3.2: Surroundings and borders of the focus of thegdgsiocess
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next step (section 3.3) is to focus on the design considerafior the wind turbine
drive train. From these considerations, design requirésfenthe hydrostatic drive
train are derived in sectidn 3.4.

The modularity of hydraulics make it possible to come up witany diferent
designs for the drive train. In sectién 3]7.1, the desiguirements are translated
into a number of feasible configurations. Through multiesta analysis, the most
suitable configuration is selected in secfion 3.7.2 whisliigected to further analysis
in chaptefy. Next, the main power transmission componestselected for each
main part of the conceptual design (secfiod 3.8) of the tréssion system.

3.1.4 Self-Imposed Constraints

The technology base, i.e. the technology that is considienethe system, corre-
sponds to the current state of the art wind turbine techryodogl current state of the
art fluid power technology. The properties of the main congods are derived from
commercial of the shelf (COTS) components. The selecti@tgss for the main
component types is similar to the the process describedungfig.3.

[ Design Basis ] [Design Considerationsj
C J

Requirements Analysis

LP[ Functional Analysis )ﬁ

Input

Process

Design Options

Design Concept Selection

Figure 3.3: Conceptual design process

Output

Design and certification standards set by paries such as Detkdl Veritas
(DNV), International Organization for Standardizatio®Q), Germanischer Lloyd
(GL) and Lloyd’s Register (LR) are to be consulted in lateagds of product devel-
opment.
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For the purpose of simplicity the initial concept of operatis equal to that of a
variable speed, pitch-controlled wind turbine.With theplementation of a (for wind
turbines) new technology such as fluid power transmisshanekisting design stan-
dards still have to be met. The purpose of introducing a netutelogy is essentially
to improve the economic performance of a system. Howeveh an improvement
may not lead to a degradation of standards in other aspettte design. For instance
the design lifetime still remains 20 years.

A fundamental requirement is that the implications of theigie do not in any
foreseeable way harm the environment. This means that thayebe no pollution
and that constraints are set on the sound level that is peathlring installation and
operation.

The primary functional requirements of a wind farm are:

e The harvesting of power from the collection of wind turbirsesl exporting it
to the onshore grid.

e High reliability, thus requiring a minimum amount of visit@r year to the
wind farm. Typically the annual number of visits per turbiaeround 6([35];
4 planned and 2 unplanned. According(tol[36] this should bg tlean one per
turbine per year.

e High availability, thus minimum loss due to downtime in thewgr produc-
tion. A typical number for the average availability is ardu8b% [2]. Some
wind farm operators claim up to 98% availability, but thiafig is achieved by
leaving out scheduled maintenance.

e High power quality: the power from wind turbines is typigafluctuating due
to the stochastic nature of wind. Voltage and frequency rbaskept stable
[37]. Although advances in power electronics have alloveegimoother power
regulation, electricity from wind energy is still suscdyhi to voltage and cur-
rent distortions due to harmonics. One of the solutions torawe the power
quality is to use (short-term) storage to reduce fluctuation

Note that ambiguous terms such as safe, simple, high, cdrefratera are used
in reference to what is currently in publicly available taéure.

3.1.5 The NREL 5MW Offshore Reference Turbine

The reference turbine is the NREL 5MWftshore baseline turbine [B8]. This ficti-
tious turbine has become the standard reference turbimeifoerous academic stud-
ies. The main reason for this is that, in contrast to existimgines, all its properties
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are freely available. Some turbine parameters were arytiselected using engi-
neering judgment; others were selected to match those &f¢pewer 5SMW turbine.
Forinstance the EU-funded research project UpWind [39] ates the NREL design.
The only diference between the UpWind 5MW and the NREL 5MW turbines is tha
UpWind incorporates an industry standard controller dgved by Garrad Hassan
[40].

The properties assigned to the NREL turbine are aimed tesept the current
state of the art for fishore wind turbines. This infers a drive train with a three-
stage gearbox and an asynchronous high-speed generatu psiriciple compo-
nents. Some characteristic properties of the referenbineiare given in table_3.1.

description symbol value units
optimal tip speed ratio Pl 7.55 [
maximum power ca@icient  Cp,,, 048 [
No. of blades Nblades 3 [-]
cut-in wind speed Veutein 3.0 [mys]
rated wind speed Vrated 114 [mys]
cut-out wind speed Veut—out 25.0 [mys]
No. of gear stages: 3

Control method: variable pitch

Table 3.1: NREL 5MW reference turbine properties

3.2 Offshore Wind Farm Design Considerations

3.2.1 dfshore Wind Farm Economics

The economic success of any power plant is determined byostg@and the pricing)
of energy.

The costs of an of any major system or structure are divideedfire initial capital
cost or capital expenditure (CAPEX) required to put the eysin place and the
operational cost (OPEX).

The CAPEX resides in fabrication, acquisition and instadla The cost of fab-
rication and or acquisition are essentially dependent emthss, the complexity and
the construction materials of the product. The cost of If&tan is dependent on the
mass, complexity and maneuverability. The motivation fypddostatic transmission
is the foreseen reduced mass, complexity and cheaper alateri
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For the wind farm operator, the aim is to produce maximum pawéput at the
lowest OPEX. Cost depends on the wear of components and qoéred mainte-
nance.

Another important economic aspect is the cost of money,interest rates, but
this is considered to be outside the scope of this dissentati

Prominent turbine manufacturers (Siemens, Vestas, AlsMitsubishi) are all
developing turbines with rated capacity larger than 6MWtiliacently, the design
of a wind turbine for éfshore was entirely separated from the design offéshore
wind farm. Currently, manufacturers are more and more aditrg issues such as
the tower-top mass, reducing the number of components, @&as3ss methods for
maintenance and the benefits of a higher tip speed ratio. skfis to say that any
oftshore wind turbine (prototypes excluded) erected in the h&xyears will future
be part of a farm. It therefore makes sense to optimize thigu€m terms of the
LCE) of the turbine from a farm point of view.

Offshore wind turbine designers should incorporate condidesaand require-
ments of dfshore wind farm design to minimize the levelized cost of gnéL.CE).

3.2.2 The Competition for Space

The ideal site for anfiishore wind farm has a favorable wind climate (high average
wind speed, low turbulence), lies in shallow waters (appra®@m) and is situated
close to a port and close to a grid connection point.

The competition for space in shallow seas, close to a griciection and with a
favorable wind climate is fierce. A typical example of thighie Southern half of the
North Sea. Typical stakeholders for such an area and thedbtineir stake are listed

in table[3.2.2.

Stakeholder Nature of claim for or occupation of space

the energy sector fishore oil & gas infrastructure (incl. safety zones)
offshore wind energy infrastructure (incl. safety zones)
(international) electric power cables

communication sector communication cables
the transport sector shipping lanes
anchoring sites (incl. safety zone)
the fishing industry fisheries
flora and fauna protected areas

seaside population and visitors resistance against ‘vmltion”

Table 3.2: Typical stakeholders for shallow seas, clos@édoes
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3.2.3 Water Depth: Fixed versus Floating Turbines

So far, commercialfishore wind farms have been installed in relatively shallay w
ters using fixed support structures. Deeper waters reqiiiverea relatively larger
support structure or a floating structure. Developmenth flitating wind turbines
are still in an early phase of development. The water depift &t which floating
becomes the economically more attractive option is estichbetween 80 and 100m
[41].

In the hunt for dfshore sites with favorable weather conditions near popdlat
areas, the space in shallow seas is declining, whereasrémign plenty of deep
water sites (Mediterraneg@iorway USA). Future wind farms will be placed in deeper
waters and further away from the shore.

Space for offshore wind

e 5 Shallow water (fixed Deep water (floating
farms at locations with
s . structure) structure)
favorable wind climate
Near shore Increasingly occupied Ample space but visible

Targeted for future

Far from shore
development

Ample space

Figure 3.4: @fshore wind farm location matrix

3.2.4 Distance to Port& Onshore Grid

The distance to port is important to consider for instadlatand maintenance. A
large distance to port combined with a large wind farm mighmplicate logistics of
maintenance to such an extend that &stwore servicing station is required.

The distance to shore defines cabling costs and the seleotest fransmission
options. The typical setup of arffshore wind farm is to have an in-farm grid which
connects the power lines from the turbines to a transfortaéios, where the voltage
is boosted to reduce transport losses. High voltage powsegs&onnect the wind
farm to the onshore grid. Close to shore such as the OWEZ vaimd {10 to 18km
from the coast), anféshore transformer station is not required.
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3.3 Design Considerations for the Fluid Power Trans-
mission System

3.3.1 Resonant Frequencies

To prevent resonance from occurring, the natural frequsnof the wind turbine
components must be designed outside the ranges of normatimgefrequencies.
Operating frequencies to consider are:

1. The rotor speed: the range of rotational speeds, thelkmtda® region.

2. The blade passing frequency: the related range of frexgsat which a blade
passes the turbine tower. The tower is an obstacle in theaait fPressure
builds up in front of it, causing a local reduction in wind spe When a blade
passes through this area with reduced wind speed, it ha$esnt en the torque
produced by the blade. This phenomena is visualized by flg@@&). For a
three bladed turbine this is referred to as the 3P region.

3. The hydraulic circuit frequencies. For a system whereptivap coupled to a
rotor, the natural frequency is determined by the combinadstmoment of
inertia of the rotor and the rotating parts of the pump andsthake volume of
the pump (see section 4.4.4).

4. The piston reciprocation frequencies of the pump and nisée section 3.3.2).

5. Hydraulic piping: the fluid inertia in pipelines can catlrsanmering (see sec-
tion[4.4.1).

Due to the large number of components amanodeling inaccuracies, it can happen
that resonance does occur. This was for instance observetydhe experiments
described in section 3.4. Here the frame which supportedestefacility resonated
when the low speed shaft of the test bench rotated at arounpdi24-ortunately, the
resulting vibrations were small enough to ignore.

A mitigating measure is the manipulation of the controlisgt to avoid certain
operating frequencies. This “frequency skipping” alreaddppens with commercial
turbines such as the Areva M5000 where the natural frequefitbg support structure
lies within range of operational frequencies of the turbine

3.3.2 Flow Ripple

Radial piston pumps such as the one displayed in figure Phs multiple pistons
acting in parallel, with shifted phases. Each piston mak&swsoidal motion. This
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generates a near sinusoidal flow in (low pressure) and ogh (hiessure) of each
cylinder. The shape of the this sinusoidal is perturbed bydffort it takes the piston
to compress the fluid in a cylinder chamber to the point thaptfessure in the cham-
ber exceeds the line pressure and the non-return valve ¢pé&tghe fluid out of the
chamber and into the high pressure line.
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Figure 3.5: Examples of flow ripple for an ideal pump (no legegs with 5 pistons,
rotating at 100rpm and 1500rpm

The flow into the circuit from each piston is thus either zerslmaped similarly
to the upper half of a sinusoidal. The flow ripple is definedtes percentage of
maximum diference in flow from the pump at an arbitrary rotation speed:

Qmax = Qmin
earfQ)

It leads to a pulsating flow in the pipe. If a hydraulic line cupled to a pump
with only one piston, the ripple is 100%. In principle it hslthat the greater the
amount of pistons operating in parallel (with shifted phatiee smaller the ripple.
The speed of the pump and the number of pistons and their matlative to each

ripple = x 100 (3.1)
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other determine the frequency of the ripple. Hence a pumip avity 5 pistons may
have a ripple of 4.9%, but if the rotation speed iffisiently high, the éect of this
ripple becomes less prononounced.

The optimum configuration of a pump is that where the flow ggplminimum
for a minimum number of pistons. An example of flow ripple isegi in figurd 3.5.
More elaborate explanations on the functioning of a radigtbp pump and the flow
ripple are given in[[42, 43].

3.3.3 Heat Management

In fluid power systems, energy losses are predominantlyerted into heat. The
energy transfered from the wind turbine rotor is thus coteceto useful work and
heat by the hydrostatic drive train. The relation betweenubkeful work and the
produced heat is a measure of the system’s endfigyescy. The main energy losses
will occur due to the mechanical and volumetrii@encies of the hydraulic drive
systems. Volumetricfciencies are associated with internal (cross-port) arefeat
fluid leakages in pump and motor. Heat is lost through condogctonvection and
radiation.

A standard solution for the cooling of a fluid power circuibisrunning the return
flow through a heat exchanger which is in contact with to thiside environment. In
some cases a fan is used to improve convection.

For the design of a heat management system it is importardrisider that the
wind turbine should function on a cold winter’s nightd0°C), a hot summer’s day
(+30°C) and anywhere in between.

3.3.4 Choice of Fluid

For the choice of hydraulic fluid the following aspects shblog considered.

- Hydraulic stjfness for a circuit with relatively long lines it could be benefiti
to use a fluid with a relatively high $fhess. The compressibility of a fluid
(the inverse of the dtiness) and the total volume determine the speed of the
response of a system. This is discussed more elaboratedgiind 4.4

- Viscosity the design value of the viscosity is a trad@&fetween friction losses
and leakage (volumetridigciency), see sectidn 4.3.1.

- External leakageit is safe to assume that every hydraulic circuit expemsnc
some form of external leakage at some stage. Whether itkadgadue to in-
suficient sealing or spillage during installation or maintergrthe hydraulic
fluid will come into contact with the surrounding environnieAlthough the
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quantity is likely to be minute, there should be no harmfupant on the envi-
ronment.

3.3.5 Seawater as Hydraulic Fluid

About 97% of the water on Earth is seawater. Almost everymhtubstance known
to man is found in the world’s oceans and seas, mostly in v@allsconcentrations
[44ﬂ (see tablé_3]13). The most notable characteristic compafesgawater with
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Figure 3.6: Density changes of seawater with temperatud¢eessure [46]

respect to freshwater is its salt. The salinity of seawatarmeasure for its hardness
and thus indicates its erosive potential. Although the waajbrity of seawater has a
salinity of between 3% and 38%, this number can vary significantly, for instance
in response to addition of freshwater from rain and fiirand removal of freshwater
through evaporation.

Despite small compositional irregularities, seawaterveb as a Newtonian fluid,
which is beneficial in terms of performance as a power fluid.tRe use as hydraulic
fluid, it is important to note that seawater contains suspdrablids, organic sub-
stances, and dissolved gases (such as oxygen and chloricte eguse corrosion).

The density of surface seawater ranges from about 1020 @k@p2°, depending
on the temperature and salinity (see figuré 3.6).

Seawater density depends on temperature, salinity andyseesColder water is
denser. Saltier water is denser.

According to [7]: Water is a poor hydraulic fluid because of its restrictiveulid
range, low viscosity and lubricity and rusting capabiligecently though, the use of

IMagnesium, bromine and sodium chloride (table salt) arexatacted from the sea on a global scale.
In theory desalted seawater can provide a limitless sudplyioking water. So far this has been restricted
due to the high processing costs![45]
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Element Mass distribution [%] Element Mass distribution [%]
Oxygen 85.84 Sulfur 0.091
Hydrogen 10.82 Calcium 0.04
Chlorine 1.94 Potassium  0.04
Sodium 1.08 Bromine 0.0067
Magnesium  0.1292 Carbon 0.0028

Table 3.3: Seawater composition (saliaitg5) [44]

freshwater for high pressure hydraulics has gained neweste With health, safety
and environment becoming ever more important in modernstrguvater-based hy-
draulics will likely see the number of applications grow. discussed in [47], water
is environmentally friendly (thus readily disposable)nrtoxic, non-flammable, in-
expensive, and readily obtained. Due to higher thermal gotidty, water systems
require less cooling capacity than oil systems.

Low viscosity is generally regarded as the main disadvantégvater hydraulics.
The reason for this is leakage flows in the drive systems. Boalegeometry of
leakage paths, water leakage is around 30 times larger thiail f47]. Therefor it
is essential for water power drives to minimize these pathttér without increasing
wear.

Fluids also have a property known as hardness, which is aureefts the mineral
content. The relatively high concentrations of calcium amghnesium in seawater
give it a high degree of hardness and thus its erosive nééie [

3.3.6 Sources of Charge Pressure for a Pump at Hub-Height
Avoiding Cavitation

Cavitation is the occurrence of cavities in a liquid. Thigpbmenon occurs when
the feed flow to a pump, which is not self-priming, is ifiszient. The formation of a

cavity and the subsequent implosion of it are an importamseaf wear in hydraulic

drives. To avoid cavitation, the charge pressure to the pghopld be sfiicient.

Closed Circuit Fluid Power Transmission

The hydraulic pump is coupled to the rotor shaft. The torgughe rotor shaft is
equal to that of the rotor minus bearing friction losses. Elosed-loop fluid power
circuit has a similar function to that of the gearbox in a camtional drive train. The
main components of this subsystem are:
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e The positive displacement pump: directly coupled to themshaft, the pump
transforms mechanical power of the rotor into fluid powere Tadial piston
pump is the most suitable pump-type for the kind of applaragirequired by
the DOT [29]. The structural properties (Btiess & impermeability) of steel
enable fluid power drive systems to operate at high pregsurdsing high
pressure in relatively low weight drive systems yields ahtpgwer density.

e The hydraulic motor: located at the base of the turbine is drdaylic motor
which converts the pressure flow back into mechanical power.

e The vented reservoir & filter: for filtering and storage of haulic fluid.

e The boosting system: an auxiliary pump is used to add an préissure to the
return line. This boost pressure enables continuous flosutyir the pump and
prevents cavitation.

e The safety valve: to avoid exceeding the maximum allowabdsgure.

High pressure (work) line High pressure (work) line

Pump
Motor
Low pressure (return) line

T
Boost pump
filter

harge pressure Motor
(feed) line

Charge pugp,

Low pressure
(return) line

' Fluid reservoir Fluid reservoir
(a) Closed circuit (b) Open circuit

Figure 3.7: Diagrams of closed and open circuit hydraudinsmission systems

Open-Circuit Fluid Power Transmission

Here, an open circuitis considered, hence with seawatgrdaatilic medium. Again,
the hydraulic pump is coupled to the rotor shaft. To avoidtasien at the pump an
additional pumping system is required to force the seawatire feeding line up to
the non-self priming pump. Assuming that the main hydrgolimp will be less than
100m above the boost system, a centrifugal type boost pupgbtaof overcoming
20bar will sufice. The energy required to pump up this water is largely rtecag
if the electricity generator is close to sea level. The mamponents of this fluid
power circuit are the boosting system, the main hydraulioptthe safety valve and
the hydraulic motor or hydro turbine which converts the flp@ver into mechanical
power.
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3.4 Design Requirements for the Fluid Power Trans-
mission System

3.4.1 Functional Requirements

The primary functions of anftshore wind turbine are:
1. Extract kinetic energy from the wind and transform it ietectrical energy
2. Feed the electrical energy generated by the generatioe tléctricity grid.

3. Operate safely and reliably during its design life (20rgaconsidering dedi-
cated and acceptable maintenance.

The primary function of the transmission system is to conwerchanical power
of the rotor into electricity. The aerodynamic rotor drivepositive displacement
(PD) pump which converts the mechanical power into hydegqadiver. At some stage
the hydraulic power is converted back into mechanical powhich is converted to
electric power.

mode of operation functional requirement
1 normal Hiicient operation throughout rotor performance envelope §li@art-
up torque required)
2 normal,Us < Viated Control rotor speed: provide braking torque in order for total

system to operate at maximum enerdiyaiency between cut-in and
rated wind speed

3 normal,U. > Vrated Limit rotor torque: provide braking torque in order for tradl sys-
tem to operate at nominal drive train torque between ratdcdcatout
wind speed

4 emergency stop Force safe and controlled emergency strutdedundancy required

either by drive train or via blade-pitch system

Table 3.4: Operational functions of the drive train

3.4.2 General Requirements

The requirements for the transmission system, as listetiapter§ 1l and]2, are that
throughout its design life (20 years) it is safe, sustai@abimple to install, operate
and maintaifservice, reliable (robust), compact and enerfiicient, as well as re-
quiring little and simple maintenance. These hold for exmponentaspect of the
design.
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Installation Requirements

Installation should be fast en cheap. Hence the system neusa$y to handle and
simple to install. The aim is therefore to have the simplesifiguration, i.e. mini-
mum number of (sub)components, with size & minimum mass.

Operational Requirements

To maximize the power output of a turbine it is desirable teehmaximum avail-
ability when the mean wind speed at hub height is betweeilncaid cut-out wind
speed.

The condition of the system should be observable at all tint=nce monitor-
ing sensors (wind speed, rotor speed, pressures and temmesjaand interfaces are
required.

Maintenance Requirements

The cost of operation and maintenance is estimated to beebatd8% and 32% of
NPV total wind farm costd [49, 16]. Considering the accabsilof wind turbines
offshore and the traveling time from and to port, it is desirgide repair and mainte-
nance are required as little as possible. When it is needéditld be simple and fast.
Drive train components which are most likely to require lagreplacement are filter
cartridges and control valves (wear). Even for a 5MW hydcatitcuit, these com-
ponents are likely to be fiiciently small and lightweight compared to the gearbox of
existing wind turbines.

Verification Requirement

To present a business case for this new technology, the €astergy should be
significantly & 10%) less than for competing technologies.

3.5 Hydraulic Circuit Configuration Options

3.5.1 Variable Speed Operation

The reference technology described in sedfion B.1.5 isiablarspeed wind turbine,
designed to run at the optimal tip speed ratio between catihclose to rated wind
speed. Between rated and cut-out wind speed the rotor spé&egticonstant. Hence
variable speed operation is a drive train design conditior.speed control at wind
speeds greater than rated, pitch control is assumed initfssrtation.
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3.5.2 Options for Closed-Circuit Hydraulics

The method of drive train torque control is typically deté@red by the type of genera-
tor. A hydraulic drive train is configured with either a fixedaovariable transmission
ratio. In combination with a variable speed turbine withdaapitch control, the fol-
lowing options for the configuration of the closed-circuétrtsmission are identified.
Their influence on the steady state performance of the rdttireoONREL 5SMW ref-

erence turbine [38] are shown in figlirel3.9.

(a) Continuously variable ratio (b) Step-wise variable ratio (c) Fixed ratio

Figure 3.8: Configurations options for closed-circuit haulic transmission systems

Continuously Variable Transmission Ratio

A variable speed turbine with a synchronous generatort{ngtat constant speed,
synchronous to grid frequency) requires a variable trassionm ratio. The standard
hydraulic solution for this is to manipulate the stroke voki(swash plate angle) of
either the pump(s) or the motor(s) or both. See fifure 3.8(a)

Step-Wise Variable Transmission Ratio

An alternative solution is to have multiple fixed displacetmotors coupled to one
or more generators, which are activated through valve obf&¥]. The configuration
in figure[3:8(0) has four motors, which are independentlyvatgd using control
valves. When two motors are connected to one generator dpdoe is activated
the other is idling.

Fixed Transmission Ratio

A variable speed turbine with an a-synchronous generatprimes a fixed transmis-
sion ratio. Here the hydraulic circuit is externally corigd by the generator torque.
Hence pump(s) and motor(s) with fixed volumetric displaceinseffice.
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power P [MW]

power coeficient C, (-]

8 10 12
rotation speed o (rpm] wind speed U [mis]

(a) Power curve (b) Torque-speed relation (c) Cp versus wind speed

Figure 3.9: Steady state performance diagrams of the aeamalg rotor for various

types of drive train combinations, divided in continuoualyd step-wise (4 steps)
variable transmission ratio; note the zoomed areas in fi|§@@) which indicate the
switching in the number of active hydraulic motors

3.5.3 Options for Open-Circuit Hydraulics for Centralized Elec-
tricity Production

Seawater is used a as medium to transfer energy from eadhdudithe generator
platform. The ideal solution here would be to have a selfaprg seawater hydraulic
pump coupled to the rotor via the low speed shaft, such asshofigure[3.10.

Q 4p
O —

Piping Spear valve

0

Rotor Pump

Figure 3.10: Simplified hydraulic diagram of an ideal buteatistic solution for the
open circuit configuration

However, commercially available positive displacementnpa suitable for sea-
water are neither self-priming nor designed for low speeeration. Although the
technology of the Hydrowatt pumps could be combined withddw@ solution of the
Hagglunds motors (see sectionl?.3), this pump-type is neality at this time and
is therefore neglected as an option. Hence, an additiondl flower circuit is ap-
plied between the low speed rotor shaft and the high speaedlaserapump. This
transmission thus essentially acts as a gear.
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Figure 3.11: Diagrams of a spear valve

Variable Transmission Ratio

The transmission ratio is made variable using a spear valvich guides a jet onto
a fixed speed hydro turbine, which is coupled to a synchrogeusrator. The cross-
sectional area of the spear valve outlet determines thesymesn the system. By
moving the spear away from or towards the outlet, the outled & increased or
reduced.

Similar to wind turbines, hydro turbines have an optimalkspeatio between the
flow velocity and the angular velocity of the hydro turbiner B constant speed ratio,
constant pressure is required. This is achieved by comtgathe outlet cross section
of the spear valve. Constant pressure and variable speedtiopemean the flow
must vary. Hence, a variable displacement seawater punep|isred.

« «

> = ==
Pump N fump Pump « Pump fump
ONE O ) () ) GO
Mofor Motor Pump Motor
(a) Continuously variable ratio (b) Continuously variable ratio (c) Fixed ratio
with var. displ. motor with var. displ. pump

Figure 3.12: Configurations options for open-circuit hydi@transmission systems

Fixed Transmission Ratio

The transmission ratio is kept constant by using a nozzl@earsvalve (with fixed
outlet area), which directs the jet onto a variable speedddbine, which is cou-
pled to an asynchronous generator. A frequency convertegisired to synchronize
the power output with the onshore electricity grid.

Although in theory a simple nozzle will flice, using a spear valve has the added
benefits that (1) small adjustments can be made to optimiweparoduction and (2)
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no additional valve is required for shutdown (i.e. cuttirffjtbe flow completely).

In the configuration presented in figlire 3.10, the high prestine connects the
pump to a spear valve. A horizontal-axis wind turbine rotares a pump with torque
7. The rotationw of the pump shaft creates a volume fl@v The pressure éierence
Ap over the pump is determined by the size of the outlet areasoc$plear valve. The
spear valve converts the high presglong speed flow into low pressutdgh speed
jet (Vier), i.e. hydrostatic to hydrodynamic power.

The correlation between the pressure build up in the systemrasult of flow
speed and the optimal aerodynamic torque means that maxjpourer production
is possible with a fixed displacement pump. This solutiongsadibed in chaptér 6,
along with the experiments that prove its functionality.

3.6 Control Options

3.6.1 Control of Hydrostatics

The controllable parameters of a hydraulic transmissiatesy are pressure, flow
rate, torque and rotation speed. Control is enforced bygihgrthe volumetric dis-
placement or through control valves. External control iered by changing speed
andor torque. A spear valve is also a form of control valve.

3.6.2 Option 1. Maximum Power Point Tracking

Through continuous adjustment, operatioakaxis ensured.

The main advantage of this option is that no reference valtesequired. Blade
properties change over time. Composite materials age,hwditers their sfiness.
Dirt and erosion change the airfoil. When damage or dirt gearthe aerodynamic
behavior of the rotor, th€p — A relation changes. Since no reference values are used,
there is no need to reconfigure these values.

Wind is never constant. To get the maximum power out of thedwaquires
continuous adjustment to the braking torque.

Sensors measure the powRextracted form the wind by the rotor in the form
of torque and speed. If the neRis greater than the ol@, the braking torque is
increased. If the newP is less than or equal to the o, the braking torque is
decreased. WheR approache®;4q, the control of the rotor blades takes over and
the breaking torque is kept constant.

This principle works with a black-box system, provided ttie¢ nominal speed
and torque are given.



3 - Conceptual Designs of Fluid Power Transmission Systems for
46 Offshore Wind Turbines

3.6.3 Option 2: Model-Based Control

Here, knowledge of the rotor aerodynamics is required astjrip particular the

relation between the tip speed ratio and the poweffwient. From this the optimal
speed-torque curve is derived and used as a lookup table.dfiestrain torque

is then simply a function of the rotor speed. This form of cohts common in

wind turbines|[40], despite the obvious drawback that tfiect of a change to the
aerodynamic properties of the rotor cannot be minimizechycontroller.

3.7 Design Concept Selection

3.7.1 Overview of Feasible Concepts

Three feasible transmission layouts have been derivedigee[3.18. For each a
subdivision of hydraulic component configurations is made.

Pump Hydraulic Hydraulic
Pump Pump

S
s

High pressure
line

enerator |
.
—
Water pump Nozzle or Pel
spear valve mem":e

(@) Concept 1: vari- (b) Concept 2: minimum (c) Concept 3: hydraulic wind farm
able ratio hydraulic tower-top mass
gear

Figure 3.13: Three feasible concepts for hydraulic driaéns in dfshore wind tur-
bines

Concept 1: Variable Ratio Hydraulic Gear

This concept comes closest to the replacement of the gearlaosonventional wind
turbine dfshore. The complete transmission system is located in thellea A
simplified breakdown of the transmission configuration ireéhparts:
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A The rotor, converting wind power into torque and anguldowity.
B The closed-loop hydraulic circuit.
C The generator and power electronics.

Several options for the configuration of motors and genesate possible, yielding
a subdivision into concepts 1a, 1b and 1c (see fable 3.5).

Concept 2: Minimum Tower-top Mass

Of the hydraulic circuit, only a pump is located in the nagelfhe motor, generator,
filters, cooling and boost systems are placed at the base ¢dithine.

The simplified breakdown of the transmission configuratiothree parts is sim-
ilar to concept 1:

A The rotor, converting wind power into torque and anguldowity.

B The closed-loop hydraulic circuit, running from naceliethe base of the tur-
bine tower.

C The generator and power electronics.

Again, the various options of the hydraulic-electric comgot configurations yield
concepts 2a, 2b and 2c (see tdblé 3.5).

Concept 3: Hydraulic Wind Farm

Concept 3 comprises two hydraulic circuits. The first is ailgincircuit to that of
concept 2, with only a pump in the nacelle. The second is an opeuit whereby
seawater is pumped to a substation where the hydraulic gewenverted into elec-
tric power by a hydro turbine.

The primary reason to not have the rotor shaft directly cotetketo the seawater
pump is that the technology for such a slow turning is not yeilable. Hence the
hydrostatic transmission acts as a gear with fixed ratio.

3.7.2 Selection of the DOT Concept for Further Development

An overview of the main components of the respective hydrdatansmission con-

cepts is given in table_3.5. From a wind turbine point of vieancepts 1b, 2b and 3a
have the minimum number of ticks up to the substation. Ofeh2k and 3a yield the

minimum tower-top mass.
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Ref.

Concept 1

Concept 2

Concept 3

a

b

Cc

a

b|lc|la]| b

Nacelle
Gearbox,
PD pump,
Motor,

three stage

fixed displacement
fixed displacement
variable displacement
multiple fixed displacement
variable speed
fixed speed
multiple, fixed speed
Frequency converter
\oltage transformer
Coolingboostfilter systems

Generator,

ENERNERN

ENERNERN

Interface Nacelle to Tower Foot
MV/HV electricity cables
Piping

<

<

Tower Foot
Motor, fixed displacement
variable displacement
multiple fixed displacement

variable speed
fixed speed
multiple, fixed speed
Frequency converter
\oltage transformer
Coolingboostfilter systems
Seawater PD pump, fixed displacement

Generator,

Interface Wind Turbine to Substation
HV electricity cables
Piping

AN
AN

Substation
Spear valves
Hydro turbines
Generator, variable speed
Frequency (andr AC/DC) Converters

\oltage Transformers

ANERNERN

DN N NN

<

Table 3.5: The main components of the considered drive t@ifigurations
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Variable displacement motors are lesisogent than fixed displacement motors of
the same type. Hydraulic pumps able to handle seawater latée/ety expensive.
However, concept 3a leads to a significant simplificatiorhefdtshore wind energy
technology. This is why concept 3a is preferred. Hence fibiithreferred to as the
Delft Offshore Turbine (DOT) concept. In figure 3114 the hydrauligdian of the
DOT is given. The entire system is divided into the followsugsystems:

A The rotor, converting wind power into torque and anguldowity.
B The closed-loop circuit, where (a biodegradable) oil sstigdraulic fluid.
C The open-loop circuit, where seawater is the hydraulidflui

D The generator station, where one or more Pelton turbireet) eoupled to a
synchronous generator, convert the seawater pressuretiowlectricity.

L IO

Figure 3.14: Schematic of the DelftfflShore Turbine power transmission: parts:
(A) rotor, (B) closed-loop hydraulic circuit, (C) open-jpdiydraulic circuit, (D) tur-
bine generator components: (1) pump, (2) motor, (3) reserfd) booster & filter,
(5) pressure relief valve, (6) seawater pump, (7) spearydB) hydro turbine, (9)
synchronous generator

High pressure

o

Low pressure

\ -
\ I
\ |
\ /
\ | /

‘ A Hydraulic oil

Seawater

3.8 Selection of main component types

3.8.1 PDPump

The diferent positive displacement (PD) pump options availabl¢henmarket are
shown in tablé_3]6. In this table the pumps are also comparedd¢h other this is
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done by indicating how good the pump fulfills each of the 4 n@sign objectives

[50]. The pump option that gets the best total score in thisgarison is the constant
displacement axial piston pump. This is also the final purrgalus the design for

both the hydraulic oil pump and the water pump.

= -5
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s |25 832 |2 | ¢ | 283
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N E & A 9g g8 £ ) C L =
ne =20 |© | ® E o=
Type of pump Q W
External gear 3-100 250 ++ ++ | +++
Internal gear 25-50 210 + +4+ | +++
Vane-type 10-36 175 + ++ +
Radial piston 0.4-20 700 ++ + ++ - ++
Axial piston 10-1000 | 400 ++ + + + ++ ++
Variable vane-type 8-125 160 + - -
Variable axial piston| 20-1000 | 315 ++ + - - +

Table 3.6: Comparison of the pump optiorsz reasonable+ + = good,+ + + =
very good[[50]

The radial piston pump is the design of choice. An overvievpadsible con-
figurations of pistons and cams is given in fighre B.15. Suahgmican consist of
multiple adjacent rings of pistons. Note that the numbeligtbms in one ring signif-
icantly influences the diameter of the ring and hence thedfitee pump. The lower
the operation speed, the more cylinders and cams are rdgtieace the larger the
pump diameter.

3.8.2 Hydraulic Motor

The options considered for the hydraulic oil motor are alsty gpositive displace-
ment motors. They are compared in similar manner as the pweapgablé 317. The
motor option that thus scores the best is the fixed displanemeal piston motor.
The required speed of the hydraulic motor is typically ashtdg possible, to mini-
mize the required size (volumetric displacement) of theananhd the pump to which

it is connected. Due to the compatibility with 4-pole generaoperating at grid fre-
quency (50Hz in Eurog60Hz in USA), most fixed displacement pumps and motors
are designed to have a nominal speed of 1500 to 1800rpm.
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g pressure o pressure e p—
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(d) 32 pistons, 1 internal cam(e) 16 pistons, 10 external carff) 32 pistons, 20 external cam

Figure 3.15: Radial piston pump configurations. Note thatdénter circle, repre-
senting the main shatft, is the same size for all configuration

= -5
) ] o
= s . > = oo
%3 |5 |838| €| 2 |32t
S5 E2 | 250 | = @ cga
(0] < 2 1S c < =3 S O = [}
N E 3 P Og S IS O o L =
n < S0 |©C F| B g oo
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Gear 6-38 250 ++ ++ | +++ -
Radial piston 190-7000 | 420 ++ + ++ - ++
Axial piston 10-1000 | 400 ++ + ++ ++ ++
Variable radial piston| 190-7000 | 420 ++ + - -
Variable axial piston 28-355 315 ++ + - -

Table 3.7: Comparison of the motor optiorsz= reasonable+ + = good,+ + + =
very good [50]
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3.8.3 Hydro Turbine

One of the main characteristics of the DOT is the idea of araénéd electricity
generation. At the generator station, the pressurizedaeafvom all wind turbines
is distributed over several hydro turbines.

The power capacity offéshore wind farms currently approaches the output rating
of other large scale electric power plants. Thus the swiahade from having indi-
vidual wind turbine electricity generators (eg. 100 getmsaof 5SMW for a 500MW
wind farm) to just a few central electricity generators. Avfeentral generators will
facilitate compliance with typical grid connection reanrents for wind power plants
(i.e. behavior during disturbances in the grid and contf@the power quality).

Hydro turbines are a well explored technology that has abbiydro power to
achieve the highest operatinffieiencies of all known generation systems, with ca-
pacities up to 1 GW per unit [51]. In a typical hydro power flahe hydro turbine
transforms the high water potential energy into mechamatational energy. For the
DOT, this idea is also applied for the central generatof@iat, with the advantage
that hydro turbines are used without the need of large ressrer dams due to the
fact that the seawater is already pressurized from theiohgi pumping systems.

For an dfshore wind farm, wakefBects represent typically a power loss in the
range of 10 to 23% of the power output [52]. From a centraligederation point
of view, this means that if these losses are properly takenancount in a prelim-
inary design phase, a size reduction of the central geneimfmssible, leading to
economical benefits and higher capacity factor of the entinel farm.

Hydro turbines are the prime movers that transform the gneogtent of the
water into mechanical energy and whose primary functioa drive an electric gen-
erator. Depending on their working principle hydro turlsisee classified into:

- Impulse turbinesin which the driving energy is supplied by the water only in
kinetic form. The water pressure is converted into kinetiergy in the form of
a high speed jet that hits the runner.

- Reaction turbinesin which the driving energy is supplied partly in kinetic and
partly in pressure form. Water pressure can apply a forceherface in the
runner blades and decreases as it proceeds through theegturbi

The first criteria for a turbine selection is the availablespmr@
Of the existing hydraulic turbines, the Pelton turbine is mhost suitable for high
pressurekigh velocity jets.

2In hydro power terminology it is common to refer to pressuredrms of the height of the fluid
column, known as “head”. Since the pressure in the seawgtelines is not caused by elevation, but by
wind power, the use of “head” is not considered appropriaiémerely confusing.
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Turbine type Pressure diference range [bar]
Kaplan and Propeller 0.2 < Ap < 4
Michelli-Banki 03 < Ap< 25
Francis 1 <Ap«< 35
Turgo 5 <Ap< 25
Pelton 5 <Ap«< 185

Table 3.8: Range of operating pressur@atences for hydro turbinels [53]

From tabld_3.B it is seen that for high pressure applicatittresPelton turbine is
the most suitable. In this type of turbine, the high pressuater is converted into
high velocity water jets by a set of fixed nozzles. Mechanicajue is produced at
the turbine shaft when the high-speed water jets hit the Bbeybed buckets (spoons)
placed around the turbine runner. The needle is actuateteltutbine governor with
a servomotor.

An important advantage of the Pelton turbine is the abibtpérform dficiently
not only at rated and partial loads, but over a wide range of fettes starting from
10% of the rated flow. The Pelton turbine used in the Bieudratrdelectric power
station in the Swiss Alps has a power capacity of 423MW petrwiitihh 1,883m head
(=~ 185bar) and 257/s flow [53].

High rotation speed combined with high torque enable a catgesign. Hence,
a DOT farm requires only one or a few generators to produczraiy, using tech-
nology that is similar to what is used in hydro power plants.
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4

Coupling Rotor Aerodynamics and Fluid Power
Transmission

4.1 Introduction

Key Question Approach Chapter
How are the rotor and drive train - Model steady-state and dynamic c
dimensioned and modeled? behavior of fluid power transmission 2
- Identify key parameters for % 4
How are rotor and drive train matching rotor and fluid power E
envelopes matched? transmission system @

Figure 4.1: Flowchart for the objective and approach of thiapter

4.1.1 Torque Balance

In chaptef B conceptual designs are formed of how fluid poregismission may be
applied in dfshore wind turbines. In all three designs shown in figure]h&3wvind
turbine rotor is directly coupled to a positive displacetrfump. The rotation of the
rotor causes the pump to displace fluid, creating a flow. Tligeyic motor converts
the flow back into rotation. The resistance to rotation elguexed by the motor is
the required motor torque. This required torque determihegpressure in the line
from the pump to the motor. At the pump, the pressure detexsritime torque that is
experienced by the rotor as the resistance to rotation.

In order to dficiently and safely extract power from the wind, the speedchef t
rotor has to be controlled. The source of the rotor torquesis tream wind which
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cannot be controlled. Hence, the braking torque must cbthtecspeed.

The design operating speed of the rotor of a wind turbinerigéid by the airspeed
of blade tipsi For large wind turbines the mechanical power thus existhérform
of low speed high torque. The balance between the rotor &argyd: and the braking
torquet, provided by the hydraulic circuit (pump) determines theespe of the
rotor, as describe by equation.1.

\]t (1) = Trotor — Tp (41)

Here, friction from the rotor bearings is neglectddis the combined mass moments
of inertia of the pump and the aerodynamic rotor.

Assuming the pump to have fixed volumetric displacementagon[4.1 is the
equation of motion of the rotor in the rotor plane.

rotor
z-aero hd Tload N
> e = =
. -
o,
pin > Qin pom > Qam
T_» Vd > qump Vd > er)mr «_ T
w,0
poul ’ Qoul pin ’ Qin

Figure 4.2: Free body diagrams of a fluid power circuit codptea rotor

The performance of a rotor is predominantly a function oftipespeed ratiol
and the blade pitch angle The performance of a pump is predominantly a function
of the rotation speed, the pressur@ and the state of the hydraulic fluid. In order to
have both pump and rotor operate as eneffigiently as possible, their performance
envelopes have to match.

1The design speed of the blade tips in the rotor plane is ysaedlund 80rs for larger wind turbines
(.
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To model the behavior of the complete system, equatidn 4 st brisolved. To
solve this equation the following must be understood andbédin wind turbine rotor
and hydraulic circuit:

- how torque is produced

- how torque and speed are controlled

- what the optimal operating conditions are

which properties are characteristic, i.e. which have angfrinfluence on the
performance

- how the dynamic behavior is modeled

which properties influence the dynamic behavior and how

4.1.2 Objective& Approach

This chapter describes how the steady state and dynamarpexrfice of the rotor and
the hydraulic circuit are modeled, based on well-estabtisheoretical and empirical
relations.

The simulation techniques described in this chapter hawedéo define a model
for the entire transmission as presented in the concepasida. The theory on ro-
tor aerodynamics has been taken froml [54] and [55]. The #imat modeling of
hydraulic drives has been extensively developed. Theioakbetween the physi-
cal parameters and their performance used for this disgertaas derived from [7],
[56] and [57].

The validation of (parts of) the modeling techniques is enésd in chaptdr]5.
Together with the control method presented in chdgdter &, fitven the basis for the
preliminary design in chaptgr 7.

4.1.3 Macroscopic vs. Microscopic Approach to System Modigelg

The analysis of fluid flow systems is typically done in one of twanners:

1. Microscopic - defining dierential relations for fluid flow analysis [68]. The
differential analysis method is used when a detailed flow paigerequired.
A popular approach is the numerical analysis of thedéntial equations, also
known as computational fluid dynamics.
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2. Macroscopic - defining integral relations for a controlwoe analysis. The
control volume analysis method is based on average propaitgs (such as
mass flow, induced force, energy exchange) at the boundafrigae control
volume. This method is specifically useful for one dimenaldtuid flow sys-
tems. It gives good engineering estimates of the systengsepies.

In modeling rotor aerodynamics and fluid power transmissigstems, the goal is
to approximate the behavior of real life systems. The foduthis dissertation is

on design synthesis and overall power transmission systformance. Detailed

flow patterns in (parts of) the system are not of interest.HEmne diferential analysis

method will resultin an overly detailed and complex modednkle, the more suitable
method is the control volume analysis.

4.1.4 Three Governing Equations
For both approaches described in sediion #4.1.3, threeipiesdold:

e Conservation of mass- In a mechanical system, the system is defined as a
fixed quantity of massn. Everything outside the system boundaries is called
the surroundings. The law of conservation of mass statess can neither be
created nor destroyed

dm

— =0 4.2

at (4.2)

e Conservation of linear momentum- Newton’s second law states that the sys-
tem will accelerate when a forde from the surroundings is exerted on the
system:force equals the time rate of change of momentum

du
F= ma (4.3)

e Conservation of energy- the first law of thermodynamics states that the sys-
tems energ\E will change when workV is done by the system or he@tis
exchanged with the surroundingmergy can neither be created nor destroyed,;
it can only change form.

dE_ . .
QW (4.4)
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4.1.5 Assumptions& Conditions

Pipeline dynamics are neglected. The main reason to incai@pipeline dynamics
is to analyze the possibility of “hammer” occurring due toualden large pressure
fluctuation. The change in fluid inertia created by a wind ingtrotor is assumed
suficiently low to not encounter this “hammer” phenomenon. Tdgsumption is

backed up by the findings ih [59].

4.2 Modeling Rotor Aerodynamics

<

(a) Front view (b) Side view
Figure 4.3: Wind turbine front view and side view

4.2.1 Blade Element Momentum (BEM) Theory

Consider a rotor (actuator disk) placed in the flow of air tlglo a cylindrical control
volume. The airflow before the rotor has a velodity and pressur@.. When the
air flow reaches the rotor, kinetic energy is extracted frgrodausing a reduction in
flow velocity. Since the total mass flow in and out of the coni@ume must be
equal, the cross section of the flow area must increase.

The rotor acts as a permeable barrier: the pressure wikaser pf) just before
the rotor and decreasgy) directly after. After that, the pressure of the walg
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Streamtube—

u,, — Velocity—

Figure 4.4: Wind speed, pressure and area of the air flow drauwind turbine
modeled by an actuator disc

will gradually increase to the level of the free-streamistptessurep.,. Figure[4.4
visualizes the speed and pressure changes around the rotor.

Based on the law of conservation of momentum, the “Momentimacfy” is
used for modeling the wind passing through the rotor swegd Ap. This specific
application is also known as the “Actuator Disc Theory”. bmbination with the
“Blade Element Theory” it yields the axial (and related tantial) induction factors
which serve as corrections to the airspeed at the rotor disc.

In the “Momentum Theory”, the axial induction factafor a blade section is the
ratio between the reduction in wind speed at its locatiohé@ectuator disd{., —Up)
and the free-stream wind spedd, at that location. For the whole rotor:

a= % = Up = U,(1-a) (4.5)
The power cofficientCp is the relation between the power extracted by the rotor
Protor and the power in the free-stream wiRging through the same arés.

_ Protor _ ZPADUEOa(l_ a)Z

Cp = = = 4a(1 - a)? 4.6
P Pwind %,Oair UgoAD ( ) ( )

The thrust cofficientCy is similarly defined as:
Cr = 4a(1- a) (4.7)

The theoretical maximum value 6% is ¢ ~ 0.593 and it occurs whea = 1. This
is known as the Lancaster-Betz Limit |60,/ 61] 62].
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Figure 4.5: 3D drawing of a rotor blade of the NREL 5SMWt€hore reference turbine
[38]

As the name suggests, “Blade Element Theory” considers ad@DdVer each of
a finite numbelN;s of blade sections. It is used to calculate the lift and dragde on
a blade, whether it is an airplane wing, propeller or windine blade. For a wind
turbine rotor, the summation of the lift and drag contribas of each section of each
blade yields the rotor torqueeor and thrust force=r. Figure[4.6 shows that the
2D airflow experienced by a blade section consists of two aorapts, the incoming
wind speedJ;, at the rotor disk and the airspeed due to the rotation of ttoe k,
which together make up théfective relative velocitye.

normal plane

F rotor plane
'

Figure 4.6: The flow angles, velocity components and forcearoairfolil

These velocities are subsequently used to calculate newevalfa anday. This
iterative process continues until the values@ndag converge to within a specific
tolerance, or until an iteration threshold is reached. $o.ehch element of each
blade the value dcdi is calculated at each iteration step.
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Based on empirical evidende |%5,/54], a number for correstitave been devel-
oped for BEM to incorporate aerodynamic phenomena that$ignéicant influence.
Two important corrections are:

1. The Prandtltip-loss factor - A limitation of the BEM thgas that the influence
from vortices shed at the blade tip are not taken into accatieh calculating
the induced velocity. To correct for thigfect, the Prandtl tip-loss factdy, is
calculated. An example of its value forfiirent radii along the blade length is

shown in figur¢ 4.7(3).

2 B

= Wwithout correction g
1.5} = = = with Glauert correction -7
-

[

o o
> ®

Prandtl tip loss
factor fpr -1
o
=
N
\
v

o
@

thrust coefficient  C_ [-]

o ¢
N

o
o

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
location along rotor radius /R [-] induction factor  a [-]

(a) Typical values of the Prandtl tip loss factipy. (b) Glauert correction

o
o

Figure 4.7: Examples of Prandtl & Glauert corrections folMBE

2. The Glauert highload correction - The blade element mdametheory is only
accurate with axial induction factors which are smallenthpproximately 0.5.
If atranscends this value, the influence of wake turbulencerbes@pparent,
according to[[55, 54]. The “Modified Glauert High Inductioni@ection" is an
empirically derived relation to approximate this influen&o, for each blade
section section, i >= 0.5, a correction factor is determined.

The Glauert high load correction and the Prandtl tip-spegtkection are applied to
calculate the new values af

4.2.2 Model Extensions for Dynamic Simulation

To improve the accuracy of the time-simulation of the wintbtne response to dy-
namic wind loads, the following corrections to the aerodgitamodel have to be
applied.

1. Tower shadowis a phenomenon that occurs when a rotor blade passes the
tower of a wind turbine. The presence of the tower in the airftauses the
build up of air pressure in front of the tower. As the rotorddanoves in front
of the tower it experiences a change in air pressure, i.e.aaggin airflow.

This drop in the momentum results directly in a droplf, the wind speed
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at the rotor disk. Using potential flow theory, thffext of tower shadow is
modeled by calculating the changeln.

2. Dynamic inflow refers to sudden changes in the inflow speed, which may orig-
inate from a fast change in wind speed (turbulence) or fromdalen change
in the blade pitch anglé The essence of the model used in this dissertation is
that the induced velocity on the blade section is re-deteethiising empirical
relations. Details of the model are explainedin|[63].

3. Dynamic Stall occurs when the angle of attack of an airfoil is rapidly clingg
As with dynamic inflow, the cause of this non-linear unsteadyodynamic
effect may be turbulence or a change in pitch angle. Inducetesraround the
airfoil influence the flow along the skin such that the lift §fficient) increases
or decreases, depending on the sign of the time rate of chafrige angle of
attacke. The modeling of dynamic stall is done by redefining the lifgicient
Ci.

4. Flapwise bendingis the bending of the blade due to thrust forces, i.e. in the
direction perpendicular to the rotor plane. The deflectibthe blades due
to the bending moment creates a changes in the local anglsack. This
influences the behavior of the blade.

4.2.3 Cp-C, - 2Relation

The tip speed ratid is defined as the ratio between the speed of the rotor blade tip
w x R(in plane) and the free stream wind spéé&d (out of plane).

wR

1=
Us

(4.8)
The optimal tip speed ratido is the ratio between the incoming wind velocity and
the blade tip speed for which the rotor extracts energy froenwtind at maximum
efficiency. It is therefore a characteristic property of anydgnamic rotor.

The values of the lift and drag cfirients of an airfoil depend on the angle of
attack of the airflow. The angle of attaekdepends on the angle of incidengand
the pitch angl® of the airfoil, both defined with respect to the rotor plane.

r( Up ) Us(1-a)
v = arctal = arctan ———
Urot w R(l + a;g)

a=y—-90 (410)

(4.9)
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Figure 4.8: Visualization of corrections to the aerodymamidel to improve the
accuracy of the dynamic response
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Since the rotor blade rotates, the speed due to rotatiterslalong the blade, altering
the angle of incidence with respect to the rotor plane. To ensure the optimal aero-
dynamic performance, the blade is twisted by artigle:(r) along its length. Thus,
for the same optimal tip speed ratipthe angle of attack at each section is optimal
and yields a maximur®,/Cq ratio.

0 = O + Bist (411)

Hence, the value of the power dfieientCp depends on the tip speed raticand
blade pitch angl®. For each blade pitch angtethere is an optimal tip speed ratio
Aopt.  The relation betweelp, A andé for the rotor blades of the NREL 5MW
Baseline @shore turbine is given in figufe 4.9. So, to capture maximumepat

0

pitch angle 0[] 6
tip speed ratio 4 [

Figure 4.9:Cp - A - 4 relation for the NREL 5MW @shore baseline turbing [38]

a given wind speed, the rotation speed of the rotor shouldbtaled as to maintain
a constant optimal value of the tip speed ratio. Optimal danamic dficiency thus
implies a linear increase in the rotational speed of therrafith respect to wind
speed. Hence, the optimal aerodynamic torque rotor is ptiopal to the second
power of the free-stream wind speed.

w o Ug (4.12)
Trotor ¢ Ui (4.13)
1 2
Trotor = CT(/l) E Pair us 7TR3 (4_14)

1
Protor = CP(/l) E Pair Ufo 7TR2 (415)
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The expression for the power diieientCp in equation 4. is redefined as:

_ Protor _ Trotor W (4.16)

Cp =
PWlnd % Pair Ugo - 7TR2

Similarly, the aerodynamic torque is described throughribie-dimensional torque
codTicientC;:

Trotor
C,=— oo 4.17
3 pair UZ - 7R @0

Using equations 418, 4.116 ahd 4.17, the following relatgmss derived:

C, >

(4.18)

An example of the typical relationships between the poweffament, torque coef-
ficient and tip speed ratio for a three-bladed horizontad axnd turbine rotor with
fixed pitch angle, is given in figute 4110.
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(b) ideal torque - wind speed - rotor speed relati¢o) ideal power - wind speed - rotor speed relation

Figure 4.10: The aerodynamic performance of a conventiwimal turbine rotor
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From figurg 4.10(3) it is observed that the maximum value@pitwer cofficient
occurs for only one value of the tip speed ratio. Thus, therrof a variable speed
wind turbine is designed so that, with a fixed blade pitch eniile maximum power
codficientCpmax OCcurs at the optimal tip speed ratlg,; independent of the wind
speed as observed in figlire 4.1D(c). This implies that inrdodeperate at constant
tip speed ratio, two relationships are determined: a limektionship between the
rotational speed of the rotor and the wind speed, and a stjuelaionship between
the aerodynamic torque and the wind speed (or rotationadspince they have a
linear dependence).

4.2.4 The Power Curve

The ideal shape of the power curve of an arbitrary horizeax#d, variable speed,
pitch controlled wind turbine is given in figute 4]11. Thisnyer curve exhibits dif-
ferent regions mainly delimited by the cut-in wind spegdthe wind speed for rated
rotor speed/,,, ratedv;4eg and cut-out/, Wind speeds. Each of these regions have
different objectives in both terms of operation and power etitna64, p.51].

rated [~

power [MW]

cut-in V2 rated cut-out
windspeed [m/s]

Figure 4.11: The ideal power curve of an arbitrary wind toeband the 3 zones of
control

Below cut-in speed, the available energy in the wind is fifisient to keep the
wind turbine running costiBectively. Around cut-in wind speed, the available energy
in the wind is used to accelerate the rotor to the point whieeetip speed ratio is
optimal. In region 1, between cut-in wind speed and the wimeksdv, where the
nominal rotation speed is reached, the wind turbine opgrttenaximum ficiency,

i.e. at the optimal tip speed ratio and the correspondingmmamx power cofficient.
In region 2, between, and the rated wind speed, the torque is increased until the
nominal power output is achieved. In region 3, between tiedrand the cut-out
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wind speeds, the speed and torque (and hence power outpl@atr constant. The
rated wind speed of wind turbinesfshore ranges between 11 and }$nNote from
figure[4.12 that wind speeds higher than these occur onhadpmily. Hence, the
impact on the annual energy production of not fully exphajtthese high wind speeds
is minimal. Beyond cut-out wind speed the turbine is shutmétmprevent structural
overload.

10 minute average wind speeds,
- measured from 1979 to 2000 at 73.8 m|

02 Weibull distribution fit, k = 2.2, ¢ = 9.2

Probability [%]

. .
0 5 10 15 20 25 30 35
Windspeed [m/s]

Figure 4.12: Weibull distribution of the wind speed at thertidSea sector K13

4.3 Modeling Fluid Power Transmission Components

4.3.1 Important Fluid Properties
Density, Compressibility and Thermal Expansion

The state of a fluid, i.e. the fluid’s condition, determinegfte large extend the
performance of a hydraulic system. It is defined by the retakietween the fluid's
temperature, volume (or density) and pressure. The depsitiya fluid is thus a
function of both pressurp and temperature.

p="F(p.T) (4.19)

For a matter in liquid state, changes in density are smadjuidis are often assumed
to be incompressible, meaning no changes in density occarrasult of pressure
variation. However, in hydraulics, the degree of pressaré@tion is such that is does
have a significantféect on the fluid density.
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Figure 4.13: Fluid properties of water and hydraulic oilsdifor modeling and ex-
periments throughout this dissertation

Consider an initial volume of fluit/y with massmy at temperaturd, and pres-
surepp. If the mass stays the same, but the volume increased/hyhe densityp
will decrease and vice versa.

Mo
L 4.20
PO =, (4.20)
_ o
P =N+ AV (4.21)

Within a system, density increases with increasing presand decreases with in-
creasing temperature. Equation 4.22 represents the isalodume change as a func-
tion of temperature change. Equation 4.23 represents dhigeisnal volume change
as a function of pressure cha@e.

AV(T) =Voa (T-Tg) = p= Jﬁ (4.22)
AV(p) = ~VoB (p—Po) = p = Jﬁ) (4.23)

Here,a is the thermal expansion cffieient. The compressibilitg is the inverse of
the fluid bulk modulug;. The bulk modulus of elasticity of a fluid is a measure for

2Note that here the delta\) is used symbolize exactftérence. Imx the delta symbolizes theftér-
ence. Indxthed symbolizes the derivative (with respect to another dependariable), Insx the delta
symbolizes the dierential with respect to another dependent variable (befithal change)[ [65].
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its volumetric elasticity.

1

=& (4.24)

B

The fluid bulk modulu€, is modeled as the sum of the reference fluid bulk modulus
Ei0 (at atmospheric pressure) and a pressure depender®gain

Eq = Ef|!() + Gp ] (4.25)

Here, gain constar®, = 10 is assumed [66, p.118]. In figure 4.13 the tempera-
ture dependence is shown of properfies, E anda of fluids used in experiments
conducted as part of the research for this thesis. What tiregdns show is that, in
comparison to the hydraulic oils, water has:

- greater mass density

- lower kinematic viscosity

- greater sffnesskE

- less tendency for thermal expansion

Combining expressiofis 4.22 dnd 4.23 as the total changdimea\V as a func-
tion of pressure and temperature, yields equation 4.2 ofltid density.

_ Lo
P=@-BAp(L+aAT) (4.26)

Viscosity

Viscosity is the resistance of a fluid against deformatiosligar or tensile stress. The
choice of the design operating fluid viscosity for an indiasfsrump is a compromise
between leakage losses and friction losses (lubricatiimg.ideal operating viscosity
for industrial pumps is typically between 20 and 25cSt.

The absolute or kinematic viscositjs a temperature dependent fluid property.

y=f(T) (4.27)

In axial or radial piston pumps & motors, the pistons andraidirs have close-fitting
surfaces in relative motion. The leakage in between pistohcglinder depends on
the tolerance between these surfaces, the properties afetidle and and the fluid
viscosity. Low fluid viscosity thus implies greater leakdigevs and vice versa.
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In hydraulic lines, the fluid experiences friction with thentainer walls. The
degree of friction is dependent on the Reynolds nunieamd the surface roughness
of the container walls. The value &fe depends on the viscosity and the fluid
velocity u.

Re= 4P (4.28)
4
Considering the dependency of viscosity on temperatuesopierating conditions of
the hydraulic circuit thus have to be known before a fluid lsected.

4.3.2 The Hfective Bulk Modulus

The dfective bulk modulus of elasticit, is a defining property in determining the
dynamic performance of hydraulic systems, because ita®tatthe “stifness” of the
system. This is an important parameter because it relaths &peed of the response
of a hydraulic system.
ov

ap = Ee A (4.29)

The stitness of the system will increase with pressure.
A system has the following volumes/ [7, p.16]:

- Instantaneous container volurdg

Total container volum&/;

Initial volume of gasvy
- Initial volume of liquidV,

The assumption made here is that the circuit is completédgfibith one type of fluid
Vf| = V| + Vg.

Ve =V = Vy (4.30)

A change in the initial volumes of either the container, ieid or both results in a
change in the total container volume.

AV; = AV + AV, (4.31)

The dfective bulk modulug, is defined as:

1 1 1

R R 4.32
Ee Ec Efl ( )
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Figure 4.14: Flow components of hydraulic pumps & motbrg [66

4.3.3 Modeling a Hydraulic Pump

The primary function of hydraulic pumps is to convert medbahenergy into hy-
draulic energy. Pumps are characterized by their volumdisplacemen¥,. This
parameter describes the volume of fluid that is displacedqgiational displacement
of the driving shaft. It also defines the specific torque, tlee torque gradient in
relation to pressure.

Generated Flow

Figure[4.14 shows the flow components of a pump such as theyadeled here.
The ideal flowQjq from the pump is the product of its volumetric displacemégnt
and its rotational velocity.

Qd = Vpw (4.33)
The net flowQ,et from a pump is expressed as:

Qnet = Qid — Qs (4.34)
=Vpowiy (4.35)

Here Qs represents the total slip flow due to leakages. Two typesaikdge are
distinguished at a pump or motor:

1. the internal leakag®; (also known as cross-port leakage) between the high

and low pressure lines.
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2. the external leakadg@, from the internal chambers to the case drain.

Due to the small clearances inside a pump or motor, the leakags are usually
laminar and are described as a function of prespuaador rotational speed. A
general schematic of theftkrent leakage losses that occur in hydraulic pumps and
motors is shown in figurle 4.14.

Complex models have been developed to consider a turbakage flow([56,
57]. However, for the purpose of this study and for simpjiaf analysis, a simple
description assumed, where the total leakage (or slip) @gig directly proportional
to the pressure fierenceAp across the hydraulic punpotor in terms of a laminar
leakage cofficientCs [67].

Ap

Qs=Cs— (4.36)

Transmitted Torque

The ideal torque of a pump is the product of the pump volumelisplacemeny,
and the pressurefiierenceAp across it. The fective torque of the pump, is the
total torque at its input shaft. It is modeled as:

Tp=Vp Ap+ 79+ ¢ (4.37)

The damping torquey is a torque loss required to shear the fluid in the small clear-
ances between mechanical elements in motion [7]. It is iaddent of the load and

is assumed to be proportional to the pump speediscous damping cdicientCqy

and the dynamic viscosity.

74 =Capw (4.38)

The friction torquer; simulates the fect of dry friction forces on the pump pistons
that oppose their motion. The resulting friction torquensgortional to the volumet-
ric displacement and the pressuréelience across the hydraulic pufmotor. For a
guasi-static analysis a constant Coulomb frictionfioientC+ is defined to describe
the friction torque independently of the speked [7]:

71 =Ct Vp Ap (4.39)

Hence equation 4.837 becomes
7p=(1+Cr)VpAp+Copw (4.40)
_ Yelp (4.41)

Im
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4.3.4 Modeling a Hydraulic Motor

A hydraulic motor converts fluid power into rotating kinepower. The modeling
techniques are essentially the same as for the hydraulipptitre main diference is
the modeling equations is due to the reversal of the powararsion function.

Generated Pressure

The load applied to the motor determines the requiféetéve motor torque, and
hence the required line pressure.

Tm=APVm— 7t — T4 (4.42)

1
Ap = V_m (Tm +7Tf + ‘rd) (4.43)

Generated Speed

The dfective flowQp, through the motor is the flference between the flo@;, from
the high pressure line and the leakage flQw The dfective flow determines the
speed of the motor.

Qnet = Qin - Qs (4-44)
w= ?/'::t (4.45)

4.3.5 Htficiencies of Hydraulic Pumps

The volumetric #ficiencyn, of a pump is defined as the ratio of real fl@ye; to
the ideal flowV, - wp from the pump. The volumetricfigciency describes internal
and external leakages and the losses through the compregsik. Usind 4.34, the
volumetric dficiency becomes:

_ Qnet —1-C, Ap
Vp w Vpuw

(4.46)

v

The mechanicalféiciency or torque ficiencynn, of a pump is the ratio between the
effective torquev, Ap and the torque that is applied.

_ VpAp Vp Ap

Nm = (4.47)

Tp B Vp Ap+ 14 + 7%
1

= - 4.48
1+CdyA—g +Cf ( )
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The total pump fliciency niot is defined as the ratio between the hydraulic power
(output) and the mechanical power (input). It is the prodafahe volumetric and
mechanical fiiciencies.

Phyd
Ntot = P = v lIm (4.49)
mech
A
_ QAap (4.50)
W Trotor
1-Cs 2P
=2 (4.51)
1+ CdA_p + Cf
(a) fixed displacement (b) ntot for variable displacement
Figure 4.15: The simulatedficiency curves of an arbitrary pump
4.3.6 Htficiencies of Hydraulic Motors
The volumetric éiciency of a motor is defined as:
Qnet
= 4.52
Tiv On ( )
The mechanicalféciency of a motor is defined as:
fim = — (4.53)

- AP Vi
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The total motor ficiencyn is defined as the ratio between the mechanical power
(output) and the hydraulic power (input).

Mot = Prg =1vIm (4.54)
y
- 5" TA"‘p (4.55)
n
1- SLe _cy
Ap
= (4.56)
CsAp
1+ o

The theoretical static performance of pump and motor is ddfirere by coicients
Cs, Cq, Cy, fluid viscosityu and operational conditionsp andw,. Since the cof-
cients are assumed constant, tffec@ncy is a function oA p/(uwp). The dficiency
curves of a pump with constant volumetric displacement arengn figurg 4.15().
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Figure 4.16: Comparison between simulation results andufaaturer data of the
Hydrowatt R25@50 pump

In figure[4.16 the measuredhieiency of a radial piston pump (suitable for pump-
ing seawater) is compared to thigency which is simulated using equation 4.51.
The displayed curves for operation at 1500rpm are in closeimity for a wide range
of operation.

In order to obtain the maximuntiiciency in the mechanical to hydraulic power
conversion, it is desirable to operate in the maximum pofrthe total dficiency
curve. Once the pump parameters are established, the mdRkeoeetical diciency
and corresponding required conditions for steady-stat®peance are obtained. It
is important to notice from theficiency curve in figur¢ 4.15(a) that there is only
one point where maximumfléciency is achieved for a pump with fixed volumetric
displacement.
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Pumps with variable displacement are able to operate witkerdnt dficiency
curves, as shown in figufe 4.I5(b). The totflaéency of the pump increases for
higher volumetric displacements. This is explained by et that for otherwise
similar conditions, greater displacemefytleads to a lower slip cdgcient valueCs.
Larger stroke volumes thus result in relatively lower legka

Itis also observed that the maximutfieiency for each displacement corresponds
to a diferent value ofﬁ—z. Hence for every operating value of this parameter, there is
only one volumetric displacement at which maximufiicéency is reached.

Three similar plots for the operational envelope of the Hégds CA210 are
shown in figurd_4.717, in terms of torque, speed, flow and prestr a given oil
viscosities. Figurg 4.17(a) is taken from the product folda the figure, flushing
refers to the cooling of the pummpotor by forcing fluid through its casing. For this
specific pump the maximum allowed operating power withowgHing is 120kW.
Figurg[4.I7(8) is the simulation result using the expressgiven in this section. The

N

rotational speed @ [rpm!

(a) From product folder (b) Simulated

Figure 4.17: Contour plots of the totdhieiency of the Hagglunds CA210 for oil with
viscosityv = 40cSt

pump type of which the envelope is shown in figlre #.17 is updtié experiments
described in chaptét 5. The pump type of which the envelogleadsn in figuré 4.18
is used in the experiments described in chdgter 6.

In both figures there is a noticeabldfdrence between the data from the manu-
facturer and the simulated data. As long as the region ofatiperis well within the
boundaries of these graphs, the deviation is never moretliian percent. Then the
impact on the simulation of the hydraulic system is thereforimal.

However, it is found that accurate modeling of tlieagency of a hydraulic pump
or motor is not possible with the empirically derived eqoas presented here. In
literature such as$ [66], the issue of modelirijadency is omitted altogether. A com-
mon approach is to use lookup tables of measured valuesddkathowever require
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500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
rotational speed e [rpm] rotational speed e [rpm)]

(a) From manufacturer (b) Simulated

Figure 4.18: Contour plots of the totdhieiency of the Danfoss PAH12.5 for tapwater
with viscosityy = 1.0040cSt

the availability of accurate data.

4.3.7 Modeling Nozzle Flow

The concept depicted in figute 3114 shows that the flow fromstmvater pump
travels to the generator platform. At the platform the flowirected onto the buckets
of a Pelton turbine runner by a valve. This valve (either aaspalve or a simple

nozzle) changes the ratio between pressure and flow speedBdrhoulli equation

for dynamic pressure is derived from the law of conservatioenergy.

1 1
Pt 5pUi+pgz=p+5pUi+p02 (4.57)

Assuming that there is no heightidirencez; = 2, the expression for the nozzle flow
speed is:

2(p1 — Po)

Ujetia = 4|U2 +
Jetl 1 p

(4.58)

The volume of the nozzle is typically much smaller than thkime of the high pres-
sure line of the hydraulic system. The corresponding flugtia and capacitance of
the nozzle are thus much smaller and therefor deemed riggligdnly the resistance
of the nozzle is taken into account.

Expressions 4.57 and 4158 hold for ideal nozzle flow. The ledpsses, that are
caused by viscoudiects of the fluid, are described by the velocity fiméent [58].
For well-designed nozzles the velocity ¢ibeient ranges from 0.92 to 0.98 [58].
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This then gives the following equation for the jet velocity.

2A
Unoz=Cy 4|UZ,. + 2P (4.59)
o

line
The diameter of the water jet out of the nozzle continues tvee until a cer-
tain minimum, the so called vena contracta, is reached. Tieeteof this on the jet
velocity is that it keeps on increasing until the minimumndéger is reached. The
vena contracta phenomenon does not influence the ndfidieecy. The contraction
codficientC, takes into account thefect of the vena contracta on the jet velocity.
The jet velocity is determined by [68]:

_Q
CC AI’]OZ

Both the velocity and contraction ciieients depend on the geometrical shape of
the nozzle. Both cd#&cients have an influence on the jet velocity.

Ujet = (4.60)

Pioss = APjet — APjetd (4.61)
1 (Q\ 1-c2c?
==p|l—| ——— 4.62
el (462
Only the velocity cofficient has an influence on the nozziga@ency [68].
1 [ Q\V1-c2
== 4.63
Pioss 5P (Anoz) cz ( )

Assuming equal flow, nozzles with a larger resistance thssltrén larger losses at
the nozzle and an increase in the line pressure. The prelessrat the nozzle is a
non-linear function of the volume flow. The nozzl@&eency is determined by:

Thoz=1- % (4.64)
Piine

4.4 Modeling Fluid Power Transmission Dynamics

4.4.1 Inertia & Hydraulic Induction

Through a Pipeline - Fluid Inertia

When the fluid inertia is high and the daeceleration of the flow is high, the pressure
peak will be high. The fluid inertia is modeled as:
Ap ol
lg=—="f 4.65
n=g =fea (4.65)
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From the expression for fluid inertia, a distinction is magd®8,[66] between the
fluid inertia of a laminar flow and a turbulent flow. For lamirflow a correction

factor f, = 4/3 is applied. Turbulent flow profiles have a more uniform shape

therefore the correction factor is much smaller and is Uguaglected {. = 1), see

figure[4.I9[[58]. For a hydraulic line, the hydraulic inductiis equal to the fluid
inertia.

Ly =1q (4.66)
The inertia of the fluid element is analogue to the mass in énar@cal system. From
equatiori 4.65 it is concluded that the inertia of a fluid eletig reduced when the

density and length decrease or when the area increases.

Parabolic laminar velocity Turbulent velocity profile

profile
_ 3 —
/ >
u u

Figure 4.19: Laminar and turbulent flow profiles

From a Hydraulic Pump

The line pressurapis the pressure fiierence over the hydraulic purimpotor, i.e. the
difference between the work presspgein line A and the charge or return pressure
ps in line B.

Ap = pa—Ps (4.67)

For a frictionless, leakage free rotary actuator, the tenguequal to the product of
the load pressure and the volumetric displacement.

AssuMingrrotor = 0 andnmec = 1, equation 4]1 is written as:

ApVp=Ja (4.69)
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Here,J is the sum of the mass moments of inertia of the rotating pdrtise pump
and the actuator that drives it, in this case an aerodynastoc By multiplying both
sides byV, and usingQ = V,, w, the flow rate of change appears.

ApVi=JwV,=JQ (4.70)

The relation between the pressure in the system and the éitaef change in flow
speed is known as the hydraulic induction [66].
Ap J
Ly = 6 = V_rz) (4.71)

4.4.2 Compressibility& Hydraulic Capacitance

The oil in the piping that connects the pump and the hydranbtor behaves simi-
lar to a mechanical spring. It is modeled as a constant voluitiean efective bulk
modulus associated to the compressibility of such volunhe. Spring sffness equiv-
alentC, of a hydraulic fluid is the ratio between the change in fatEeexerted on a
fluid in a rigid container and the compression length of thig ftLL.

_dF

C,= —
°7 dL

(4.72)

The addition or subtraction of an oil volur#®/ to a container with constant volume
Ve will lead to a change in pressusg.

Ap = E.2Y (4.73)

This change with respect to time is thfeetive flow Q into or out of the system
Qc = % Hence,

dp  _ dVe/dt

a = (4.74)
e Q
p=Eoyy. (4.75)

The dfective bulk modulugk, considers not only the fluid $thess but also the mate-
rial compliance([6B]. The value d&. may therefor vary considerably from the fluid
bulk modulusEs;, as is demonstrated in section 413.2.

The pumps used for the experiments described in seiidnrb.4adial piston
pumps. The pistons move along a cam ring so that they (dig)etseveral times per
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pump revolution, depending on the number of cams. The itmt@ous volum&/
of oil in the pump, in open connection with the high pressime, lis on average half
the pistons of the pump which are on average at half theikstvolume[[70, p.135].
Hence,

Vi=V, g (4.76)
The instantaneous volume of the high pressure containeuss t
Ve = Vi + Vpipe (4.77)

The instantaneous oil volume in the motor is deemed insarnfly small and is
therefor note taken into account here. The inverse of thedwid spring stifness
C, is known as the hydraulic capacitan€g [66]. This capacitance is the relation
between time rate of change of the pressure and filsete&ve volumetric flow. It
follows that:

Qe _ Ve (4.78)

C — =
H b E

Thus, the more oil, the greater the capacitance.

4.4.3 Hydraulic Resistance: Pressur& Flow Losses
Two types of hydraulic resistan¢®, are recognized:

1. Resistance due to pressure loss

2. Resistance due to flow loss

In practice, the ffect of flow loss is significantly larger that of pressure loss.

Resistance due to Pressure Loss

The hydraulic resistand®, is the change in pressure over the flow speed. For a pipe,
the resistanc®y is defined by:

Ploss
Rup = (4.79)
T Q
What this dfectively represents is the relation between the presseselod the flow
rate.
Pressure losses are associated to the energy dissipatiorviscous fects of a
fluid flow. They occur in two forms:
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1. At the hydraulic pumfmotors these losses occur due to the shearing of fluid
between close fitting surfaces within the pymptor. This shearing causes
what is known as damping torque, see equation 4.838. So the pressure loss
due to viscous damping at a pufnpotor is modeled as:

C
Ploss = Ta/Vp = —\‘/’“ (4.80)
P

2. By applying the Darcy-Weisbach equation for pressursdsslue to friction,
the pressure loss in the pipe is directly proportional tofttv rate when the
flow is laminar.

8ulL
Plosspipe = T
T pipe
When the flow is turbulent this relation does not hold. To g@psecond order
model for the hydraulic transmission then requires liresion of the pressure
loss.

Q (4.81)

Therefore,

C 8ul
R
M pipe
Additional losses occur due to valves (glgtieeckgate), elbow corners, T-pieces
etc. The losses due to these componentsfiieetevely modeled as extensions of the
pipe through a factoK [58,[7]. The contribution of these additional losses is degm

negligible here and is hence not modeled for simplicity.

(4.82)

Resistance due to Flow Loss

This form of resistance occurs predominantly at the hydcgqaumpmotors. These
are assumed to be the only components experiencing leakage.

Ruo = (4.83)

The flow losses due to leakage at the pump and the motor arerpieantly a func-
tion of pressureCs is the slip cofficient, hence:

Quoss = (Csp + Csm) Ap (4.84)
The hydraulic resistance due to leakage thus becomes.
1
Rugo==——5— (4.85)
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4.4.4 Derivation of the Characteristic System Equations

For a Hydraulic Line

The dynamic behavior of hydraulic systems is analogous thidh of mass-spring-
damper systems.

If the hydrostatic system is regarded as merely a singlelipgeits behavior
is modeled in the same fashion as that of the linear systenyimefi4.20(3). The
hydraulic stitness of this pipeline is derived from equatiéns #.72[and 4.73

2 AV A2
Co=APA_ApA_EVAT_EA (4.86)
AL AAL AV L

Settingk = C,, the characteristic equation is defined by formulating tremad order

N ‘ H

N

N T/' N

\ m <—F \

\ Y i N

N c N
}—> x C | e— N

(a) Linear, with massnand forceF (b) Angular, with inertial and torquer

Figure 4.20: Mass-spring-damper systems, witfirstssk and damping cd@cientc

differential equation for the response of the system to an ealtgapplied forcer.
F=mX+cx+kx (4.87)

UsingF = p/A, v = X, Q = A vand expressioris 4.I/1,4][79.4.86 for the hydraulic
inductionLy, resistanc&y and capacitanc€y, the system equation is found to be:

L . c C
p:’OTQ+EQ+A—ngdt (4.88)

=LHQ+RHQ+idet (4.89)
Ch

By settingp = 0, the characteristic system equation is defined:
LHQ+RHQ+Cidet=o (4.90)
H

Q+2gan+w§det=o (4.91)
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The natural frequency of the system is defined as:

1
wn = A oL (4.92)

(4.93)

The damping ratio with respect to pressure loss is given by:

_Rup [Cy
=2 (4.94)

The pressure loss in the pipeline and hence this dampirgisatery low if the pipe
is designed for the relevant flow regime.
For a Hydraulic Circuit with a PD Pump

The focus of the theory presented in this chapter and thargsg@resented in chap-
ters[® and b is on the torque balance at the rotor. The systérensfore now mod-
eled analogous to an angular mass-spring-damper systédnasutisplayed in figure
[4:20(b). The flow input to the system comes from the pump wisdriven in this
case by an aerodynamic rotor.

r=ld+cp+ke (4.95)

For simplicity, the charge pressure is assumed as zeroswtieatAp = p and hence
T= Vp p.

I . ¢ . Kk
p=V—p¢+V—p¢+V—p¢ (4.96)

Usingw = ¢, Q = V, w and expressiors 4156,4]85.4.78 for the hydraulic indactio
Ly, resistanc&®y and capacitandg,, the system equation is defined as:

. c GCo
p:V_%Q+V_SQ+V_,%det (4.97)
:LHQ+RHQ+édet (4.98)

Hence the same expression for the characteristic equatiderived as in equation
[4.91, but with diferent definitions oL, Rc andCy. The equations for natural
frequency and damping ratio of the second order system soena@intained.
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Rewriting equation 4.98 as a function pfields:

Q=CHp+ip+ifpdt (4.99)
Ry Ly

Note that the position oRy has changed here with respect to the one in equation
[4.85. The resulting characteristic equation yields theesarpression for the natural
frequency, but a dierent expression for the damping ratio. This is explainethiby
fact that the damping ratio due to leakage lossfigedént to the damping ratio due to
viscous friction loss. The damping ratio with respect tanoé flow loss is given by:

1 Lo
lo= TRg /a (4.100)

The dfective damping rati@ of the system is the sum of both pressure and flow
related damping ratios:

(=0 *4 (4.101)

The value ot is typically very small compared .

4.4.5 Conversion to State Space

The mechanical-hydraulic conversion of the system is ditalyy described by a
second order system. The first equation is obtained fromdigaué balance at the
rotor shaft according to Newton’s second law. Lumped caristior the rotor and a
rigid shaft are assumed such that:
J 0= Trotor — Tp (4.102)
= Trotor — Vp (PL + Plosg) — Bp & = Ct Vpp (PL + Pross) (4.103)
The second equation of the hydrostatic transmission, dietuthe pump, hose and
hydraulic motor is developed based on the flow continuityagign for the high pres-

sure line. The displacement of the moddy, is controlled by input parametex
Leakages of the pump and motor are included so that:

ChpL=Vp ép —Csp (PL + Plosd = Csm PL — € Vin wm (4.104)
=Vp (1= R Csp) 8~ (Csp + Csm) PL - € Vinwm (4.105)
The linear dynamic equations of the proposed model areftewin state-space form:

x=Ax+Bu (4.106)
y=Cx (4.107)
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Here, X is the state vecton is the input vector ang is the output vector. For the
hydraulic transmission these vectors are defined as:

X = 0 Cu= Trotor L y= 0 (4.108)
P e PL + Pioss
The matrices A, B, C and D are defined as:
_BptVE(L+Ci)Re  Vp (14C)
— I T
A= Vp (1-Ry Csp) _ (Csp+Csm) } (4.109)
Ch Ch
7 0 1 0
_| % _
B= [ 0 _Vn(w::)m :|’ c |: RH Vp 1 ] (4110)

With a linear mathematical model of this second-order systhe dynamic behavior
is characterized through the eigenvalues of the matrix Acbehe natural frequen-
cies and damping ratios are obtained.

4.4.6 Calculation of Natural Frequencies

Natural frequencies are determined by the magnitude of pattof complex con-
jugated eigenvalues of matrix A. The resulting hydraulitunal frequencyw for the
proposed second order system is then given by:

G
Ki 4.111
Cudi | ( )

wn =

With

(Bp) (Csp + Csm)
Ve

Ki = J(ucf) (1+ Ry Csm) + (4.112)

4.4.7 Calculation of Damping Ratios

Damping ratios are obtained from the ratio of the absolubeevaf the real part and
the magnitude of each pair of complex conjugated eigensatimatrix A

(Bo) [Cu, (Cop+Com) [

2V N 4 2V, ChH

Generally the ter Bo) ((ijz‘”(:sm) << 1l andRy Csm << 1, thus giving little influence
P

of the constanK; over the natural frequency and damping ratio.

1

< (4.113)

g:
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4.4.8 Acquiring Realistic Values ofLy, Cy, Ry

The hydraulic inertidLy is usually relatively simple to determine. The volumetric
displacement of the pummotor is commonly provided by the manufacturer. If the
mass moment of inertia of the rotor is known, an estimatiaom lsa made. When
coupled to a wind turbine rotor, the contribution of the putmphe mass moment of
inertia is negligible. Theféect of friction from the main shaft bearings is also deemed
negligible here.

Finding the hydraulic capacitan€, is less straightforward. One should know
the total contained volume in the high pressure line and ffestve bulk modulus
Ee. The bulk moduli that comprisée depend on pressure and temperature, though
its range of values is small within the operational meanshefhtydraulic systems
considered here. As is shown in section 5.4.5, the valugsotan be determined
experimentally.

The hydraulic resistand®y is the most complicated to determine. Any change in
(the state of) the equipment or the fluid has fe on its value.

The simulation of the fluid power circuit could be improved by

e implementing models on pipelines dynamics: a common totiidés‘ lumped”
model where fluid mass is divided in lumps. The more lumps,gieater
the accuracy. Another tool is the distributed parameterdehwhich is an
approximation mode[[71].

e applying discrete models of the hydraulic purfipstors such as the one for
radial piston pumps given in [43].

e incorporating thermodynamics: energy losses occur piiyniar the form of
generated heat. Temperature has a significant influencesdtutt viscosity.

However, for the purpose of general analysis of the behafifiuid power transmis-
sion systems, the theory as presented in this section isetbsdiicient.

4.5 Matching Rotor and Hydraulic Pump Character-
istics
4.5.1 Pump-Rotor Matching

When designing a wind turbine, the properties of the rotarthe drive train should
match. For a hydraulic drive train, the pump coupled to therre the interface
between the rotor and the fluid power circuit. Its perforneaaicvelope should match
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that of the rotor. The essential performance charactesisti both the rotor and the
hydraulic pump are listed in taldle 4.1.

Aerodynamic Rotor Hydraulic Pump
Rotor radius R Volumetric displacement Vp
Optimal tip speed ratio  Agp Nominal operating pressure pnom
Max. power co#. Cpmax | Minimum operating speed  wmin
Rated wind speed Vyated Nominal operating speed  wnom

Table 4.1: Characteristics parameters

If the power transmission system of a wind turbine or farmoidbé designed,
the key design input parameters are (1) how much electrieepdvshould produce
and (2) in which form. The form here refers to output frequeaied voltage. Once
these are known, all stages of the design are dimensiondthsthe conditions on
the power output are met. The rotor then is the last part toek@gded.

An alternative approach is to start at the rotor. By estintathe losses, an initial
estimate of the power production is possible.

Another approach to wind turbine design (which is more ecainally attractive
for a purpose such as prototyping) is to use componentseshelf (COTS). If the
design of the rotor is given, the challenge is to find (or des#gsuitable pump. If the
design of the pump is given, the challenge is to find (or dgsigsuitable rotor. A
necessary condition here is that either these rotor or puragacteristics are known.

Select initial ppom
which corresponds to the nominal
pressure of the foreseen pump type

Required rotor characteristics

Radius R " Determine Determine Select “off-the-shelf” pump with Determine
Optimal tip speed ratio At ) required V, similar V, P
Maximum power coeff. Cp,max fom > nom 4 4 nom

Rated power

Estimate efficiencies
The rotor shaft bearing system
The mechanical efficiency of the
pump at nominal conditions

Figure 4.21: Flowchart for matching characteristics

In practice it is found that positive displacement pumpsaften designed to
operate at high rotation speeds. This is because they armadgo be powered by
an electric 50Hz 4 pole motor (1500rpm).
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However, hydraulic motors are often required to operate athrower speed
(winches, ship propulsion, excavators). Some of these mosach as the Haglunds
CA, CB and CBP series, are also applicable as pumps.

Starting point of design example 1: the NREL 5MW rotor

Known: -Cp — A CUIVe Viated: R, Prated

Select: - design point: typically this is at nominal (ratddsign conditions
for the rotor
- Apnoms the pressure flierence which occurs at the design point

Estimate: - the ficiencynys Of the rotor shaft bearing system,
- the volumetricp, and mechanicaj, efficiencies of the pump at
the design point

The nominal rotor torque is given by:

1 1
Trotor.nom = Cpmax 5,0 /l_t Vrzated R (4.114)
op

For steady state conditions it holds that:

1
Trotor,nom = Tpump —— (4.115)
Tlbs
Hence, using equatidn 4137 the required volumetric digptentV, of the pump in
m3/rad is:

V. = Trotor,nom T]_bs (4 116)
P APrnom  1m .

The next step is to find a positive displacement pump with aaimnolumetric dis-
placemenv/y,, which is designed to operatéieiently for the same speed range. Ap-
plying the properties of this pump in equation 4.1116, theeetpd nominal pressure
differenceAphomis calculated.

From the NREL rotor, the key design parameters are listedhtef3.1. As de-
scribed in sectioh 213, the Hagglunds motors are the sfaigeeart in low speed
high dficiency hydraulic motors, which are also applicable as pufigerefor, the
characteristics of these motors are extrapolated to the 5&\We. The nominal op-
erating pressur@nom is set at 350bar. The related charge presgdfgom is around
20bar. Using equatidn 4.7]16 the required volumetric dispi@ent is calculated to be
0.812n¥/rev.
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Starting point of design example 2: the Hagglunds CBP840 radl piston motor
applied as pump

An alternative approachi s to find a rotor to match a specifiaar full transmission.
The optimal tip speed ratio in combination with the selectdr radius determine
the speed range of the rotor. Hence to make optimal use ofpth@tional envelope
of the pump the matching optimal tip speed ratio must be tedec

Known: = Prnomy Wmin, Wmax pr
- efficiencies over full operational rangg, 7m.
Select: - optimal tip speed ratity

Estimate: <Cp
The nominal torque of the wind turbine rotor is determineidgis

Thom = Vp Ap T]m (4.117)

Figurd4.2? displays the result of the steady state torqgdespeed operational ranges
for several optimal tip speed ratios.

1000

power P [kwW]
@
3
3

[ 5 10 15
wind speed U_ [m/s]

T T T T T T N ]
0 5 10 15 20 25 30 35 40 5 10 15
y wind speed U_ [m/s]
rotational speed w [rpm] )

torque T [kNm]

w A
S S

=
)

rot. speed @ [rpm]
N
5

o

Figure 4.22: The simulated operational envelope of a Hagtd«CBP840 type radial
piston motor (starting point of the design) and a correspandnge of rotor proper-
ties forCpmax =0.48, where the optimal tip speed ratios vary from 6 to 11 arnalrr

diameters vary from 59.1m to 48.2m respectively
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4.6 Conclusion

The power performance of a wind turbine rotor is essentialfynction of the tip
speed ratiol and the pitch angl® of the wind turbine blades. In particular the
presence of the turbine tower and the stochastic natureraf introduce noise in the
torque produced by the rotor.

A fluid power circuit, such as may be applied in the transroissif a wind tur-
bine, essentially behaves as a second order system. Toéd&atdscribe a system
in this way is beneficial for the simplicity of the analysisitd dynamic behavior.
To accurately predict the response of a systems the valuds;fcCy, Ry must be
known.

To match an aerodynamic rotor to a given hydraulic pump reguhe follow-
ing parameters of the pump to be known: the volumetric despizent, the nominal
pressure, the nominal speed. To match a hydraulic pump teea gierodynamic ro-
tor requires the following parameters of the rotor to be knothe rotor radius, the
optimal tip speed ratio and the rated wind speed.
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Dynamic Response Analysis of Fluid Power
Drive Trains

5.1 Introduction

Key Question Approach Chapter

- Model rotor and drive train power
transmission dynamics

- Conduct experiments with a 1MW
hydrostatic drive train to prove
functionality & validate computer
modeling

How does the rotor and drive train
behave when subjected to dynamic
wind loads?

Dynamic
Response
Analysis
3]

Figure 5.1: Flowchart for the objective and approach of thiapter

5.1.1 Background& Objective

The modularity of hydraulic components gives rise to théapof taking the gener-
ator out of the nacelle. This would increase the distanosdut the hydraulic pump
and the hydraulic motor. But how feasible is this conceptwhdt are its limitations
from an operational point of view? The further the hydrauatiotor is placed from

the pump, the greater the amount of oil in the system, thagréze friction losses in

the pipelines and the lower the hydraulidistess of the transmission system. Inter-
nal leakages in the hydraulic drive components translgbeweer losses. A reduction

in power transmissionfBciency means the damping of power transients increases. It
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is therefore not necessarily an unfavorable aspect forthamic performance of the
turbine.

For the design of a fluid power transmission system for largelwurbines, the
influence of these parameters on the performance must berkrté@nce the aim of
the matter in this chapter is to:

1. derive the limits of stability of the hydraulic drive trafincluding rotor inertia
and torque).

2. analyze the influence of three characteristic power inéssgon parameters on
the dynamic behavior of a horizontal axis wind turbine.

3. experimentally analyze the impact of pressure contralyoramics using vari-
able displacement motors.

5.1.2 Approach

For the purpose of consistency the properties of the ficstiNREL 5MW dfshore
wind turbine [38] rotor are used for the rotor simulationhistchapter, both on 5MW
scale (simulation only) and on 1MW scale (simulation andegixpentation).

The chapter is essentially divided in three parts. The fast gonsists of a stabil-
ity analysis using a 2nd order transmission system modetfisedi i 4. 4.

The second part is a parameter sensitivity study. For skpezdefined atmo-
spheric conditions (load cases), the parameters that arg imanipulated are

1. the length of the high pressure line (the oil volume),
2. the volumetric &iciency of the hydraulic motor and
3. the mass moment of inertia of the rotor.

The results of time domain simulations are compared to apatlye €ect of the
different parameters. Although the transmission concept thatselected in section
[3.7.2 has two circuits, the focus in this chapter is on a singtuit transmission only.
To perform the parameter study, the system should be asesmspbossible to avoid
the contamination of results by additional complexitiehe Bimulated transmission
system consists of a low speed, fixed displacement radialppinectly coupled
to the rotor), a fluid transmission line and a variable dispfaent hydraulic motor
coupled to a fixed-speed synchronous generator.

The third part describes the experiments which were coeduitt analyze the
behavior of a real fluid power transmission system and theaghgf pressure control
on the drive train response. As mentioned in sedfioh 2.3, daawjic pump for a
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5MW turbine is not yet commercially available at the time loftwriting. Hence,
testing at 5SMW scale was not a feasible option. Howevergtheas an opportunity in
summer 2011 to conduct tests with a 1MW class hydraulic tiggon system for
wind turbines which incorporated state-of-the-art hyélcadrives. The experiments
described in sectidn 3.4 were conducted with an oil basedawid transmission that
essentially functions as a single circuit. The experimesgtup as shown in figure
5.9 has multiple pumps, motors and valves. To model ffectve performance of
this system, the pumps and motors are lumped together aneleabak a single pump
and a single motor.

5.1.3 Assumptions& Conditions

- The wind speed is kept below rated wind speed to excludefibetef blade
pitching.

- The dfect of the diferent configurations of the hydraulic transmission system
on the total mass of the nacelle is not taken into accountésstracture and
top mass is used)

- The diameter and number of hydraulic lines were selectedrdier to have
laminar flow in the hydraulic transmission

- The pipe walls are assumed to be rigiéf¢et of flexible pipelines is taken into
account into the fective bulk modulus of the fluid)

- Thermodynamic fects are assumed negligible

- Properties of the hydraulic fluid are assumed constant

5.2 Stability Analysis of the Linear Second Order Sys-
tem Model

5.2.1 Linearized model of Rotor& Transmission
Aerodynamic torque linearization

The method described here for the simulation of the rotoeisvdd from [64]. The
method for the simulation of the fluid power circuit is pretsehin [72]. As is ob-
served in section 4.2, the equations for the total torquéarst are highly non-linear
due to the wind turbine aerodynamics. For a fixed pitch opmrathe aerodynamic
torque cofficientC, of a fixed-pitch wind turbine is a function of the tip-speedio
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A only. Hence, the linearization of the aerodynamic torqueiad an arbitrary oper-
ating point urotorr, U) is done using:

Taero = — By (0_)rotor, J) Qrotor + Kru ((1—)rotor, J) U (5.1)
where,
B (@rocr, U) = — 20 _ oY) acyjan (5.2)
rATToRn Owrotor (@rotor.0) Wrotor C./a (@rotor-0) '
— aTaero Taero (Z LT) (9CT/(9/1
K U)= =——2|2- 5.3
r,U ((Urotor, ‘) U (tho,,lj) U C‘r//l (ajmmr,LD ( )

Note that the bar§) and hatg’) over the variables indicate the steady-state value and
the variation with respect to the steady state value. HaneeR wqior/U is the tip
speed ratio at the operating point.

Since the ternB, (Jrotor, U) is multiplied with the rotation speed it is essentially
a damping cofficient which signifies the speed feedback of the rotor. Inespon-
dence with the slope of thé; — A-curve in figurg 4.10(%), the value of this term is
positive abovelc__.. and negative belowc

The termK; y (Jrotor, J) represents the gain between the wind speed and the aero-
dynamic torque. Under normal operating conditions thisigsipositive. At low
values ofd, i.e. when the turbine stalls, it becomes negative.

T max”

State-Space Representation of Roto& Transmission

Combining the linearized aerodynamic torque as expressequatio 5J1 with sys-
tem equation 4.102 yields the linearized system equation:

Jt Wrotor = Taero — Tp (5-4)
= Taero — [Vp App + Bp wrotor + Ct Vp App] (5.5)
=Ku ((1—)rotor, J) U - [Br (arotor, J) + Bp] Wrotor — Vp (1 + Cf) App

(5.6)

The second equation of the hydrostatic transmission, dieguthe pump, hose and
hydraulic motor is developed based on the flow continuityagign for the high pres-
sure line. The displacement of the motdy, is controlled by input parametex
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Leakages of the pump and motor are included so that:

CH App = Vp Wrotor —Cv’p App —Cv’m Apm—Vm (,l)me (57)
= Vp (1 + RH vam) O.)rotor - (C\/yp + vam + vap C\/ym RH) App... (5.8)
—Vmwme (5.9)

The linear dynamic equatiohs .6 dnd|5.9 are rewritten ie-stpace form:
X=AXx+Bu (5.10)
y=Cx (5.12)

Here, X is the state vecton is the input vector ang is the output vector. For the
hydraulic transmission these vectors are then defined as:

0
App
APm

0 U
X_[App}’u_ e},y— (5.12)
The matricesA, B, C andD of the state-system described in equations 4.109 and
[4.170 become:

[ _ B (‘;rolorvLD"'Bp _ Vp (1+Cf)

A (a)rotora J) = Vp (1+C€,tm Ri) (C\,Tp+C\,_m+‘]Cr\,_p Cym Ru) } (5.13)
L Ch - Ch
[ Ky (a_)rotor,J)

— Kwlomat)

B ((Urotor, lj) = & Vi 0 } (5-14)

L 0 “"Ch
1 0
c=| o 1 (5.15)

With a linear mathematical model of this second-order systee dynamic behavior
is characterized through the eigenvalues of the matrix
Characteristic equation

The system of equation is simplified by usiBg,andC, eqto represent the equivalent
damping co#ficient and the equivalent volumetric loss fic@ent respectively.

Beq = Br (a_)rotor, J) +Bp (5.16)
vaeq = vap + C\/ym + vap C\/ym RH (5.17)
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The characteristic system equation is found by setting #terchinant ofA — A |
equal to zero. The termhhere represents the eigenvalues of mairand is not to be
confused with the tip speed ratio.

B (1_) tor U C
2 eq( rotor ‘) ] PR (5.18)
Jr CH
Beq (a_)rotor, J) Cv,eq VS (1 + Cf) (1 - Cv,m RH) 0 5.19
oo s T = (5.19)

Natural frequencies

The undamped natural frequencies are determined by theitndgrof each pair of
complex conjugated eigenvalues of matrix A. The resultiggraulic natural fre-
quencyw for the proposed second order system is then given by:

V2
Wn (arotor, J) = er Ki (arotor, J) (5-20)

with

Beq (arotor, J) Cv,eq
&

Ki (@rotor, U) = J (1+Cr) (1+CymRu) + (5.21)

Damping Ratios

Damping ratios are obtained from the ratio of the absoluteevaf the real part and
the magnitude of each pair of complex conjugated eigensalfimatrixA.

Beq Wrotor J) /CH Cv,eq / I

5.2.2 Conditions for (In)stability

According to [40], for the linearized model of the rotor arrd/d train:

¢ (@rotor, U) = (5.22)

Ki (arotor, u

...itis then possible to vary the gains and rapidly calcaleariousSmea-
sures of performanceS which help to evaluate the performarfiche
controller with those gain settings. Useful measures ofgrerance in-
clude:
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e gain and phase margins, to indicate how close the systemitis to
stability;

e the crossover frequency (at which the open-loop gain cmsse
unity), as a measure of the responsiveness of the controller

¢ the positions of the cIosed-IO('ﬁpoleSS of the system, which indi-
cate how well various resonances will be damped;

e step responses, illustrating how, for example, the pitogl@and
tower motion respond to a step change in wind speed;

¢ frequency responses, showing, for example, how much tble pit
responds at critical frequencies such as the blade passtagiéncy
or the drive train resonant frequency, or how much the towdr w
be excited by the wind.

The stability of the rotor and drive train combination is jaad using the state-
space model which is derived from the quasi-static rotor@hadd the second order
transmission system model. The stability of this systemopfagions is essentially
dependent on th&: — A curve of the rotor (see figure 4.10(a)), the rotor mass moment
of inertia and the sfiness of the hydraulic circuit.

Note that a distinction is made between static and dynaraiilgy. Static stabil-
ity is the ability of the system to return to a stable (steadye3 condition after being
subjected to a perturbation. Dynamic stability is the abibf the system to operate
within certain limits under continuously changing (tramrgistate) conditions.

As long as the operating pointis on the negative slope ofthel curve, the rotor
response is statically stable. There where the slope isiypmgshe system response is
unstable. Once the system becomes unstable, the rotoitalill s

From equation 418 it is apparent that the valua & lower thanic___ when:

T,max

- the rotation speed drops stiiciently with respect to the wind speed.
- the wind speetl ., increases sticiently fast with respect to the rotation speed.

For the state-space system to be dynamically stable, thpageaof the eigenval-
ues of matrixA (equatiori 5.113) must be negative. The only term in maArikat can
make the real part of its eigenvalues positive?)is(a_),otor, @ Regarding equation
(.22, this happens when the aerodynamic torque and rotedspeth either increase
or decrease, i.e. when the wind speed increases or decreases

The drive train properties make it possible that during apen, the system is
perturbed to the extend that it ventures into a region whésaunstable but still able
to recover.
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Example: Stability of a 5SMW System

To evaluate the stability of the state-space model of thersdtive train combina-
tion, the values listed in table .1 are used for the respegtarameters. The wind
speedJ and rotation speea@ are varied to find conditions under which the value of
B (a_),otor, Lﬂ becomes dficiently negative to cause instability. Figlirel5.2 shows the
results of this parameter study on stability. Figure 5]2¢agals the value d3; below
which the real parts of the eigenvaluesfoére positive.

f matrix A
o .0
]
—
L

Real part of eigenvalues of matri

E -0.06
1 0.1 table }
stable 0.15 \ I
2 -0.2
026 - \ /
7%1 08 -0.6 04 0.2 0 0.2 04 06 08 1 -3 -2 -1 [ 1 2 3
Value of rotor dammping term B, (s U) INm sirad] x10" Real
(a) Finding the critical value oB, (b) Root locus plot for the values of matrx(equa-
tion[5.13)

Pt
100
80
Fo e «
120 R - / .

o < e
80 > w0
0 T T g T
20 e Wind speed U[mis] o 0 Wind speed U[mis]
Rotor speeda[rpm] Rotor speed[rpm]

(c) The value oB; as function ofU andomega (d) Figure[5.2(d) zoomed in, showing the design
window

Figure 5.2: Stability analysis plots

This value ofB; thus sets the limit for the stability of the state-spaceesyst
Figure[5.2(d) shows for which combinationdfandw this limit is transgressed. The
zero-crossing is the rotor stability boundary. The lowemg is the rotor and drive
train stability boundary. So, if a wind gust occurs and thstdntaneous value @;
does not fall below the lower plane boundary, the system ismstable. For the
system modeled here, instability occurs when the instaatas wind speed is over
100m’s.

Figure[5.2(d) is the zoomed-in version of figlire 5.(c). sk the design win-
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dow, which is defined here as the range of steady-state ageathtonditions for
which the system is designed. For the rotor this is for vahfehe tip speed ratio
between 6.5 and 8.5.

Within the design window, i.e. the range of expected openati conditions, the
system is and stable. The unstable condition will only odfcilne operatofcontroller
forces it so, for example in the case of an emergency shutd@tiner instabilities
that may occur due to interference are assumed to be eligdgitgtthe controller.

5.3 Parameter Sensitivity Analysis for a 5SMW Wind
Turbine Drive Train

5.3.1 Simulation Setup

The parameter sensitivity study is carried out using a Ntatteodel similar to the
one derived in sectidn §.2. The mairffdrence of this model is that it also includes
uni-directional pipeline flow dynamics, a detailed destoip of which is given in
[59]. The modeling of the pipeline dynamics is consideretbiole the scope of this
dissertation. However for the simulations discused ingkigtion and in sectidn 1.4, a
linear dynamic model of a rigid uniform fluid transmissiondiis used. This pileline
model is documented in [73]. The inputs for the model are tlametric flow rate
at the ends (inflow positive), the outputs are pressuresarils and mode shapes of
the pressure.

In order to obtain a realistic response of the hydrostaingmission, accurate
simulations of the aerodynamic rotor and wind conditioresraquired. The numer-
ical model created in MATLAB-Simulink is converted to a Dynig Link Library
(DLL) which is implemented as an external controller for thedel of the NREL
5MW reference turbine in the commercial software packag&B1Bladed [71@.
The multibody dynamics software package “Bladed” from ggezonsultancy GL
Garrad Hassan is the industry standard integrated softpackage for the design
and certification of onshore andfshore turbines [74].

The overall dynamics of the assembled hydraulic transonsgiodel without
control (pump+ hydraulic line+ hydraulic motor+ variable displacement actuator)

LAl design calculations are done in Matlab. The propertiéshe system are defined in a Matlab
file. These are loaded into a Simulink model of the drive trdihe Simulink model of the drive train is
incorporated in a Simulink controller. This controller isnepiled to yield adll file which is loaded as
external controller in Bladed.



102 5 - Dynamic Response Analysis of Fluid Power Drive Trains

are represented through the following linear state-spamein

{ X }:[A-nﬁ:gsblcp%lbzc; Y“—‘”bg} { X }+
em 0 _Tctrl em
V,
n.mzs by 0 [ Wr ] (5.23)
0 % €demand

Where the following outputs are defined:

[Tpump}z {vp(1+cf,p)c] o} { X }+{ Bp o} { wr ] (5.24)

App C-{ 0 €m 0 O €demand

The fluid power transmission is designed based on the samatmpel parame-
ters of the reference rotor. Quasi-static models are usegpt@sent the behavior of
the hydraulic pump and motor. A modal method is used for tioraain modeling of
the pressure transients of hydraulic lines. The dynameraation between the dif-
ferent subsytems of the complete model is observed in thekldmgram of figure
3. Note that the hydraulic transmission model describetthis section, together
with the load and pitch controllers, are implemented in MAB-Simulink and then
compiled into a discrete time Dynamic Link Library file. THi4.L file is used by the
external controller interface of GH Bladed and called withmeestep of 0.01 ms. The
different output parameters of the hydraulic transmission laceawvailable through
the external controller interface of GH Bladed.

GH Bladed External Controller
TEE[O r
. » ¢ Tpump Hydraulic
Wmd‘model U .| Rotor-Assembly ® Low speed shaft transmission
(3D wind and o <_"_ )
turbulence ) (Aerodynamics) (Mech dynamics) ®r > (Pur.np-Mo(or and
< | pipeline dynamics)
) | 2 | A
Findist  Xracelle | Baomand Ppump  €demand
Waves and > sst:lpc‘zorr:a ] Pitch control I Torque control
current H.T (Sl:.lcll:ral (Gain scheduled o == (Pressure
» dynamics) Pl control) Pl control)
D Environmental conditions D Wind turbine + hydraulic transmission - Control

Figure 5.3: Subsystem block diagram of the wind turbine Wittraulic transmission
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|
LPicange . Dlfle
NL Controller pitch ) (compiled from
D ~/ MATLAB Simulink)

| »/’ Controller load torque \‘
| \ (pressure control) )/

Rotor sp?ed
a4 Py
Load tofque
|
GH Bladed External controller (DLL)

-Structural dynamics - Control dynamics
-Wind and
turbulence models

|
|
I
-Aerodynamics | - Fluid power transmission dynamics
|
|
-Waves and currents l

Figure 5.4: GH Bladed interface with the external controlle

5.3.2 PI Control strategy for variable speed

The control strategy is based on a Pl pressure control of ifie gressure line by
adjusting the motor displacement and thus the flow at thegujidrmotor side. In
order to avoid wind speed estimations, reference valuethfopressure are taken
from the corresponding steady-state values fiedent rotational speeds of the rotor.
The equations for the Proportional-Integral control are:

t
e = Kp (Apref - App) + K| L(Apref - App) dt (5.25)
= Kp (Aprer — App) + & (5.26)
& = Ki (Aprer — App) (5.27)

5.3.3 Reference Properties and Steady-state Operation

To demonstrate the implementation of the proposed modetanttoller, the rotor
of the NREL dfshore 5 MW reference turbine is coupled to a fluid power tragism
sion with a fixed-speed generator. The same rotor specifitsatire used in order to
establish a reference when comparing the dynamic behaViwe. properties of the
hydraulic pump are derived from the Hagglunds hydraulicar®f11]. The specific
values applied in the model are listed in tdbld 5.1. The dianad the hydraulic lines
was selected in order to have laminar flow in the hydraulicgnaission.
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Description Symbol Unit 5MW
Rotor mass moment of inertia Jrotor [kg m?] 3.88e7
Rotor diameter Drotor [m] 126
Rotor shaft viscous damping dieient Br [Nm s] 3500
Nominal speed of rotor-pump assembly Np [rpm] 12.1
Pump volumetric displacement Vp [L/rev] 1400
Hydraulic motor volumetric displacement Vm [L/rev] 1.2
Nominal pressure Prom [Pa] 350e5
Nominal volumetric iciency of hydraulic motor  nyg [ 0.90
Nominal volumetric iciency of hydraulic motor  nyg [ 0.96
Hydraulic motor nominal speed Nm [rpm] 1500
Pump laminar volumetric leakage d¢beient Cup [m3/s/Pa] 9.le-11
Motor laminar volumetric leakage cfiient Cvm [m3/sPa] 5.71e-10
Pump & motor dry friction cofficient Cs [ 0.02
Pump viscous damping cfiieient Bp [Nm s] 50e3
Motor viscous damping cdigcient Bm [Nm s] 3.5
Dynamic viscosity of fluid u [m2/s] 40.0e-6
Effective bulk modulus of fluid Efluid [Pa] 1.0e9

Table 5.1: Reference values for a 5MW hydrostatic wind nelifansmission system
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Figure 5.5: Steady-state operation for operational wirekds
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5.3.4 Results for Variations from Default Properties
Variation 1: Length of Oil Line

This parameter is directly associated to the amount of eg@nt in the system. When
more oil is used, thefective stifness is reduced due to compressibility of hydraulic
fluids, and the fluid inertia is increased. The 10m and 100m diorrespond to the
nacelle and tower based solution respectively. Dependirietype of configuration

this efect might be of importance as shown in figure 56(b),516(c).

variation 1 | 2 | 3 | 4
rotor inertia Jrotor 3.88e7kg A
pressure line length Lhp 10m | 20m | 50m | 100m
motor volumetric ficiency 7y 90%

Table 5.2: Variation from the reference values in tablé 6r1te length of the oil line
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Figure 5.6: Transient response to a series of wind speed &tejlifferent pipeline
lenghts;pyoim = 90%
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Pressure fluctuations are relatively high for the 100m pigelwith overshoots
from 10 to 40% with respect to the reference; the 50m shows2D% diterence
while the 10m and 20m only shows fluctuations from 1 to 2%.

Variation 2: Volumetric e fliciency of the hydraulic motor

One of the main concerns of hydraulic transmissions for wimbine is the &iciency
of the variable displacement hydraulic motor(s), espicétlpartial load operation.
However the oil leakages, which depend on the presstifereince across the unit,
provide damping in the pressure fluctuations as shown indgtir7(d) and 5.7(b).

variation 1 | 2 | 3 | 4
rotor inertia Jrotor 3.88e7kg A
pressure line length Lhp 100m

motor volumetric ficiency ny 60% | 80% | 90% | 95%

Table 5.3: Variation from the reference values in tdblé dritiie volumetric &i-
ciency of the hydraulic motor
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I I I I
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(b) Time [s]

Figure 5.7: Transient response to a series of wind stepsfterent motor volumetric
efficiencies lenghtd; = 100m

The results of variation 1 show that the 100m long line yi¢hashighest pressure
overshoots. To show thefect of the volumetric #iciency on damping, this length is
also used here.
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As is observed in figule 5.6, théfect of the volumetric &iciency of the motor on
the damping characteristic is not significant. When the watric dficiency of the
motor is reduced from 95 to 60%, the maximum overshoot of teegure is reduced
from 50% to 30%.

Variation 3: Rotor mass moment of inertia

variation 1 2 3

rotor inertia Jotor | 3.5e6kgm | 3.5e7kgm | 3.5e8kg M
pressure line length Lhp 60m (middle)

motor volumetric @iciency 7y 90% (middle)

Table 5.4: Variations from the reference value in téablé 6rirétor mass moment of

inertia
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Figure 5.8: Transient response to dynamic wind speed féerdnt rotor mass mo-
ments of inertial- = 10m, nyoim = 90%



108 5 - Dynamic Response Analysis of Fluid Power Drive Trains

The diferent values of the mass moment of inertia in tdblé 5.4 adcfaura
rotor which is dfectively ten times lighter or heavier with respect to theerefice
turbine using the same rotor geometry. If the comparisonddarin terms or rotor
diameter, the inertias correspond to those of a 80m-2MW-6BHV (reference case)
and 200m-12.5MW turbines. However this approach can noblrpared directly in
the results, since each rotor would havfatient operating rotational speeds.

A dynamic input simulating a hub height mean wind speed of8and 17.67%
turbulence intensity is used to observe the response of tuehin figurd 5.B. The
rotor mass moment of inertia has a direct influence in the tissponse of the sys-
tem. The results show that larger inertias lead to lower dlatidns of pressure and
rotational speed.

5.4 Experiments with a 1MW Hydrostatic Transmis-
sion System

5.4.1 Experimental Setup

Figure 5.9: Overview of the test facility at IFAS: “P” is pum” is hydraulic mo-
tor. “A’ refers to "Antriebe”, the hydraulic drive system mgponents used to recycle
energy and simulate the behavior of the aerodynamic rttmade courtesy of IFAS]

In the scope of a research project funded by the Federal iirfis the Environ-
ment, Nature Conservation and Nuclear Safety of Germamg Ihe Institute for
Fluid Power Drives and Control of the University of Aacheaylieveloped a hydro-
static transmission test bench for wind turbines of the 1-biMwer class. Its purpose
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is to study the feasibility of replacing the commonly usedrpex and the frequency
converter[[75]. An overview of the experimental setup isegivn figurd 5.P.

The main components of the hydrostatic transmission areathial piston pumps
directly connected to the turbine shaft and the axial pistaors with variable vol-
umetric displacement. The specifications are listed iref@hll of appendikIC. The
test bench consists of two hydraulic circuits:

1. the drive system that simulates the behavior of the rotor,
2. the hydrostatic transmission system as part of a windrtertrive train.

The electric motors are connected to both circuits. The puafpotor simulating
drive system are thus driven by these motors and by the hydraators of the drive
train. The use of electricity is minimized in this way.

By switching on and fi different combinations of pumps and motors and varying
the volumetric displacement of motors 1, 3 and 4, the drigstcan be adapted to
the current wind situation optimizing the power output esaléy in partial load. The
controls configure the fluid power drive train such that foerwind speed:

- Control valves engage the optimal combination of pumpsraatbrs,
- The bent axis or swash plates of the motors are set op theedeksplacement.

More information on properties of this test facility is givim appendiXC and in[25].

5.4.2 Transmission Input: Fixed-Speed Rotor Simulation

Application of a Scaled Version of the NREL rotor

Since there is no accurate model of a 1IMW-class WT freelylaivia (at the time
of these experiments), the approach is to convert data fiomlation runs in GH
Bladed with the NREL 5MW system (see section 3.1.5) to thdse MW system
using simple relations. Even if the blades are scaled gxatlintaining the airfoils,
the chord distribution and other design ratios, the aeradyos change.

The method applied here for scaling down the rotor from a 68a25m radius
does not account for influence from:

- The rotor mass moment of inertia: the control settings inE&tled have been
adapted to have the rotor running at fixed speed. This redbegsfluence of
the mass moment of inertia on the scaling of the Bladed esult

- Dynamic stall: local changes in the angle of attack of tfieative airspeed.
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25m

- Dynamic inflow: local changes irffective airspeed experienced by the blades.
Since the rotation speed of the 50m rotor is AZBtimes higher than the 126m
rotor, local dfects due to dynamic inflow change.

- The Reynolds numbdRedecreases for the same wind conditions. As figure
shows, the values Beremain of the same order of magnitudeX(?).

However, the preciseness of the rotor simulation are oflessncern and itis deemed
sufficiently accurate for application here.
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Figure 5.11: Results of scaling the rotor to fit the drivertranvelope limits
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The nominal line pressure for dynamic loads on the hydrigsti@nsmission is
set at 220bar. This translates directly to a nominal tordueraund 230kNm. The
maximum possible speed is approximately 31 rpm. These twalitons are the
limits for the operational range of the rotor simulation.

When scaling down the rotor properties of the NREL turbinettich the trans-
mission capability, the relation between power fficeentCp and tip speed ratid
stays the same. The maximum allowable rotor diameter isdbyrsetting the torque
and speed limits as rated power conditions of the wind terbbator. The resulting
curve for the optimal torque versus rotation speed is dygulan figurd 5.111.

A comparison between the rotor properties of the originaBNRurbine and the
version adapted to match the hydrostatic transmissiorvengi tablé 5.5.

Description Symbol | Original | Adapted
Power rating at low speed shaft Pratediss | 5,297kW | 1,000kW
Rotor radius R 63m 25m
max. rotational speed w 12.2rpm | 30.5rpm
No. of blades B 3

optimal tip speed ratio Aopt 7.55

max. power cofficient Cpmax 0.48

rated wind speed Vrated 11.4m's

Table 5.5: Comparison of original NREL 5MW and adapted 1MWorgroperties
[38]

Input from Wind Turbine Simulation Software GH Bladed

A drawback of using the software package GH Bladed to crdaeransmission
input was that the software was not suited for interactive ug. hardware-in-the-
loop. The braking torque of the drive train thus cannot bebfeck into the program.
This creates an unrealistic coupling between the simulafad and the transmission
response. To make the coupling more realistic, the rototrabsettings are set to
fixed speed operation. This fixed speed is predetermined tistoptimal tip speed
ratio Aopt, Where the wind speed is the average taken from the wind filesponding
to the load case.

To run a simulation in Bladed a wind file is required. Thesesfdee also created
in Bladed. The nature of a wind file is determined by a numbesef picked settings,
such as the mean wind speed, the turbulence intensity, thelémce seed, the yaw
misalignment angle, the inclusion of tower shadow and hasvithmodeled and the
type of wind shear profile. An overview of the process to @ehé test bench input
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GH Bladed software

Load model of the NREL
Offshore Baseline Turbine

\ \

Size to match transmission
- rotor radius: 25m

v v

Post-process results to match
down-scaled rotor

\ \

Run software & process ~__/
results

NREL rotor properties

No coupling between rotor

SlE B Ee Gve (i, —‘—> Set to fixed speed operation

Determine load cases 7fr7> Generate wind files

Use as input for test bench

Figure 5.12: Flow chart for acquisition of drive train inpdior GH Bladed

is given in figurd 5. 712 For more information on how this is atkeid, see the Bladed
manual. The output parameters of interest are the torquargaar velocity of the
low speed shaft versus time.

Rotor Input Scaling: Adaptation of GH Bladed Results to a 50mRotor

The results from Bladed are scaled down to create the inguh®transmission.
They have to be translated from results of a 126m to a 50m ditoneter. Only
steady state relations are considered here, maintainegamme tip speed;, and
power codficientCp. From equationg 418 ard 4]16, the following translations fo
speed and torque are derived:

R

w2 = w1 é (5.28)
R\

- Tl(ﬁl) (5.29)

The standard deviation of the torque with respect to the mvaare is the same for
both the original and the scaled rotor.

5.4.3 Drive Train Control Configurations

In order to demonstrate théect of pressure control, the drive train was set to operate
in two different manners:
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Figure 5.13: Bladed results for fixed speed simulation of NREfshore Baseline
Turbine for wind speed with turbulence intensity 16.3% amdbtlence seed 765
(left) and an extreme gust (right) and the results aftelirsgal

1. Fixed transmission ratio: the volumetric displacemdrthe motors remains
constant. No form of control is applied to the hydrostatmsmission, which
thus acts similarly to a common wind turbine gearbox. Thedfiggeed of the
low speed and the high speed shafts and the fixed transmisgionmean that
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a change in torque directly induces a change in pressure.

2. Variable transmission ratio with pressure control: thiimetric displacement
of the motors is controlled. A lookup table for the ideal tiela between torque
(pressure) and rotor speed is used as reference. The eatriabsmission ratio
allows the controller to manage the pressuféedénceAp (and the change in
Ap) over time in the system.

The basic functionality of both control configurations i®sm in figure 5.14.
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(b) Variable transmission ratio

Figure 5.14: The basic functionality of the configurationd @ontrol of the experi-
mental drive train

5.4.4 Overview of Consulted Loads Cases

The transmission response to dynamic loading andfileets of the control strategy
are demonstrated using thredfeient load cases shown in figlre 3.15. Load Case
A is a simple torque step from 100kNm to 150kNm. This is notaliséic scenario,
but it serves well to reveal the dynamic properties of theesyis Load Case B is the
simulated aerodynamic torque resulting from an extremelgimst. Load Case C is
the simulated aerodynamic torque resulting from turbulgnt loads.
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Figure 5.15: Simulated aerodynamic torque applied in theegrments

5.4.5 Response to Torque Step on Rotor Shaft including Rotor
Inertia

In the figure$ 5.716, the measure response is plotted togeittetwo forms of sim-
ulated response. By identifying a number of key points inrteponse, the essential
dynamic properties of the system were derived. They aredist tabld 5.6. These
values are applied to simulate the drive train as a seconer aystem, using the
equations given in section 4.4. The simulated responsdiisediein two ways:

1. with the values o€y andRy are derived from the specific measured response
step data (black dots in one plot).

2. with fixed values o€y andRy, which are taken to be.33e— 11 and 350e10
respectively, are used in all cases. These values are nprssentative, since
the responses where these values were measured have théeeéation of
rotational speed, i.e. additional damping.

The results show the likening of the measured response tefiponse of a second
order model of the drive train.

5.4.6 Hfect of Torque Control

On the Response to a Step Input

The measurement result with an applied torque step is shofiguire[5.1V. The two
upper diagrams present the behavior of the hydrostatisnasion with constant
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Figure 5.16: Torque step responses fdfedent simulated rotor mass moments of
inertia

Description Symbol  Units Values

Rotor moment of inertia  J; [kg-m/s] 2e5 5.86e5 10e5 20e5
Natural frequency wn [Hz] 0.62 0.35 0.27 0.21
Damping ratio I4 [ 0.07 0.18 0.22 0.41
Rise time trise [s] 0.46 0.83 1.08 1.38
Peak time tpeak [s] 0.68 1.19 1.74 2.41
Settling time tsettle [s] 18.1 11.9 12.8 8.6
Maximum overshoot POmax [%] 0.82 0.62 0.48 0.28
Hydraulic resistance Ry [Pagm3]  5.44e10 3.24e10 3.50e10 2.73el10
Hydraulic capacitance  Cy [m3/Pa] 3.61e-11 3.98e-11 3.93e-11 3.6le-11

Table 5.6: Response data for the torque step input from 100tdN150kNm at ap-
proximately 15.7rpm constant speed, foffelient mass moments of inertia
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motor displacement. On the left side the applied torque atepthe resulting load
torque measured for threefiirent inertias of the turbine are plotted. After the torque
step occurs, the measured torque on the test bench alsamidescillates to the new
value. With an increased inertia of the turbine the resoftaqtiency of the drive train
is decreasind [76]. The diagram on the right presentsftieeteon the rotation speed
of the turbine. Due to a rising pressure in the transmisdierlé¢akage is increased
leading to a slightly increasing rotation speed of the tuebiThe higher the turbine
inertia is set, the more energy is stored in the flywheel withdlight change of speed.
The plots in the second half of the diagram display the sanmasorement as before,
but with a torque controlled transmission. In this case tingue step leads to higher
applied torque than braked by the transmission and consdygueerising rotation
speed. The load torque on the test bench rises proportiotiad rotation speed until
the equilibrium of torque is set again.

= = = with constant displacement
with torque control

torque [kNm]

rot. speed [rpm]
e
©

50 input torque
= = = drive train torque with constant displacement 14

drive train torque with torque control

[ 5 10 15 0 5 10 15
time [s] time [s]

Figure 5.17: Measurement results for a torque step

On the Response to an Extreme Gust

With a constant motor displacement there is only a shortydedtween applied and
measured torque. The rotation speed can only rise slightlytaerefore the peak
power delivered by the wind has to be transferred by the tnésson. Due to the
elasticity of the hydraulic drive train the measured torquethe test bench is even
higher than the one applied on the inertia. In figure5.18 dselts of the gust re-
sponse with and without a torque controlled transmissiqerésented. In this case
the turbine can speed up about 2 rpm and thereby store mdst @ieiak energy of
the gust. The maximum torque measured on the test benchkdbh2®dwer than the
applied load. When this torque is going down again, rotasipeed decreases also
extracting stored energy in the flywheel and going back tstzo operation.
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Figure 5.18: Measurement results for a wind gust

On the Response to Turbulent Wind Loads

Figured5.1D shows the measured torque and the behavior oftéitéon speed for the
two different control strategies. When the motor displacement imsmnstant, the
measured torque follows the applied torque only smoothetimue peaks with a
short delay. When the torque controller is activated, thegyautput is significantly
smoother. The high pressure surge of the uncontrolled nsgps undesirable. When
more dficient drives are used the damping of the system will be ev&n [€o avoid
large pressure fluctuations when operating below rateditons, a controlled valve
can be used. The maximum pressure is already limited by symeselief valve. A

solution here would be to have a valve that limits the ratere$gure increase.
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Figure 5.19: Measurement results for realistic wind loads
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5.5 Conclusion

On the General Stability Analysis

From the theoretical description of the rotor and driventigistem it is found that its
response is stable within the design window.

On the Parameter Sensitivity Analysis for a 5SMW Wind Turbine Drive Train

The inherent damping characteristics of the hydraulicedriare mostly associated to
the leakage losses and thigeetive hydraulic capacitance. Although low natural fre-
guencies of the hydraulic transmission could be presehgiftp and 3p) operational
frequencies of the rotor, the proposed model shows a verydaaiped response of
the rotor speed. Pressure variations due to harmonic irgbukse motor setting are
significant at low frequencies and should be avoided by meéamaswell-designed
controller. Special attention should be given for over dachpystems in order to
avoid a sluggish response.

For the reference case the combinations of length of theawidrline and &i-
ciency of the hydraulic transmission are given for the reguariable speed opera-
tion. Itis seen that some damping in the system is introddcedo the oil leakages
in the hydraulic drives, given or represented by the voluimetficiency. In this
regard although a lowerfléciency represents a less favorable condition in terms of
power production, it becomes an advantage for the dynantforpeance resulting
in lower pressure fluctuations. The amount of oil in the gyskas a significant in-
fluence in the sfiness of the transmission and therefore in the pressuradrdass
the main reason is that the high fluid inertia of the systenble & produce large
pressure peaks (water hamméieets) whenever there are sudden variations of vol-
umetric flow. Including an accumulator in the high pressime,Imight reduce the
pressure pulsations. On the other hand, the rotor mass mahieertia has an im-
portant influence in the time response of pressure and oattspeed, leading to a
slower but smoother response of the system.

In general a tower base solution with long pipelines is prionkigher pressure
fluctuations with a clearféect on the controllability. The compressibility of the hy-
draulic fluid and the length of the high pressure line detaettie hydraulic sfiness.
If the stifftness becomes to low, the response becomes sluggish andhtagsire
overshoots occur. Thisfliect is mitigated using pressure control, as was demon-
strated by the experiments shown in secfion.4.6. Henciel#faeof having a 5SMW
class wind turbine with the pump in the nacelle and the hyldrawotor at the base
of the tower is still regarded as feasible.

Low volumetric dficiency of the hydraulic transmission provides a small press
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fluctuation damping however its influence is minor and umjike be advantageous
when compared to the loss in power production.

On the Experiments with 1IMW-Class Transmission System

The hydrostatic transmission was subjected to two mainstgénput load:

1. Simple disturbances in the form of step inputs.Althougtse inputs are not
realistic, they clearly reveal information on the respookthe system in the
form of the natural frequency and damping ratio.

2. Simulated aerodynamic torque, resulting from wind gasid turbulent wind
loads. These experiments were conducted using input fronBlatied which
was scaled from a rotor with a 63m radius to one with a 25m gdilhis
conversion is an engineering trick which neglects severaldynamic scaling
effects. However, for the purpose of the experimentsfiices. Initially the
test were conducted using fixed speed operation. This omdsproblems
with translating the GH Bladed results to the input for tremission:

(&) The missing coupling between rotor and drive train resps.

(b) The influence of the mass moment of inertia on the acaieraf the
low speed shaft.

Measurements were made using both static and dynamic tisgiem(constant and
variable motor volumetric displacement).

From the conducted experiments, it is observed that tormgpelses applied to the
drive train are quickly dampened, leading to a smoothenectrétal power output.
Apart from mapping the dynamic response characteristiesmeasurements were
also used to validate simulation models of the test bench.

It was observed that for real-life application of fluid pove@msmission in large
wind turbines the following issues require special attamti

e Other natural frequencies: the natural frequency of thedaté of the test
bench was measured to be around 27rpm. During the rungiyith,= 10mmys
the average speed of the rotor was around 28.84rpm. Beirlgs®to the natu-
ral frequency of the bed-plate led to an increase in noises&wme rotor torque
at higher rotation speed the noise level dropped again. Wsatiemonstrates
is that knowing your environment is crucial in the design ¢faasmission.

e Oil temperature: under heavy loading (see turbulent wirgt};ahe tempera-
ture of oil & components quickly rose to level out at approately 60C. This
is well above the optimal temperature of around@5Due to the amount of
steel in the pump, the housing cools very slowly.
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Passive Torque Control for Variable Speed Wind
Turbines using Fluid Power Technology

6.1 Introduction

Key Question Approach Chapter
Analytical derivation and
How i the response of the rotor and experimental validation of method for

drive train controlled? passive torque control for variable
: speed turbines using fluid power
transmission

Control
Method
o

Figure 6.1: Flowchart for the objective and approach of thiapter

As mentioned in sectidn 3.6, there are several ways to dahieaotation speed
and torque of the rotor and the hydrostatic drive train ofD@&T. Both wind power
and hydraulic power are essentially fluid flows. Hence, tmeesmathematical rela-
tions hold for both.

Already at an early stage of the research for this dissertatiwas found that
in theory it is possible to configure the fluid power transioissystem in such a
way that no form of active control is required for the drivaitr. The term active
control here refers to the general manipulation of drivintpoperties or settings
during operation. Hence, the method where no active coigtr@quired is referred
to as passive control. Passive control is thus an inherempigpty of the system. The

transmission components that enable this passive com&a rozzle and a pressure
relief valve.



6 - Passive Torque Control for Variable Speed Wind Turbines using
122 Fluid Power Technology

In figure[3.10 a simplified hydraulic diagram of the DOT contasfigure[3.13(d)
is shown. The water pump is connected to a nozzle with cohstass-section
through a high pressure line (pipe or hose) in an open-loggery. For the pur-
pose of simplicity, the oil circuit is omitted here. The flowrgerated by the water
pump eventually exits the hydraulic system through the kegzrhich in turn pres-
surizes the system in the required way for the rotor and hydrpower transmission
system to operate in stable conditions independently ofvihd speed. By correctly
sizing of the components between the rotor and the presslfizid jet at the exit
of the nozzle, the wind turbine operates stable without artiyecontrol. Diferent
“tuning” of the operational characteristics is possiblenbgrely adjusting the size of
the nozzle.

Nozzle

Pump or
Rot A spear valve
otor y Pump P

Figure 6.2: Hydraulic diagram of the double circuit as dibsmt in sectio 3.711;
only the second part of the circuit is considered in this ¢thiap

The objective of the research presented in this chaptermsoie that using fluid
power technology, a wind turbine rotor is passively opatatéh variable speed at
(or near) maximumféciency for its allowable range of wind speeds.

The theoretical framework presented in chapler 4 is usedgoribe the hydraulic
passive torque control concept. The proper dimensionirthe®hozzle diameter is
proposed by matching the static characteristics of thedgsamic rotor with those
of the hydraulic components.

To demonstrate the application of this idea of passive ogntiind tunnel exper-
iments (see figurle 8.3) were conducted using a 1.8m dianwttarwith fixed blade
pitch angle. The rotor was directly coupled to a water-hyticgpump and dfer-
ent nozzle diameters were tested under a range of wind spesdting in diferent
operational characteristics of the rotor. The hydraulakibrg and torque limitation
were also tested and proven for the functionality of the epi.c
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Figure 6.3: The experimental setup in the wind tunnel of tpe®Jet Facility (OJF)
of the Delft University of Technology

6.2 Passive Operation

6.2.1 Description of Principle
Torque balance at the rotor shaft

The angular acceleration of the rotor is determined by tHante between rotor
torquetroer and drive train torquepump and the mass moment of inertla of the
rotor-pump assembly (see equafion 4.1). When the rotordésabipg at steady state,
i.e. with constant rotation speed at constant wind speed=(0), the equatiof 411
becomes:

Trotor = Tp (6-1)

The rotor torque cd@cientC; is a function of the tip speed ratip see figurg 4.10(p).

Regard equatidn 4.114. The air density is assumed constant here. Hence for a
constantl, 7oty is directly proportional tdJ2 . The aerodynamic torque as a function
of the rotor speed is obtained by combining equations] #L1% [4.8 and 4.18:

Cp 1
i i 6.2)

=Ky - o? (6.3)

Trotor =
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Regard equation 4.41. The counter torque produced by the piith fixed vol-
umetric displacementy is essentially a function of pressure. The mechaniffal e
ciencynmec of the pump is a nonlinear parameter. As shown in fiure 4)L%te
value ofnmecis relatively constant over a wide range of operation. Fopdicity, it
is assumed constant here.

The flow Q produced by the pump is essentially a function of the roteesp
see equation 4.85. The torque at the rotor is thus deternipéide pressure fer-
enceAp over the pump. The pressurdférenceAp over the pump is predominantly
determined by the outlet diameter of the nozzle at the enkeolfitgh pressure line.

The torque transmitted by the pump is derived from equado#8[4.41 in com-
bination with the nozzle equatidn 6.9 yield:

2 3
Mol ) 1 Vp 2
= [ N o (6.4)
TImec- Cczi 2 Aﬁozzle
=Ky w? (6.5)

Equatiori6.b shows that the pump-nozzle torque is descabedquadratic function
of the rotor speed, which is the same relationship for théxgitaerodynamic per-
formance given by equatidn 6.2. Hence, given the aerodynpaiormance of the
turbine, it is possible to closely match both curves by prafmensioning of com-
ponents by lettind<; = K.

[ Trotor envelope

nozzle induced braking
torque envelope
optimal

Torque T[kNm]

15
10
5

Wind speed

Rot. speed w [rpm] U [mis]
m/s]

Figure 6.4: 3D torque curves of a conventional wind turbine

The resulting steady state performance envelope of theantbdrive train should
look like figure[6.4. Here the red area is the envelope of thetar torque produced
by the pump, which is a function of the rotation speed onlis dtirectly proportional
to the rotation speed squared. The blue area is the rotounaoeqvelope, which
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is a function of the tip speed ratio, i.e. both rotation spard wind speed. The
intersection between the red and blue areas marks the rediere the system will

operate. If the nozzle is dimensioned optimally (as is tleedeere), this intersection
will correspond to the line of optimal performance of theorah figure[4.10(q).

6.2.2 Dimensioning of the Constant Area Nozzle

Euler/Bernoulli's Equation for Dynamic Pressure

The function of the nozzle is to create a load resistancewéliows to convert the
hydraulic energy in the form of pressure (or equivalent héad kinetic energy in the
form of a high speed water jet. Consider a steady, invisoithrinpressible, laminar,

I —
L —
P1,ALP1V1 P2,A2P2,V2

Figure 6.5: Diagram of the cross sectional view of the flovotlgh the nozzle

unidirectional, one-dimensional flow through a conduithaébnstant diameter. At
the end of the conduit is a nozzle, see fidure 6.2.2. The siegsure in the conduit
and at the nozzle outlet amg and p, respectivelyy; andv; are the related flow
speeds. The relation between change in pressure and ydlmcén inviscid flow is
given by the Euler equation:

dp=—-pvdv (6.6)

Assuming incompressible floy; andv; at cross section 1 are relatedpgandv;
cross section 2 by:

p2 V2
dp:—pf v dv (6.7)

Py Vi

This results in Bernoulli's equation:

pl—p2=%,0(V§—V§) (6.8)
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The static relationship which describes the pressure dsapfanction of the volu-
metric flow is derived from the Bernoulli's energy equati@m &n inviscid, incom-
pressible, one-dimensional flow with constant dengityThis relation is not linear
and considers that the conduit cross sectional area i$sdiatarger than the orifice
or nozzle are@nozz1d Aconduit << 1.

P 1y
Ap= E(mg) -Q-1Ql (6.9)

Here,Cyq is a discharge cdicient which considers pressure losses depending on the
geometry and Reynolds number. The dischargéhimients are obtained experimen-
tally.

The Continuity Equation

The speed;, of the flow out of the nozzle is calculated using the continaduation.
The physical principle of conservation of mass is that massbe neither created nor
destroyed. The mass flom on either side of the nozzle outlet is thus in equilibrium.

m = N (6.10)
p1Q1=p2Q2 (6.11)

Assuming incompressible fluigh; = p,, equatio 6,111 becomes:

Q=QQ=Q=Avi=AWV (6.12)
Vi, = Agl Vo = Agg (6.13)

Optimal Nozzle Area

By combining equatioris 6.8 ahd 6113, it is found that theatattea of the nozzle and
the flow out of the pump determine the pressure in the line. difierence in static
pressure inside and outside the conduit is expressed as:

1 1 1
Ap=3pQ (———] (6.14)
2 A A
The optimal area of the nozzle outlet is calculated by coimbiequation§ 4]1, 4.8,
[4.14[4.414.35 arld 6.114 and setting the angular accaleraiti= 0.
These equations are made more accurate by including therkiosses through-
out the transmission. The optimum power extraction coordp toCpmax Which
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occurs at the optimal tip speed rafigy. This results in expressi¢n 6116 for the opti-
mal nozzle outlet areA,.

3 3
T Phya A Vp

2
" Zmec-C2 par Cp-nR® 6.15
Anozzle Tmec- CS Dair Cp R6 ( )
333 2 2
Phyd Vg /lopt Mool ( Az]
AL =] L 6.16
e \/pair CP,maxT]me(;ﬂR5 Ai ( )

In reality the values for mechanical and volumetriiaéency will vary slightly de-
pending on the operational conditions. For dimensionirgrtbzzle however they
may be assumed constant. Hence, each term in eqliatidn & téistant. Typically
Ag << A?, which allows for a simplification of the equation. Since tiezzle outlet
is typically circular, its dimension is hence forth givemdbhgh its diameter.

(a) Theoretical pressure-flow relationship (b) Dimensioning of the nozzle for a design wind
speed and tip speed ratio

Figure 6.6: Graphs for the dimensioning of a constant arealao

A constant value of the nozzle area is selected for a desigd speed and tip
speed ratio. For lower wind speeds, this will result in a Iotig speed ratio and for
higher wind speeds the tip speed ratio will increase. Frooré{.6(D) it is observed
that for a given rotor and fluid power transmission system nhzzle area optimized
for a chosen wind speed ofifs and tip speed ratio of = 7.5, with variations of
the tip speed ratio between= 7.2 for low wind speeds and = 7.6 for higher wind
speeds.
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6.2.3 Performance evaluation

When a design wind speed and nozzle has been selected, tiftehngerque-speed
curve of the rotor closely matches that of the hydraulicesystas shown in figure
[6-7(8). Results are also shown for nozzles with 10% variation from the design
nozzle diameter. The power-speed curves of the systemae g 6. 7(0).

Torque T [Nm]
Power P (W]
o

Rotational speed  w [rad/s] Rotational speed  w [rad/s]

(a) Torque-speed curves (b) Power-speed curves

Figure 6.7: Operational curves for the design nozzle diameith +/- 10%

The total dficiency of the system is given by both the aerodynamic perdoca
and the hydraulic transmissiofffieiency (pump and nozzle). Aerodynamic perfor-
mance, as mentioned in sectionl4.2, is characterized thrtheypower coficient
Cp, while the hydraulic transmissiorffsiency includes the discharge d¢heientCqy
of the nozzle, together with the both the overdigency (mechanical and volumet-
ric) of the hydraulic drive. An example of the operating penfiance for dierent
nozzle diameters is shown in figlirel6.8.

(] 5 10 15 20 » or
i spens U i) Rotational speed [radls]

Rotational speed e [radis]

(a) Hficiency (b) Tip speed ratio (c) Power co#ficient
Figure 6.8: Performance of the rotor and hydraulic transiois(pump & nozzle)

Regarding stability, the turbine operation will be stabdeleng as the torque-
speed curve of the combined pump-nozzle matches the emvelopes of the rotor
where it has a negative slopdT/dw < 0). If the wind speed increases, the rotor will
exert a higher torque than the pump-nozzle torque and tloe speed will increase.
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Increasing the rotor speed will also decrease the aerodgrtangue for the given
wind speed and increase the pump-nozzle torque, leadingptmra where a new
equilibriumis reached. On the other hand,the turbine djperavill be unstable in the
region where the slope of the rotor torque curve is positivie/dw > 0). Following

the same reasoning, if the wind speed increases, the rotaxait less torque than
the pump-nozzle, therefore the rotor will stall and evelyustop. Therefore it is
important to correctly size the nozzle in order to operatthstable region of the

rotor (see figurg 4.10(a)).

6.3 \Validation through Wind Tunnel Experiments

6.3.1 Overview of the Experimental Setup

Experiments for the validation of the passive control mdth@&re conducted at the
Open Jet Facility (OJF) of the Delft University of TechnojogThe hydraulic di-

agram in figurd_6]9 identifies the essential components oEperimental setup.
Most of these components are identified in figure 6.3.1. Ther diameter is 1.8m.

" y ® SRR S
igh pressure work line pa -

\ 9

| et Valve with

P Positive Pressure relief valve )( Nozzle
i it

manual lever

pump

£ {
e |
-+ @—m ® Pressure sensor

|
’ |
Filter
Water

Submersible pump |_] reservoir

Aerodynamic rotor

rpm sensor

I
Low pressure feed line ~

Figure 6.9: Hydraulic diagram of the experimental setup

The pump volumetric displacement is 12.5cc. Several nezzkre used, the cross-
sectional diameter of their outlets ranging from 1.24mm @/thm. More details
on the experimental setup and how the measurements werpratd are found in
appendixD.
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pressure low pressure line from charge
relief valve line to pump pump o fiter

Jir .
o En—

(a) Complete system (b) The lid of the water reservoir

Figure 6.10: Pictures of the experimental setup

6.3.2 Experimental Results

Distinguishing between Steady State and Transient Results

Steady state measurements were done by going from one stéadspeed to the
next. The result from one measuring sequence versus tinteigrsin figure 6.111.
In this caseDpozz1e= 1.32mm. This nozzle diameter proved to yield a braking terqu
that resulted in rotor operation arouBgmay, see figuré 6.13(b).

A “steady-state” point was logged when the measured airdspaeof the OJF
remained constant, with a slight variation (turbulenceisity~ 0.23%), for a few
seconds. A “transient” here refers to the transition betwateady state points, as is
indicated in figuré 6.12.

s

12

10
8
6
4
. : ) raw measurements

mean-value lines

5

wind speed U, mis]
torque T [Nm]
otor speed. @ [rpm]

600
400

200 400 600 800 1000 1200 1400 o 200 400 600 800 1000 1200 1400 o 200 400 600 800 1000 1200 1400
time [s] time (5] time (5]

5 o o

o

(a) Wind speed (b) Torque (c) Rotor speed

Figure 6.11: Time series for one continuous run of measunésnéorizontal lines
indicate results for steady state conditions
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torque T [Nm]

raw measurements
mean-value lines
nozzle induced torque line

300 700 800

500 00
otor speed & [rpm]

(a) Full measurement series
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torque T [Nm]
o

ansients: acceleration

fom1to2 2
fom3to4 ~ T T~ -

steady state points S

4] 4ratmn

600
otor speed & [rpm)]

(b) Zoomed-in area

Figure 6.12: Steasy-state and transients explained faotlyee-speed curve, corre-
sponding to the time series in figure 8.11 Byy,ze= 1.32mm

Steady State Results
The measured steady state points are shown in figures §at&{&). 13(0). As seenin

500
rotor speed @ [rpm]

(a) Torque vs. rotor speed curves
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g6 o g 02 /
g »; 8 x
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2 A FOR
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200 300 400 600 700 800 200 300 400 500 600 700 800

rotor speed @ [rpm]

(b) Cp versus rotor speed curves

Figure 6.13: Steady-state results of the OJF measurements

figure[6.13(h), the nozzle diamet®fq,-1e= 1.32mm proved to yield a braking torque
that resulted in rotor operation with the high€t Under ideal circumstances, as-
suming incompressible flow and an ideal pump, the steadg-gédue ofCp in figure
[6.13(b) would be constant throughout the displayed rangetafional speeds. Above
500rpm the calculated values ©f still increase, but only marginally. However, for
decreasing wind speed and rotational speed, the measueangirelated trend lines
in the figure show a deviation from this expected constantevéthat is increasingly
severe. Two causes are attributed to this phenomenon:
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1. The internal friction in the cylinders of the water pumps laasignificant ffect
on dfective braking torque at low rotational speeds € 500rpm). This is
seen in the relatively high value of the required start-ugue of 4Nm for the
Danfoss PAH12.5 pump.

2. The Reynolds number at low wind speeds is small enoughigopus friction
to play a significant role. Thefiect of this phenomenon is minimal for large
wind turbines simply because of the greater rotor diamdteis is also noted
in [[77].

|:| D, =124 mm
nozzle

|:| D, =132mm
nozzle

S N\ =
S D, oye = 142 MM
R

[—_Jrotor envelope

[
15 ® D, =132mm

Dvmu\e =151mm

[ JPnozse=207mm

rotor torque T [Nm]
rotor torque T [Nm]

600 oo

600 500 400

400 350 300

200 0 wind speed U_ [rpm]
rotor speed < [rpm] wind speed U [rpm] rotor speed < [rpm] P .. [Pm]

(a) Steady state measurements (b) Torque envelopes induced by théfeient noz-
zles

Figure 6.14: The 3D representation of the steady statetseful multiple nozzle
diameters

Transient Results

For the presentation of the transient results, the caseadhgfe= 1.32mm is taken.
The results in figure’6.15 show the operation of the rotor addhe intersection be-
tween the rotor envelope and the transmission envelope. datearound the in-
tersection displays a pattern of bends. These are explayndide experimentation
sequence. After start-up, the wind speed was increased gmnt to point until a
certain maximum (10-12y8) and again decreased along the same points, to yield
multiple “steady state” measurements for the same winddspEee data in between
the “steady state” points forms the bends. The bend aboviatisection indicates
the torque and speed transition to a higher wind speed. Terlbends result from
a decrease in wind speed.

This shows that for a change in wind speed, the torque alwalgmbes along the
intersection of envelopes.
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[ rotor torque envelope
[Jwansmission torque envelope|
e line of steady state points

[T rotor torque envelope
[_Itransmission torque envelope
line through filtered data points

rotor torque T [Nm]
rotor torque T [Nm]

rotor speed & [rpm] 200 0O wind speed  U_ [rpm]

rotor speed @ [rpm] 200 wind speed  U_ [mis]

(a) Steady state results (b) Transient results

Figure 6.15: The measured transient response mapped entpénational envelope
determined from steady state measurements fégréint nozzle diameters

Limiting Braking Torque through the Pressure Relief Valve

For the purpose of general safety, every hydraulic cirduitudd have one or more
pressure relief valves (see figlirel2.6). These valves ate spen when the pressure
p reaches a predetermined threshpjd.

12

raw data
10H filtered data
— — — expected torque at 35bar

ideal torque curve for C,
8 H P,max

=0.32,A=56

rotor torque T [Nm]

0 i i i i i i i
0 100 200 300 400 500 600 700 800
rotor speed  w [rpm]

Figure 6.16: Results for when the pressure relief valve wiasséed to open at around
35 bar

To demonstrate itsfiect on the braking torque, the pressure relief valve was ad-
justed to open at around 35bar. The result for the systemfenpeance is shown in
figure[6.16. The significance of this demonstration is thahsausimple and highly
reliable component is able to limit the pressure (i.e. tejda a preset maximum.

The dfect of the pressure relief valve is thus that it sets the [fonitthe maxi-
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mum torque. For a conventional drive train, the maximumuerig set by the power
electronics.

At high wind speeds, overspeed of the rotor due to the suigflagrodynamic
torque over the drive train torque is prevented througthpitmtrol, i.e. manipulating
the pitch angle of the rotor blades.

Thus, by setting the activation pressure of the relief valvgectly, the torque
envelope of the hydrostatic drive train can be renderedaheesas for an electrically
controlled drive train, but with more simple and far lessengive components.

Emergency Shutdown Function: Hydraulic Braking Results

One has to be able to shut down a wind turbine at any momenhin fThe require-
ments for an emergency stop are given in the IEC 61400-1 atdrithree indepen-
dent ways to stop a wind turbine from rotating are:

1. pitching the blades so no less aerodynamic torque is pestu
2. yawing the rotor out of the wind.
3. increasing the transmission torque.

For a hydraulic transmission system, solufidn 3 is achigwetheans of a (slowly
closing) valve. When the valve closes, the flow is choked &edpressure in the
system builds up, essentially in the same way as the nozdieés pressure. The
required rotor torque thus increases and the rotor slowsidow

Looking at theC; curve in figurd 4.10(%), the point of operation thus movesifro
the point in line withCpmnax to the left up to the poin€.max This point marks the
border between stable and unstable operation. To the Igfi®point,C, max value
drops rapidly; the torque that is required from the rotorhmy/ transmission cannot be
matched and the rotor will slow to a stop.

The experiments with hydraulic braking were done using aualiy operated
valve (indicated in figurds 6.9 apd 6.1Q(b)). The initial dition is steady state oper-
ation, meaning constant rotor speed and torque and congitathspeed.

The measurement results in figlire .17 show how the pressndettjus torque)
gradually builds up and the rotor speed slows down as the atasmlve is slowly
closed. Once the threshold correspondinGigaxis reached the rotor rapidly comes
to a halt.

The hydraulic braking can be done at any point along the higsgure line(s)
of the fluid power transmission. Thus, for a DOT wind farm, twatrol valve re-
sponsible for the braking could be placed at the generadtiost Although many
configurations are possible, the simplest is to have a sewtieflvalve with a much
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Figure 6.17: HydraulicBraking: the results from graduallgsing the manual valve
located before the nozzle (indicated in figures 6.9[and 6))0(

higher threshold pressure upstream of the shutting valgetatorque limiting pres-
sure relief valve down stream, see figure 6.18.

maximum
High pressure line braking valve High pressure line

buffer for braking
from pump to nozzle 110N | —
>_ _< >
I

Pressure relief valve: | - | -
set to avoid exceeding

the maximum L L
allowable pressure

Pressure relief valve:
setting the limit for
the nominal pressure

operational

pressure -

Low pressure line in
. minimum
Open reservoir connection with reservoir idle

(a) Hydraulic diagram (b) Pressure regimes
Figure 6.18: The proposed braking & relief valve configumatior passive control

In contrast to a mechanical brake, a hydraulic brake is naptisly operable,
because it loses heat through the hydraulic fluid.

6.3.3 Simulation versus Measured Results

Figure[6.13(3) shows that the optinia,,,.e i.€. the one yielding the highest values
for Cp is around 1.32mm. The manner in whi€h is derived from the measurement
results does not account for the volumetric and mechanifialencies of the pump
and the bearing friction of the rotor shaft. Hence t8isis effectively the power
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rotor radiusR 0.9m measured
optimal tip speed ratia 5.6 measured
maximum rotor power cdicientCpmax  0.32 measured
air densitypair 1.210kgm3 measured
water densityapwater 979.0kgm3 assumed
pump volumetric displacemei 12.9(27)x10®m3/rad  from folder

Table 6.1: Values required to calculate the optimal nozidenéter

2
codficient at the pump. Since this is tlg that is used, the terr@gnpj%‘nmec in equation

[6.16 is replaced bgﬁax. The termAg/Ai is assumed to be negligibly small. Equation
[6.18 then becomes:

333
Phyd Vg /lopt

_— 6.17
Pair CP,maxﬂ'RS ( )

Anozzle=

Table[6.1 lists the properties required to calculate théragitnozzle diameter. For
these values the nozzle diameter is calculated B /Rge= 1.32mm. The simulated
ideal Cp = Cpmay and measured results for this nozzle diameter are plattéglire

6.19.

-
IS

T T T T T
ideal torque curve for CP =0.32,A=5.6
+ dataforD =1.32mm
nozzle

fitting curve for D =1.32mm
nozzle

i
N

=
o

)
T

rotor torque T [Nm]

i i i i i i
0 100 200 300 400 500 600 700 800
rotor speed  w [rpm]

Figure 6.19: Comparison of simulated and measured torque éor a nozzle diam-
eterDnozzie= 1.32mm

In this figure and slightly more pronounced in figlirel 6.7 thrgtie curve deviates
slightly from the ideal lineCp = Cpmay) due to changes infiéciencies throughout the
operational envelope. The point where the two curves cs#%ei design point. By
making small changes to the nozzle diameter this desigr [oghifted up or down
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the ideal torque curve. The design point thus translatespeaific wind speed. The
selection of this design wind speed depends on the local alinthte. The design
wind speed should be that at which the annual energy praxmuigtimaximum.

6.4 Conclusion

6.4.1 Concept of Passive Torque Control

If a wind turbine rotor is connected to a fixed displacememiraylic pump which is
connected via a high pressure line with a pressure religbvial a nozzle with fixed
cross-section, the torque and speed of the rotor are phssatrolled. By sizing
the nozzle correctly, the rotor will operate at (or near) mmaxm dficiency for its
allowable range of wind speeds. The setting of the presslief valve determines
the maximum torque and thus the rated wind speed. Duringrempets, the rotor
was brought to a full stop by cutting of the flow with a contralwe.

The presented concept of passive control for variable speteds using fluid
power technology works as predicted. The torque envelop&ofiventional variable
speed wind turbine drive train can be achieved for hydrizstetnsmission through
solely passive control.

The activation pressure of the relief valvifeztively determines the rated wind
speed. The cross-sectional area of the nozzle determiaesntlelope below rated
wind speed. Shutting down the wind turbine is done by indnggthe pressure using
a braking valve.

6.4.2 Passive Control folU., > Uateq

When variable speed wind turbines approach a nominal pdiaperation Urateq),
the blades are pitched to limit the rotational speed an ®rtpithe case of hydrostatic
transmission, the torque can be limited simply by an ovexqree (safety) valve.
Once a threshold is reached, the valve opens and the pressiges to increase.
However, limiting the torque results in a spin-up of the ratahe rotor speed is not
controlled. Hence a form of blade pitch control is needed.

6.4.3 Forced Shutdown Control Options

In the case of extreme wind speeds, maintenance or systefantianing a wind
turbine is shut down. In the case of hydrostatic transmisdiwaking can be done
hydraulically by closing & the high pressure line, allowing the torque to build op
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until the rotor blades stall. For the sake of redundancyijianxsystems are required,
such as yawing the rotor out of the wind.

Regarding the emergency shut down function, the relatilaglye mass moment
of inertia of larger rotors will require a gradual shuttingwh of the flow in order to
avoid high pressure peaks.

6.4.4 Proof of Concept: Wind Tunnel Experiments

The experiments showed that:

e The dfect of hydraulic losses is minimal at pump rotation speedatgr than
500rpm. The pump used in the experiments was not designegpéad below
500rpm. Its start-up torque makes it unsuited for this tyfpplication outside
of a test environment.

e The passive torque control solution is inherently stabteafbnozzles used in
the experiments.

6.4.5 Design Point

Using the passive control method, the performance of ther will be at or near
optimum for a wide range of operation. The design challesge select at which
wind speed operation of the rotor and drive train should kectx optimal. This

wind speed should be the one for which the annual energy ptioeius maximum.

What this means is that the design point is set by the locatl wiimate. Since the
nozzle is a modular and relatively simple component, adjasts for a specific site
can be made afterwards (when the turbine is already indjalkn example of how
the design point is found is given in chafdiér 7.

6.4.6 Drawback of Passive Torque Control: No “Frequency Slp-
ping”

An important consideration is the overlapping of the rotmtation frequencies with
the natural frequencies of the support structure. Durimgetkperiments it was ob-
served that around 460 rpm the rotation speed matched aams®frequency of the
support structure. The entire configuration would then shaglently. To prevent
this phenomenon from occurring and potentially causing atgem the wind speed
corresponding to this rotor speed (which iffelient for every nozzle diameter) was
skipped for “steady state” measurements.

Natural frequencies of one or wind turbine component maiihin the op-
erational frequencies of the rotor. An example of this wasoentered during the
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experiments described in sectlonl6.3. The support streicasonated when the rotor
speed was approximately 460rpm. The mitigating measureoaass over the wind
speed at which this occurred.

A common solution to avoid resonance between the rotor amavthd turbine
support structure is so-called frequency skipping. A sibafidwidth of rotor rota-
tion frequencies is rapidly transgressed by increasingweting the breaking torque
when this bandwidth is reached. For example, when the wiaddmcreases, the ro-
tor speed increases. As the rotor speed nears a naturakfregjof the foundation,
the braking torque is reduced so that the rotor quickly areds to a speed beyond
this resonance frequency. Here, the braking torque is&sedagain. In such a case,
the wind turbine acts as a fly-wheel. Hence there is littls losenergy throughout
the process.

Active manipulation of the braking torque was not possibithe experimental
setup. This issue should be taken into account in the desigeél-life application.
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Preliminary Design of the DOT Fluid Power
Transmission System Using the NREL 5MW
Rotor

7.1 Introduction

Objective Approach Chapter

- Make preliminary design of a multi-
MW fluid power transmission system
Create a preliminary design and - Simulate response to stochastic &
model its behavior dynamic wind loads
- Calculate transmission efficiency
- Identify limits of the design

Preliminary
Design
~

Figure 7.1: Flowchart for the objective and approach of thiapter

7.1.1 Background, Objective& Approach

In chaptei B, the possible configurations of a fluid powerdnaigsion system for
offshore wind turbines are presented. The chapter concludbgiwee conceptual
designs. The final concept selection (secfion 8.7.2) hddedeconcept 3; the Delft
Offshore Turbine (DOT).

In this chapter the DOT conceptual design is worked out inenai@tail to yield a
preliminary design. The scope of the design is from the hyldrgump coupled to



7 - Preliminary Design of the DOT Fluid Power Transmission System
142 Using the NREL 5MW Rotor

the low speed shaft and the spear valve of the seawater Higdcauauit, see figure
[7.2.

Of the components which are critical for the power perforogathe relevant di-
mensions are given, such as the volumetric displacememaraps and motors or
the length of the high pressure line. The properties of hyldr@quipment are taken
from the state-of-the-art industriaffethe-shelf components described in secfion 2.3.
These include drivefiiciencies (damping cdicients), pipe inner surface roughness
and fluid bulk moduli.

Using techniques described in section 5.3, the performangienulated to yield
the steady state response (power curve, torque-speed emdéhe response to dy-
namic and stochastic loadsfti€iencies are assumed for individual components and
calculated for the system.

The control of the DOT rotor and drive train is done using tlasgive control
method described in chapfér 6.

The starting point of the design is the rotor of the NREL 5MWs8line dfshore
turbine. The design methodology applied here is explaineskeictiol 7.311. The
simulation results for the power curve and the responsesafithtem to dynamic wind
loads are presented in section]7.4. As in chdpter 5, the atediind conditions vary
from unrealistic (step-wise) to more realistic.

7.1.2 Functional Requirements of the Power Transmission Sy
tem of a Single DOT

The rotor is outside the design scope. However, to evalhati@érformance of the
rotor and transmission system, the rotor of the NREL 5MWregiee turbine rotor is
used.

The following functional requirements of the preliminalsign of the DOT rotor
& transmission system flow down from the ones set in seiiddls.

e The harvesting of power from the wind.

Transmitting harvested power to the generator station.

Operate at or close to maximum aerodynamfécency below rated wind
speed.

Smoothen ripples in the aerodynamic torque.

Operate with energyfciency of> 80% between the rotor shaft and the gen-
erator station at nominal conditions.
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For the detailed design further specification of the fun@ioequirements is required.

The generator station including the Pelton turbine are al#side the design
scope. Pelton turbines typically operate witfi@encies of around 90-92%, from
jet to electricity [78].

7.2 Design Considerations for the DOT Fluid Power
Transmission System

7.2.1 Cooling of the Qil Circuit

This subsystem functions similarly to a mechanical gearti@arge torque and low
rotation speed are converted to low torque and high rotafe®d. The transmission
ratio is essentially constant: thé&ects of speed and pressure dfiokency of this
subsystem introduce variations smaller than 5% througdlthelwperational envelope.

Whether active cooling will be required depends on tliriencies of the com-
ponents and the heat transfer of the pipelines. The way ancpgystem is typically
dimensioned is by estimating the power loss of a system adtiphying this with a
safety factor. So, in the case of a 5MW system with 95% trassion éficiency at
rated power conditions, the required cooling capacity @3&8. Long lines allow the
heat to dissipate via convection and radiation. A detaitedysof the thermodynam-
ics of the system is required to determine whether a coolistem is needed.

7.2.2 Boosting, Filtering and Cooling of the Seawater Circit

The seawater hydraulic pump of which the properties have Bealed and extrap-
olated to reach approximately 5SMW power capacity is not-pathing. Thus the
pressure needs to be boosted to secure the flow to the pumgorEiseen method
to be applied for this is to have an integrated boost and &igetem. An electrically
driven centrifugal pump sucks in seawater through an iritiar known as a suction
screen. The flow then enters a filter system (to be developedPQ:m, after which
it reaches the pump.

Cooling is not required in this open system. The seawatezlipip will transfer
heat to the surrounding environment. This is similar to tasecfor éfshore power
cables.

7.2.3 Startup Torque

The start-up torque of the system depends predominantlig@mternal frictions of
the main shaft bearing system and the bearings and the eyiirad the pumps and



7 - Preliminary Design of the DOT Fluid Power Transmission System
144 Using the NREL 5MW Rotor

|- 3 Wind turbine systems
SAEN
o
n
| c
2
0
]
HEE
| @
=}
2
>
| o}
| \1 )
| | §
o
3
g
| [ b S
| H
1 2
| Relief valve
| @
£
e
| 3
7] [
L
S
| =
vV )
<
Braking
valve
cooler
Generator station systems
Non-return
Outside design scope-|
Pelton
Generator |
runner
| AC/DC

high pressure line

: Spear valve

Relief valve

screen

Centrifugal

| converter
CHeH
pump

! | ! DC power link

to shore
Sea Sea L_Sea J

Figure 7.2: The preliminary transmission design for a 5SMWIDO



7.2 - Design Considerations for the DOT Fluid Power Transmission System 145

the motor. If the value of this parameter idstiently low, the system need not shut
down if U, < Uguein and no blade pitching action is required for start-up. Based
experience with the 1MW facility described in section 5,4hE startup torque is low
enough that a person is able to rotate the rotor shaft witbdris hands. In contrast,
the start-up torque of the water pump described in seii@d 6vas too high for the
rotor to overcome without help. In the experimental setuscdbed il B, the starting
torque of the water pump also proved to be a concern. The Mattd&R250250S
pump has a start-up torque of 150Nm. This is around 4.5% abitsinal torque.

7.2.4 Control System Properties

The document which provides the definition of the referendaite [38, p17] know-
ingly omits the definition of control actions for non-powgmeduction operations such
as start-up, normal and emergency shutdown. These actieassa considered to be
too detailed for this stage of the DOT design.

The reference rotor has a variable blade-pitch-to-featbefiguration. This en-
ables the turbine to shut down by pitching the blades.

The control for power-production operation relies on twdapendently working
systems: the generator torque controller and the full-sptmr-collective blade-pitch
controller. For the DOT, the generator torque controllereiglaced by the passive
torque control provided by the architecture and dimensigoi the fluid power trans-
mission system.

The rotor control system essentially does not conflict whil ¢ontrol of the hy-
draulic drive train. However, a reconfiguration of the cohgoftware is required to
match the new operation limits of the system.

Overloading of the fluid power transmission system is preaehy pressure relief
valves.

The application of a spear valve allows the operator to maia@lsadjustments to
the area of the jet outlet in order to maximize energy yiefch $imple nozzle were
to be applied, there is an argument to be made that the sys$tentdsbe designed
for maximum annual energy yield. This requires data of theuahwind speed dis-
tribution. The way in which the nozzle is modeled indicatest below the design
wind speed the value of the tip speed ratio is below the optimalue. Above the
design wind speed the value ofis above the optimum value, until the nominal ro-
tation speedvnomis reached. Hence, the disadvantage of designing for a vpieeds
below rated is that thenom is reached at a lower wind speed, which then becomes
the rated wind speed. In this way the nominal power is redu€kd optimization of
the design of the system for maximum annual energy yieldas #n exercise with
multiple iterative loops.
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7.2.5 Local Electric Power Source

For several control functions and safety related functisassors and control valves
are required. These require an electric power supply. Blessburces of power are:

- A power cable running from the generator platform, along geawater
pipeline, to each turbine.

- Solar panels and storage battery.

- A small wind powered generator system with storage battarypled to the
oil-hydraulic circuit.

7.3 Dimensioning of the Main Transmission System
Components

7.3.1 Method for Dimensioning

The design constraints are based on properties of stateeedrt df-the-shelf com-
ponents. The properties that define the design values atleq laximum allowable
tip speed of the blades of 8¢s which sets the limit for the rotation speed of the
aerodynamic rotorwnem = 12.1rpm, (2) the nominal pressure in the oil and water
hydraulic circuits,pci nom @andpez.nom (3) the nominal rotation speed of the hydraulic
MOotor wmnom

To design for nominal operating conditions is a straightvand process as de-
scribed in figuré 713. The final dimensions are given in talie 7

Global constant v

Calculated dimensions

Known or estimated parameter

Figure 7.3: Flow chart for dimensioning of the main DOT comeots
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7.3.2 Oil Circuit Components Properties
Oil Hydraulic Pump

All properties of the radial piston pump, except the volurneedisplacement, the
number of cams and the number of cam rings, are taken fromadggldnds CBP840
hydraulic motor. Using equatidn 4}41 the required voluiedisplacemenv,, is
found.

Qil Pipeline

The length of the line between the oil pump and motor is detesthaccording to
equatiod Z1.

L pipe = % Drotor + Sclear + Splatform + Ssub (7.1)
Here, sqyp is the vertical distance under the mean sea level (MSL) wtierdrans-
former is located. The distan@gjatrorm between the MSL and the platform is nor-
mally determined by the maximum 50 year wave height. Itsevlas been selected
with reference to the range (13 - 19m) typically found in thetdh sector of North
Seal([79/ 80]. The distan®ear is the clearance gap between the platform and the
passing height of the rotor tip.

Given that the nominal flow through from the slow turning puimfnown, the
selection of the inner diameter of the pipeline determihegtressure loss in the line.
A loss of 1% at nominal conditions is considered acceptaéfe.hThis translates in
an allowable pressure loss of 3.35bar over a distance of 100ra resulting inner
pipeline diameter for a single high pressure line is appnately 15cm. Ensuring
minimum pressure loss due to friction whilst minimizing thipe diameter means
that high Reynolds numbers are inevitable for long distguipelines. Flow in such
pipelines will thus be turbulent for the greater part of tipe@tional envelope. The
flow speed at nominal operating conditions is 6.5&m

Figurg[7.4(3) shows the relation between the number of leapabelines and the
inner pipeline diameter. The lowest value of tifBakency of the pipeline is around

99%, see figurg 7.4(p).

Hydraulic Motor

The hydraulic axial-piston motor is modeled as having thees@roperties as the
pump, with a volumetric displacement of around 3.8 litensnggolution. The design
nominal rotation speed is 1800rpm.
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7.3.3 Seawater Circuit Components Properties

Seawater-Hydraulic Pump

Using equatiom 4.41 and considering the steady state passe$ from the rotor
shaft up to this point, the required volumetric displacemgmof the seawater pump
is found. Itis assumed here that the input torque of the seawamp is the same as
the output torque of the oil motory, = 7. The friction losses related to the rotation
of the shaft which connects this pump to the oil motor areudet in the models of
the pump and motor.

Seawater Pipeline

The length of the water pipeline depends on the location efttinbine in the wind

farm. As for the high pressure oil line, the design condii®that at nominal oper-
ation the maximum energy loss in the pipeline is 1%. Thisdiaes to an allowable
pressure loss of 4.07bar. The resulting inner diameter fbkra long pipeline is

18.5cm. At nominal operating conditions the speed of the flothe line is calcu-

lated to be 3.04ys. Figurd 7.5(&) shows the relation between the pipe diaraate

the pressure loss for nominal flow conditions and the desigmtp

Spear Valve

The flow through the high pressure seawater is guided thraiggtear valve such as
pictured in figuré_ 3.711. The choice to have an adjustablelaaaza has two main
advantages:

1. It enables the operator to shuf the flow and thereby acting as a hydraulic
brake.
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Figure 7.5: Seawater pipeline design figures, correspgridithe results in table 4.2

2. The behavior of the transmission system will change aweg.t This may be
due to for instance wear in the hydraulic systems or changasiiodynamic
performance of the rotor. Being able to adjust the nozzla amables the op-
erator to optimize the power output for such changes.

The sizing of the optimal nozzle area is explained in detafiéctior] 6.2J2. This is
also the size of the nominal outlet area of the spear valvheiQtimensions of the
spear valve are not considered as relevant at this stage detign.

The equivalent nozzle diameter is determined at 19.5mm.ndh@nal speed of
the jet exiting this nozzle is calculated to be 268m

Implications of the Selection of the Nominal Operating Presure in the Seawater
Sub-System

The nominal pressure in the water pipeline determines timeimed speed of the jet
exiting the spear valve. As described in secfion 3.8.3, tHd Boncept is to apply a
Pelton-type hydro turbine to convert the power in this jeglectricity. Similar to a

wind turbine, there is an optimal rati® between the speed of the buckgtand the

speed of the incoming jefet.

Vb

A_

= 7.2
Ve (7.2)
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According to [78], the optimal value of this speed ratids typically around 0.48.
Hence, the nominal jet speed in turn determines the pitetlecttiameter (PCD) of
the Pelton turbine.

So far the greatest head (highest pressure) found in hydnmts da 1869m
(~ 180bar)[81]. The Pelton runners of its turbines run at a Byomwous speed of
428.6rpm (14 poles) and it's pitch circle diameter is 3.99rhis is proven technol-

0ogy.

For the DOT system it will be beneficial to work with much higiheminal pres-
sure to improve the compactness of the transmission sysifiéma. reference tech-
nology for the seawater pump is the Hydrowatt[12] technglaghere the nominal
operating pressure is 415bar. Therefore this value selest¢he nominal pressure of
the seawater hydraulic circuit.

The velocity of the jet exiting the seawater line increaséh the square root of
the pressure. Thishectively means that the PCD of the Pelton runner also ineseas
with the square root of the pressure, provided that the naimitation speed is main-
tained. Hence, for a system with 415bar nominal pressukgepog a Pelton runner
(and generator) with a nominal speed of 428.6rpm (sanie §s {B& PCD is approx-
imately 6m. A larger runner diameter will result in a highesisa moment of inertia,
which smoothens the torque delivered to the electricityegator, to which the runner
is coupled.

7.3.4 Reduction of Mass

Two factors are dominant for determining the top mass of alwimbine: the design
of the rotor and the configuration of the drive train. The DGE the same rotor as
the NREL 5MW. Based on the calculations presented in appéfidihe DOT has
a significantly lower tower top mass than the NREL 5MW turbirfe breakdown
of the masses which make up the total nacelle mass is giveable[¥.1. The term
“unspecified” covers the power electronics. The reductiomass for the combined
drive train parts in the nacelle is 62%. The reduction in nodiske complete nacelle
is 66%. The reduction in mass of the rotor-nacelle assentblye top) is 45%.
Since positive displacement pumps for SMW wind turbineserteyet commercially
available, the margin for error of the estimated mass of sughmp is uncertain.
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Reference DOT

Drive train components 101,538 39,482
low speed shaft 16,518 16,518
bearing system 5,401 5,401
gearbox 60,940 -
high speed shaft 984
mech. brake & couplings 995
generator 16,700 -
hydraulic pump - 17,564

Other components 138,462 42,554
bedplatgmainframe 62,470 18,890
platfoms & railings 7,809 2,361
nacelle cover 6,837 3,419
built-in crane 24,256 4,733
cooling system 400 -
yaw system 13,152 13,152
unspecified 23,538 -

Nacelle total mass 240,000 82,037

Table 7.1: Breakdown of masses [kg] of the DOT and the refar¢urbine

7.4 Power Performance Simulation of a Single DOT

7.4.1 Steady State Response: The Power and Torque Curves

For the reference turbine, the torque still increases wittdwpeed after the nominal
rotation speed of 12.1rpm is reached. Because of the passiveol method, the
nominal rotation speed of the DOT determines the nominaleoq

The operational envelope of the NREL rotor thus changestligor the DOT
with respect to the reference turbine. The maximum tip spett design value that
is maintained for both. The rated wind speed thus becom@&sri€). Hence the rotor
of the NREL 5MW turbine is limited to produce maximum poweragiproximately
4AMW. This is shown in figurg 7.6(a).

The dficiency of the transmission system from rotor to generatticst is bro-
ken down in figurg¢ 7.6(t) and compared in fighre 7.6(d) to tliattber drive train
technologies as presented(in[[82]. Theatencies of these other drive trains are de-
fined as the combinedfticiencies of the gearbox (if applicable), the generator, the
frequency converter and voltage transformer. These sgsé&mlocated within one
turbine. Losses between turbine arfisbore transformer station are not included.
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Description Symbol Value Units
Adapted Application of the NREL Rotor
Maximum blade tip speed Utip,max 80 [nys]
Nominal rotation speed Wnom 121 [rpm]
Rated wind speed Urated 10.3 [mys]

Rater power at the rotor Prated 4.0 [MW]
Closed Oil-Hydraulic Circuit

Hydraulic Fluid HPL46

Pump volumetric displacement Vp 579 [Vrev]
Nominal pressure p 350 [bar]
Total nominal flow Q 6880 [lpm]
Number of pipes Npipes 1

Pipe length L pipe 100 [m]
Pipe diameter Dpipe 15.2(6) [cm (inch)]
Nominal flow velocity U 6.55 [mys]
Motor volumetric displacement Vm 3.75 [Vrev]
Motor nominal rotation speed wm 1800 [rpm]
Open Seawater-Hydraulic Circuit

Pump volumetric displacement Viwp 2.75 [Vrev]
Nominal pressure p 415 [bar]
Total nominal flow Q 4900 [lpm]
Number of pipes Npipes 1

Pipe length Lpipe 1000 [m]
Pipe diameter Dpipe 20.3(8) [cm (inch)]
Nominal flow velocity U 3.04 [mys]
Equiv. nom. outlet diameter Dnz 19.5 [mm]
Nominal jet speed Vjet 263 [nys]

Table 7.2: Properties of the DOT containing the NREL 5MW reffiee turbine rotor
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7.4.2 Setup of Dynamic Response Simulation

The simulation of the dynamic behavior of the 5MW DOT is doimilarly to the
method described in sectibn b.3 and figuré 5.3. The mdiardnce is the addition of
the water-hydraulic circuit which incorporates the pasgentrol method described
in the chaptefl6. The same method is used to model the pigdinedynamics. It
should be noted that the modeling of these dynamics doescootiat for turbulent
flow, which is present in the seawater line for almost theremtperational envelope.

According to [83]:the response of the turbulence structure and strength to-tra
sient waves in pipes and the loss of flow axisymmetry in pipegalhydrodynamic
instabilities are currently not understood®ased on simplified models published in
[73] it is expected that turbulent flow will introduce slijghimore damping due to
friction with the pipe wall.

The blade pitching system is turneff o avoid its influence on the results. This
allows the simulation to surpass the system design limitetation speeds, pressures
and torques.

In a DOT wind farm, the distance between turbine and genestdtion will vary.
Typically a distance of 5 to 10 times the rotor diameter isepbsd between turbines.
With this in mind the length of the seawater pipeline is medetere as 1km. The
length of this line determines the volume of water in the exyst
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7.4.3 Response to Step Input and Turbulent Wind Loads
Wind Step Input

Figure[Z.Y shows the response of the DOT power transmisg&iars to a wind step
input (figurg 7.7(g)). Two important phenomena are observed

1. The delay in the flow at the water pump and the flow out of thezleds clearly
visible in figure[7.7(f). The water pump is powered by the motdready
with some delay due to the elasticity of the oil circuit. Thmrbined delay
determines the speed of the response of the rotor and daivettrwind loads.
For the simulation of the system as presented in this chaptecritical length
of the seawater line is around 5km. Beyond this length thggitih character
the response could mean that in the event of a drop in winddsplee torque
from the drive train will remain high gficiently long for the rotor to slow down
to a full stop.

2. The nozzle at the end of the water circuit damps away antufitions in this
line. However, in the ail circuit, the lack of damping by thegdnaulic motor and
the compressibility in the 100m lines allow for these ostitins to occur. The
period of these harmonics is around 14 seconds. Althougly dachped oscil-
lations are generally undesirable, they do not appear haforfthis case where
the seawater line is 1km long. Thé&ect of the oscillations is only marginal
at the rotor and non-existent at the nozzle outlet. Durirgekperiments de-
scribed in sectiof 514 it was observed that in reality thesguee oscillations
were damped stronger than in the simulations. In the sinounlathe pipelines
are assumed as rigid. In reality the elasticity of the pipedicontributes to the
dissipation of pressure transients. Nevertheless, tléa@imenon does require
attention when performing the detailed design of a DOT.

Turbulent Wind

Figurd 7.8 shows the response to turbulent wind loads. Tl ciit already smooths
out the peaks in the aerodynamic torque. Note the smoothofeb® changes in
pressure at the spear valve and the corresponding changes welocity of the jet
exiting the spear valve. As with the step response, osoillatare observed at the
hydraulic transformer, i.e. the motor & seawater pump.
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7.5 Conclusion

The design methodology presented in sedtion¥.3.1 yietdithensions for the main
components of the DOT fluid power transmission system. Asepred, the design
process is straightforward, i.e. without iterations. lality, the dimensions of the
available components will not exactly match these valuesei\such available com-
ponents have to be matched, (local) iterative design loopeeguired.

The estimation of the nacelle mass in seclion 7.3.4 yield=laation of around
65% when compared to the nacelle mass of the reference éurbin

The nominal power outputis limited due to the design coirgtfar the maximum
speed of the blade tip: 80 This constraint is based on onshore criteria for noise.
Offshore these criteria don't hold any mefit [1]. A higher tipeed and therefore
greater nominal power output is thus possible.

The steady state response shows that for greater wind spesugl.5nfs, the
transmission ficiency is between 75 and 81 percent. At and above rated comslit
the dficiency is greater than 80%, meeting the functional requirgrset in section
[Z1.2. The power transmissioffieiency is dependent on the properties of the main
transmission components. These properties are derived drorent state-of-the-
art of-the-shelf components. The estimation of around 8®&6iency of the power
transmission system until the Pelton turbine seems fair.

The response to dynamic input loads is well damped. Theivekatiarge bulk
modulus of seawater makes that théfsiss of the simulation response is still satis-
factory for a seawater pipeline up to around 10km long, basesimulation results.
This phenomenon of pipeline flow dynamics requires furteeearch.
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Conclusion

8.1 Main Conclusions

The DOT concept for power transmission is technically felasiThe design as pre-
sented in chaptéd 7 will significantly reduce the complegityfishore wind energy
technology. With currently availablefsthe-shelf components, it is possible to con-
struct a DOT drive train prototype with up to around 1MW of noat power output.
The only way to really know how well this system performs isdwiding and test-
ing it. Pumps suitable for direct coupling to multi-MW windrbines rotors do not
exist at the time of this writing. There is no technical reagar this. Current devel-
opments in the fluid power industry suggest that such pumpdeicommercially
available within the next few years.

8.2 Answers to Main& Key Research Questions

The current state of the art wind turbines installé€iloore are overly complex sys-
tems. The move toftshore has until now not prompted a reconsideration of how the
conversion from power in the wind to electricity should bendo To make fishore
wind a competitive source of electricity requires more thramementally improving
and scaling-up onshore turbines.

In any industry where robust machinery is required to hatatlge torques, the
hydrostatic solution is applied. It is therefore almost ¢iwious solution for wind
turbines. Although the solution is not new, it has renewepiial thanks to devel-
opments in hydraulics.
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The main research question of this thesis is therefore:

How can fluid power transmission be applied for larggsbore wind
turbine drive trains?

In figure[1.1, a schematic representation is given of the megrarch question,
the key questions and how these are essentially approadtinedugh literature re-
search, computer modeling and experimentation theseiqusstre answered. The
answer to the main research question is via the answers i@yhguestions.

1. Why use fluid power technology for the drive train of gislwore wind turbine?
Hydrostatic power transmission is beneficial for wind tads due to the rel-
atively low stifhess of the drive train. This allows ripples in the aerodyicam
torque to be dispersed.

The application of a fluid power drive train in largé&fshore wind turbines
is attractive because it is compact (lightweight) and piesithe option of a
continuous variable transmission ratio. The main consitnenaterial is steel.

2. How can a fluid power drive train for anfshore wind turbine be configured?
Although it is likely that the robustness of a wind turbindlvimprove with
the switch to a hydrostatic drive train, the complexity of ystem may not.
In chaptefB several concepts for hydrostatic drive tramnescansidered. The
modularity of hydraulic components gives rise to many amioThree con-
figurations are presented in sectfon 3.7.1. These are tre@l@aolution, the
tower-base solution and the hydraulic wind farm solutionhidi one is the
most suitable for anfshore wind turbine depends on a variety of issues. The
most unique of these configurations is that of a hydraulicdarm, i.e. the
Delft Offshore Turbine (DOT) concept. A novelty of this concept isse sea-
water as power transmission medium and use one hydro-pikeayenerator
station for multiple turbines.

3. How are the rotor and drive train dimensioned and modeled?
The power performance of a wind turbine rotor is essenteliynction of the
tip speed ratiol and the pitch anglé of the wind turbine blades. In particular
the presence of the turbine tower and the stochastic nafwwénd introduce
noise in the torque produced by the rotor.

The modeling of hydraulic pumps, motors, valves and pipgtpia large ex-
tend based on empirical relations. A fluid power circuit,sas may be applied
in the transmission of a wind turbine, essentially behagessecond order sys-
tem. To be able to describe a system in this way is benefigidh&simplicity
of the analysis of its dynamic behavior.
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4. How are rotor and hydraulic drive train envelopes matched?
The main challenge in coupling a hydraulic drive train to agviurbine rotor is
matching the speed and torque ranges of the aerodynamicardahe pump
to which it is coupled. Figure4.21 gives a simple method fioneshsioning
the pump on the basis of the rotor properties. The esserdianpeters for
matching an aerodynamic rotor and a hydraulic pump are:

- the volumetric displacement, the nominal pressure andahg@nal speed
of the pump

- the radius, the optimal tip speed ratio and the rated wiegédpf the rotor

5. How is the response of the rotor and drive train controlled?
The presented concept of passive control for variable spseds using fluid
power technology works as predicted. The torque envelomeaninventional
variable speed wind turbine drive train can be achieved Joirdstatic trans-
mission through solely passive control.

The activation pressure of the relief valvéeetively determines the rated wind
speed. The cross-sectional area of the nozzle determiaemntrelope below
rated wind speed.

Aerodynamic control of the rotor (for example through blauitehing) is re-
quired to force a rated wind speed and to shut down the turbine

Experiments with a 600W setup in a wind tunnel showed thgpssive torque
control solution is inherently stable for all nozzles usethie experiments.

An important consideration is the overlapping of the rotdation frequencies
with the natural frequencies of the support structure. Hsige should be taken
into account in the design for real-life application.

The passive control method has enormous potential for thé @@d farm.
It means that no drive train control is required. It signifittg simplifies the
design and regulation of the wind turbine drive train withsacrificing the
aerodynamic performance of the rotor.

6. How does the rotor and drive train system behave when s@ge¢otdynamic
wind loads?
In general the elasticity and damping of hydraulic drivansabenefit the
smoothness of the power output of the turbine. The inherantpihg char-
acteristics of the hydraulic drives are mostly associatethé¢ leakage losses
and the &ective hydraulic capacitance.

The amount of oil in the system has a significant influenceerstifness of the
transmission and therefore in the pressure transientsdirereason is that the
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high fluid inertia of the system is able to produce large prespeaks (water
hammer &ects) whenever there are sudden variations of volumetric fn
the other hand, the rotor mass moment of inertia has an impbirtfluence
in the time response of pressure and rotational speednigaalia slower but
smoother response of the system.

In general a tower base solution with long pipelines is prorfggher pressure
fluctuations with a clearféect on the controllability. The compressibility of the
hydraulic fluid and the length of the high pressure line detee the hydraulic
stiffness. If the sffness becomes to low, the response becomes sluggish and
large pressure overshoots occur. THiget is mitigated using pressure control,

as was demonstrated by the experiments shown in sectiofl S+ence the
idea of having a 5MW class wind turbine with the pump in theatlecand the
hydraulic motor at the base of the tower is regarded as fleasib

Low volumetric dficiency of the hydraulic transmission improves the damping
of pressure fluctuations. However, its influence is minor anlikely to be
advantageous when compared to the loss in power production.

During experiments with a 1IMW-class hydrostatic transmigsthe system
was subjected to two main types of inputload:

(a) Simple disturbances in the form of step inputs.Althotlggse inputs are
not realistic, they clearly reveal information on the resgpmof the system
in the form of the natural frequency and damping ratio.

(b) Simulated aerodynamic torque, resulting from wind guastd turbulent
wind loads. These experiments were conducted using input 6H
Bladed which was scaled from a rotor with a 63m radius to orté wi
a 25m radius. This conversion is an engineering trick whieplects
several aerodynamic scalinffects.

Measurements were made using both static and dynamic tissiem(constant
and variable motor volumetric displacement).

From the conducted experiments, it is observed that tonqpellises applied
to the drive train are quickly dampened, leading to a smowmteslectrical
power output. Apart from mapping the dynamic response cieriatics, the
measurements were also used to validate simulation mofile test bench.
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8.3 Recommendations for Future Research

A common result of any research projectis that it yields nprestions than answers.
Here are stated what are considered to be the most pendiicg fopfuture research
and development of the DOT.

Will the DOT Reduce the Cost of Energy?

The economic picture is beyond the scope of the researckemesbhere. The ex-
pectation is that the DOT will significantly-(10%) reduce the cost of both CAPEX
and OPEX. The CAPEX will to a large extend depend on how martyirias are
connected to one generator station. The ability to use hyidrines of which the
outer diameter is comparable to that of electric cables mearextra costs are ex-
pected there. The omission of the frequency converter atidgetransformer for
every turbine will impact both CAPEX and OPEX. However to béeao make well-
founded statements on the potential cost reduction regjaimeslaborate comparative
study between DOT technology, “traditional” geared traission and new direct
drive technology.

“Full” Passive Control

The presented method for passive torque control of the nuatnrbe expanded to
incorporate:

1. Passive hydraulic blade pitch control. The idea is thgobd a predetermined
minimum value of the pressure in the oil circuit of the drivain, the pitch
system is activated in such a way that this pressure (andehtbacotor torque)
determines the pitch angle of the blades.

2. Passive yaw control. The idea is to integrate the drivie gicuit with a hy-
draulic yaw system. When allowed to rotate freely, a windbitue rotor typi-
cally orients itself so that the rotor faces the incomingdvirs explained in
[84], the required resistance to yawing is, similar to thessure in the drive
train, proportional to the squared of the wind speed. Hehlmmawind speeds,
the wind direction changes relatively faster and theredarelr resistance to
yawing is required.

The “full” passive control would eliminate a significant nber of auxiliary systems.
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Oil-hydraulic Boost and Filtration System for the Open Seavater Circuit

The required boost pressure depends on the pressiliegedice over the seawater
pump. For the DOT, this pressurdigirence is high when the rotation speed is also
high. Regarding this relation, it should be feasible to pothe centrifugal boost
pump (see figure71.2) with the same shaft as the seawater puamipportant con-
dition for this is that the seawater pump is beneath the wateke, so that there is
charge pressure even when the system is shut down.

The filtration system of the preliminary design of the DOThsmission is de-
scribed in sectioh 7.2.2. The foreseen method is to have @itsuscreen” type
initial filter through which the flow is sucked by a centrifigaimp. To minimize
maintenance a self cleaning filter is envisioned for furfiigation.

The design and implementation of the boost and filtratiors traguires further
attention.

Design of the DOT Generator Station

This part of the DOT power transmission concept has beenugif the preliminary

design. What made this possible is that the Pelton turbimpdysically decoupled
from the rest of the DOT transmission system. The designeofjimerator station is
paramount to the further detailing the DOT design.

DOT Wind Farm Control

Ina DOT wind farm the connection between turbines and thedygdwer station can
be through individual or shared pipelines. The wind speesahroughout a wind
farm. What is the influence of pressure losses in long linelscamtralized pressure
control on the power performance of the individual wind tagband the wind farm
as a whole. The issue of parkiects and their impact on the application of passive
torque control in a DOT wind farm clearly requires furthesearch.

Pipeline Dynamics

For short lines fluid inertia may be neglected. For long lined wind turbine ap-
plication, the rotor inertia excludes the possibility oftetahammer under normal
operating conditions. However, during an emergency sto@,fluid inertia could

present a problem. Hence it is important to investigate andahthe dynamics of
(turbulent) flow through long lines.
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Combining the DOT with Other Applications

Two possible additional uses of the DOT technology are for:

1. Seawater desalination, where seawater is convertedrikirty water by forc-
ing it through filtering membranes.

2. Thermal energy production in the form of cooling on an sidal scale using
seawater.

Using the DOT technology, in both applications the need ttved wind energy into
electricity and back is eliminated. Such add-ons to simpbdpcing electricity could
have a big impact on the economy of a DOT farm, as is arguedfairg in [85].
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A

Reduction of Nacelle Mass

A.1 Introduction

It is shown here that the relatively high power density ofrhgyessure pumps com-
pared to mechanical gearboxes and the exclusion of additivive train components
from the nacelle leads to a significant reduction in the tosalelle mass. The NREL
5MW offshore baseline turbing [B8] is used as reference turbine.D®T is mod-
eled as having the exact same rotor.

Data from operationalftshore wind turbines and relevant hydraulic pumps are
used to establish mass trends as function of tife¢gve) rotor diameter. The results
from the NREL WindPACT([86] study on wind turbine scaling also used to es-
tablish a mass scaling model. In all cases the mass trenddgmential function
of the (efective) rotor diameter. All consulted data is publicly dahble.

For this research the following assumptions & conditionsenesed:

- Wind turbines used for data analysis all have been instaflishore from 2002
onwards. This is done to avoid straying too far from the statbe art.

- The dfect of dficiency or reliability of the drive train is assumed inconsea-
tial. The only characteristics of influence are the mass hedated or nominal
power capacity of components.

- Additional drive train components such as cables, bagedontrol unit, hoses,
valves and pressure sensors are assumed not to contripaifcsintly to the
overall nacelle mass and will not be taken into account.
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- The outcome is based on a generalization of charactexistic other words,
trend lines through data are used as input.

- The rotor properties will be assumed equal for both the NREhine and the
DOT. The control and related performance of the rotor are assumed equal.

In the presented equations, masses are in kilograms, riatoreterD and radiusR
are defined in meters.

NREL 5MW DOT 5sMwW
baseline offshore wind turbine (with NREL rotor)
NREL properties Nacelle mass

«  TUD analysis from (component)

(elie el manufacturer data
e  TUD analysis of fluid power
drives for wind turbines

Rotor & nacelle masses
e NREL WindPACT study

v

Estimated DOT component
masses

v

Total DOT nacelle mass

Design basis

Maximum thrust Rotation K13 — Alpha 3 Max pile
force frequencies Site conditions diameter: 6.5m

\/

Support structure design

Natural frequency Yield & buf:kling Fatigue analysis
analysis analysis
Maximum water depth for % Maximum water depth for
monopile applicability monopile applicability
T N Comparison T ™

DoT NREI
SS design for WD limit NREL SS design for WD limit DOT

J/

Figure A.1: Schematic of research method
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A.2 Reference Turbine Characteristics

The reference turbine is the NREL 5MWftshore baseline turbing [B8]. This ficti-
tious turbine has become the standard reference turbimaday studies. The main
reason for this is that all its properties are freely avddal®ome turbine parameters
were arbitrarily selected using engineering judgmentergthvere selected to match
those of the Repower 5MW turbine. For instance the EU-fun@seéarch project
UpWind [39] also uses the NREL design. The onlffelience between the UpWind
5MW and the NREL 5MW turbines is that UpWind incorporatesrauistry standard
controller developed by Garrad Hassan.

The properties assigned to the NREL turbine are aimed t@sept the current
state of the art for fishore wind turbines. This infers a conventional drive train
with a three-stage gearbox and an asynchronous high-speedajor as the principle
components. An overview of the most important referendeiterproperties is given
in table[3.1.

It should be noted that for the modeling of the tower top magbe NREL did not
make use of its WindPACT study (see secfion A.3.2 for morermftion). Instead,
the properties of the Repower 5M prototype were taken. Tleraents for this
choice are given in [38]. The masses of the Repower 5M nacelteponents are
not publicly available. This means that the masses of trereate turbine nacelle
components are unknown.

A.3 Inventory of Data and Established Relations

A.3.1 Offshore Wind Turbines Currently Installed

In terms of configuration, the wind turbines placetshore have so far been remark-
ably similar. All have a three-bladed upwind rotor with pitcontrolled blades. All
have a similar drive train. Onshore, both geared and dimaa turbines are used. So
far, only geared turbines have been installdhore. All, with the exception of one
type, have a three-stage gearbox and a high speed generatmireva Multibrid
M5000 has a single stage gearbox with a medium speed generato

The main diferences are in the size (mass) and hence power rating oftiieds.
This, along with the local environmental conditions, detieres the type and size of
the support structure. Otherfiirences include the location of electric components
(frequency converter, transformer) and possible additafrbuilt-in cranes and heli-
hoist-platforms. The commissioning of Horns Rev in 2002 idely regarded as the
starting point for the large scale exploitation dfshore wind. The turbines used for
this research all have editions installefiishore from 2002 on. This is done to avoid
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Manufacturer Type name Manufacturer  Type name
Areva Multibrid ~ M5000 BARD VM

General Electric  GE 3.6 Repower RE 5M
Siemens SWT-2.3-93 Siemens SWT-3.6-107
Vestas V80-2.0 Vestas V90-3.0

Table A.1: Commercial wind turbinedfshore used for this research

straying too far from the current state of the art. An ovewid these turbines is
given in tablé/A.L.
Trends for rotor, nacelle and total top mass relating thedsries are represented

by the grey lines in figurds A.2(4), A-2{b) and A.6 respedyive

A.3.2 Scaling Studies

The development of scaling models for wind turbines is cacapdd by the various
configurations, secrecy and advances in technology. Sestaties on wind turbine
scaling models have been conducted in the last decade. Seliiawwn studies are:

- Dutch Qfshore Wind Energy Convertef1999-2003), the design of the
DOWEC 6MW dfshore wind turbine [87].

- Wind Turbine Design Cost and Scaling Mo@@006) by the U.S. National Re-
newable Energy Laboratory (NREL) [88], which is partly bésa thewind-
PACT Turbine Rotor Design Stu¢®000-2002)[[85].

- The EWEA projeciind Energy - The Facts (WindFac{@007-2009) presents
rotor and nacelle mass trends based solely on availabldgfjta

- The largest project on the modeling of turbine scaling Whgcurrently run-
ning is theUpWindproject (2006-2011) [39]. TheMW reference turbine for
this project is derived from the NREL 5MW baseline turbined@ishore [38].

Of these studies, the NREL model is the most important sofacthis paper.
Whereas other studies tend to treat the rotor and nacellegs masses, the NREL
model specifies the mass trends of the main components. Teaaproach is taken
here, since the modeling of nacelle component masses ieasa&y requirement for
the mapping of the potential mass reduction of the proposedifioation of drive-
train technology. Equatiofs A[2-A[7, Al12, All4-Al 16, BA.20[A.28EA.31[ A.3B,
[A.34 in this report are directly copied from [88] arid [86].

It is important to note that the equations given in the NREhore [88] do not
match those which are used for the examples in the same repdr600kwW and
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3000kW turbines. The research presented in this papemfsitbe expressions used
in these examples.

asop-
o
2s0f
2 20l
£ 1s0)

100

50 60 70 80 %0 100 110 120 130 140 50 11 1 1 140
Rotor diameter [m]

(a) Rotor mass (b) Nacelle mass

Figure A.2: Mass versus rotor diameter trend lines, esthbll by studies in [89, 88]
and from turbines listed in table A.1

A.4 Rotor Mass Modeling

As has already been established in earlier studies, therdarparameter in wind tur-
bine scaling is the rotor diametBr. The design strength & sfness of the blades are
determined predominantly by the maximum force on the blagbich theoretically
occurs at rated wind speegeg. Mass is the product of density and volume, which
are essentially determined by the shape, required stréagtifthess and the con-
struction materials. The volume of a rotor blade is deteediby its Iengtr(z @)
and its aerodynamic shape paramefieandce. The blade mass is then dependent on
the same variables as the volume.

Myplade = T (Cp, A, Drotor, Vrated) (A.1)

Herecp is the power cofficient, 1 is the the tip speed rati®; oo is the rotor diameter
andviaeq is the rated wind speed.

The reference turbine and the DOT are modeled as having ta same rotor.
This rotor consists of three blades, attached to a hub, amyfsir pitching the blades
and a nosecone.

From the scaling studies of the rotor mass, the NREL WindP{&E] study pro-
vides the most detailed scaling relations. This studymiigtishes between “baseline”
and “advanced” rotor mass trends. Since the “baselinetitmovides the most ac-
curate match with turbine data (see figure A.R(a)), this meik selected. The mass
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trend of the rotor is thus defined by:

MRotor = Nblades: MBlade + MHub + Mpitchs ystentt MNoseCone (A.2)
Here,
MBlade = 0.1452- R%91%8 (A.3)
Myub = 0.954- Mgjage + 56803 (A.4)
MpitchBearing= 0.1295- (Nplades Mplage) + 49131 (A.5)
Mpitchs ystem= (1-328’ mPitchBearing) +555 (A.6)
mNoseCOnea: 18.5 . Drotor - 520.5 (A?)

Note that the outcome for a rotor with 126m diameter is a m&$496,420 kg. This
differs from the mass of the NREL 5MW rotor, which is 110,000kg.tRe purpose
of consistency, the mass of the rotor of DOT 5MW is assignedstime mass as the
NREL 5MW rotor.

The bearing system and the main (low speed) shaft betweerotbeand the
gearbox are modeled as part of the drive train and thus asi@maoenponents.

A.5 Nacelle Mass Modeling

A.5.1 Introduction

The mass of the nacelle and its components depends on thy dbsiracteristics of
the rotor and the configuration of the drive train. The drizrt is typically defined
by the components between the rotor and the electric outputexrtion.

- The NREL reference turbine has a drive train configurativeracterized by a
three-stage gearbox (2 planetary, 1 helical) and a highdspeeerator.

- The only DOT drive train components in the nacelle are tive 3peed shaft
and a directly driven positive displacement pump.

As is shown in sectioh A.5.4 “Other Components”, the dimensiof the drive train
also influence the dimensions of other components.

For the calculation of the mass of a number of nacelle compisnthe calculation
of the nominal rotor torqueeor is required. The rotor converts wind power into me-
chanical power. This conversion is commonly described magqnA.9. Herep is
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the local air densityying is the wind speed anidis the rotor radius. The mechanical
power consists of torqueand rotational speed.

P = ¢p - Puind (A'S)
1

=CP’§'p'V\?vind'7T'R2 (A.9)

=T -w (A.10)

The relation between andw is determined by the design tip speed ratio

PR (A.11)
Vrated

Here, for greaten, w will be greater and- will be lower. For the design given in
table[3.1 the rotational speegdat rated conditions is 12 rpm. The related nominal
rotor torqueroior is then 395 MNm.

A.5.2 Conventional Drive Train

The mass of the low speed shaft is modeled by the WindPAC Ty stsié function of
the rotor diametebDotor.

Mshary, = 0.0142- DG (A.12)
Tshafts = Trotor (A.13)

The bearing system which holds the low speed shaft is modaledding to Wind-
PACT by the following expressions.

D
Mgearing = (% - 0.033) -0.0092- D%, (A.14)
MBearingHousing= MBearing (A.15)
MBearingSysten™ MBearing + MBearingHousing (A.16)

The low speed shaft is coupled to the gearbox. In figuré A8etinor margin of the

NREL WIindPACT trend line increases rapidly for rotor diasrstgreater than 100m.
The data points presented in this figure were taken from mtddiders of General

Electric (GE) and Winergy AG. Equatién Al17 describes thpamential data trend

in figure[A.3 and is hence forth used as the scaling relatioihfe mass of a three
stage planetary & helical gearbox.

Mgearbox= 0.0186- D310 (A.17)
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1 planetary, 1 helical stage

1 planetary, 2 helical stages
® 2 planetary, 1 helical stages
Exponential data trend
NREL gearbox trend

Gearbox mass [ton]
a
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h ; ; | | ;
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Effective rotor diameter [m]

Figure A.3: Drive train component masses

The high speed shaft connects the gearbox to the generatgélar ratiésearRatio
is determined by dividing the nominal generator speed ¢l 1500rpm) by the
nominal rotation speed of the rotor.

25- Tshaft

—_— A.18
GearRatio ( )

Mshafgs =

The mechanical brake, high speed coupling and associatedareents are grouped
by the termMgrakecou pling

P,
mBrakeC()up“ng: 0.19894' 12;:)68 - 0.01141 (A.lg)

The high speed generator is modeled according to WindPA@Tessgion:

0.92237
(A.20)

Prated)
1000

The results for the DOT and NREL turbines are given in tablk 7.

MGenerator= 6.47 - (

A.5.3 Fluid Power Drive Train

In the fluid power drive train, a fluid power circuit acts in disn fashion as a me-
chanical gearbox. The torque and rotation speed of the es®iconverted into a
pressure flow by a positive displacement pump. A hydro mataverts this flow of
pressurized fluid into torque and (high) speed. The gear dditihe circuit depends
on the diference in volumetric displacement of motor and pump. Thé& Qdfshore
Turbine has a two-stage fluid power transmission, as shovigune[3.1%
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Figure A.4: Hydraulic pump mass versuseetive rotor diameter

The mass of a pump is related to its performance charadtsri§o far, positive
displacement pumps have not been designed specificallyifiortwrbines. However,
several types are suited for this application.

The main design challenge in matching pumps to wind turbiters is finding
matching operational envelopes is terms of speed and toFmrean ideal pump, the
power output is determined by the pressur@edenceAp between inlet and outlet,
the volumetric displacemen, and the rotation speed The product of the pressure
difference and the volumetric displacement is the torque

P=Ap- Vg -w (A.21)
=T w (A.22)

The maximum continuous torgquds the starting point for the matching process.

In general, three bladed turbine rotors with a tip speed aftaround 7 rotate sig-
nificantly slower than the nominal design speed of a posttisplacement pump. In
many cases though, the pump is able to operate at the rajoiree nominal rotation
speed. The rotor-required nominal rotation speed of thegpigrhence forth referred
to as the equivalent rotation spegh.

If weq is higher than the rated rotation speed of the pump, thanihgpgds not
suitable for the calculated rotor diameter (and thus rateelp). The size of the rotor
for which the pump may be applied is then determined by thredraperational speed
of the pump. This means the rotor size decreases and ratezi goes down.

If weq is lower than the minimum speed of the pump, it may be safedyrasd
that the pump is not suitable for direct drive wind turbinglagation.

Sinceweq is usually below the nominal pump speed, the power ratingepump
is reduced for this application. The power rating of the pdorwind turbine appli-
cation is hence forth referred to as theeetive nominal powePe+ .
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For a pump applied to a wind turbine, the equivalent nomiatdd speedy is
calculated from theféective rotor diameter and givemeq andA. Using the reference
turbine properties, thefiective nominal powePe¢ is determined. FronPg;; the
effective rotor diametdDe+ ¢ is derived. The following equations describe the iterative
process through which this is achieved.

Rerel) = | o) (A23)
PP 7 Viated
Dett(i) = 2+ Ret1(i) (A.24)
A" Vrated
weCI(l) - Reff(|) (A25)
Pett(i + 1) = ApPnom- Vg - weq(i) (A.26)

Note that expressidn A.R3 is directly derived from equafo8. The resulting mass
trend for the positive displacement pumps with their reipeefective rotor diame-
ters is shown in figure’Al4. The formula for the trendline is:

Mpump = 0.2843. D%2809 (A.27)
The resulting mass for the DOT pump is given in tdblé 7.1.

[ [
80 %0 100 110 120 130 140 150 80 %0 100 110 120 130 140 150
Effective rotor diameter [m] Effective rotor diameter [m]

(a) Three stage gearbox drive train components  (b) fluid power drive train components

Figure A.5: Breakdown of the mass of drive train componemthé nacelle

Low speed positive displacement pumps with a capacity of 58tot yet exist.
There appears to be no technical reason for this. Theregingsl not been sficient
demand to develop such pumps.

A.5.4 Other Components

All equations in this section are derived from the WindPAGdy [86]. The bed-
platgmainframe directs the weight of and forces on the rotor tottiweeysupport
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structure. For the reference turbine with three stage gedibfore high speed gen-
erator the mainframe mass is modeled using:

MMain frame = (2.233- Drotor)l'95801 (A.28)

The pump of the DOT turbine is directly coupled to the low gpskaft. Because of
this similarity with direct drive turbines, the DOT mainfn@ mass is modeled using:

Muainframe = (1.228- Drotor)l'953 (A.29)

Platforms & railings are present inside the nacelle to fiaté maintenance and for
safety. The size and amount of platforms & railings requitepends on the layout of
the nacelle. Hence, a compact nacelle will have fgswealler platforms & railings.
According to NREL, their accumulative mass is related tortte@nframe mass.

MpiatRail = 0.125- Myainframe (A-30)

The equipment in the nacelle is protected by a cover. Theulagbthe nacelle
strongly influences the size and weight of this cover. SiteeDOT has signifi-
cantly less components in the nacelle, its cover is sigmfigamaller. For now it is
assumed that the DOT nacelle cover has half the mass of #renek nacelle cover.

_ Prated
mNace”eCover— 1.2819 1000 + 427.7444 (A.31)
1
MNacelleCovesor = > * MNacelleCover (A.32)

The mass of the yaw system is considered to be the same forcboflgurations.
The cooling system is only present in the nacelle of the egfes turbine. The DOT
cooling system is at the base of the turbine.

Myawsysten= 1.6 - (0.0009- D334 (A.33)
IDrated

ing = 0.08- A.34

Mcooling 1000 ( )

For the reference turbine the presence of a built-in cramsssmed. Having a
crane in the nacelle is common in wind turbingisbore. The mass of the built-
in crane a is function of maximum lodel,ax it is able to lift. This maximum load
incorporates a safety factdg of 1.35. The formula for the trend line is established
using data from([90].

Mcrane = 0.2843- Frzﬁggog (A.35)
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The heaviest component of the reference nacelle is the gearb

Fmaxe: = fs* Meearbox: 9 (A.36)

The heaviest component of the DOT nacelle is the hydrauliegpu

Fma)@m = fs- Mshafg - 9 (A.37)
The results for the DOT and NREL turbines are given in tablk 7.

A.5.5 The Complete Nacelle

For the reference turbine, the sum of the masses of naceflpaoents was smaller
than the reference turbine nacelle mass. Tiiince is listed as “unspecified”. A
breakdown of the masses which make up the total nacelle mabsein in tablé 7]1.
To get an appreciation of the significance of these resudtg dine compared to the
turbines listed in table’Al1.

— trend for wind turbines offshore

@ NREL/Upwind SMW
* M5000

Top mass [ton]
@
8
S

®DOT 5MW

*SWT-2.3
V90

. . . . . . )
70 80 % 100 110 120 130 140
Rotor diameter [m]

Figure A.6: Top mass trend
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B

MicroDOT 10kW Demonstrator

This appendix is an extract of the paper “Water-Hydraulizv®oTransmission for
Offshore Wind Farms; Small-scale experiments with waterdwyiilr power trans-
mission” by N.F.B. Diepeveen, A. Jarquin Laguna, A.S. Kengse, which was pre-
sented at the Dutch Fluid Power Conference in Ede on Septet88€012.

To demonstrate the functionality of the DOT transmissioncept, a small scale
(10kW) version was assembled in the water laboratory atabelty of Civil Engi-
neering and Geosciences of the TU Delft. The set-up incladéssedloop hydraulic
circuit as well as a freshwater open loop circuit and a sireltia turbine. The wind
turbine rotor was simulated by a speed-controlled elentdtor driving the oil pump.
A hydraulic diagram and picture of the constructed dematisin set-up are shown
in figure[B.1 and figure BI2.

During the MicroDOT experiments the performance of the ncaimponents was
measured for dierent operational conditions of the rotor (in this case &hted
through an electric motor), as shown in figlire B.3(a). Thaltefficiency of the
transmission, from the oil pump up to the nozzle exit, is atw43 and 48% for ro-
tor speeds above what corresponds to a wind speed of ap@t®tjd. 7nis. Below
this threshold, theficiency is significantly lower, due to the reduced water pufap e
ficiency. The nozzle ficiency is a result of the geometric properties of the tested
nozzles which showed low discharge ffadents. Thus, theficiency of the system
could be improved by simply using a better geometricallypgltbnozzle.

The rotor operating envelop, between 90% and 100% of thermarirotor €fi-
ciency, is indicated by the grey area shown in figure B]3(b @haracteristic torque
versus rotation speed curves of the transmission were mezh$or three dierent
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Figure B.1: Picture of the MicroDOT experimental set-up



1 = QOil pump

2 = Pressure relief valve
3 = Manual start valve

4 = Solenoid break valve
5 = Oil motor

6 = Pressure relief valve
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13 = Unfiltered water reservoir
14 = Water filters

15 = Filtered water reservoir
16 = Pelton turbine

17 = Generator

7 = Oil reservoir

8 = Boost pump

9 = Non return valve

10 = Water pump

11 = Pressure relief valve
12 = Nozzle

Low pressure water circuit

High pressure water circuit

|
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Figure B.2: Hydraulic diagram of the 10kW MicroDOT

Component Typgproperties

Rotor Simulated by electric motor, 7.5m diameter, 10kWdatewer, speed
range 40-150rpm

Oil pump Bosch Rexroth AF2M180, displacement: 18B®m¢ nominal pres-

High pressure oil line
Oil motor

Water pump

High pressure water line
Nozzle Diameter:

Pelton Wheel

Electricity generator

sure: 400bar, speed range: 0-3600rpm
Length: 10m, diameter : 0.75in

Bosch Rexroth AF2M16, displacemenr: 1@eg, nominal pressure:
400bar, speed range: 0-8000rpm

Hydroton P60, displacement: 70/88¢ nominal pressure: 160bar,
speed range: 0-2000rpm

Length: 10m, diameter: 1.0in

4.25.145.96mm

Pitch circle diameter: 0.4m, No. of buckets: 32
Stamford synchronous generato##@ating: 8kW

Table B.1: MicroDOT demonstrator component properties
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Figure B.3: MicroDOT performance diagrams

nozzle diameters. The curve corresponding to the 5.96mm&aozatches the rotor
envelope for almost the complete range of operation.
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Figure B.4: Figure 12: Lowf@ciency of the water pump when operated at low rota-
tional speeds due to the high start-up torque required

An important finding from the experiments with the MicroDOdt-sip was the
high start-up torque required to drive the water pump andefoee a high start-up
torque for the wind turbine rotor was also necessary. At lotational speeds, a
minimum value of torque (and therefore oil pressure) is meguto run the water
pump. Figuré B4 shows how the torque is built-up to a levehghat the oil pressure
is enough to run the water pump. Once the water pump is rgtatie oil pressure
drops causing the torque to decrease below the requiredminiand the water pump
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stops rotating. The pressure starts to build up again argfteess is repeated. When
the speed of the oil pump is slightly increased the torqubattater pump remains
above the minimum torque required and normal operationeéyistem is realized as
observed by the constant torque at the oil pump shown in #teéonds of the graph
from figure[B.4. This high start-up torque of the water pum{ kivhit the operation
of the turbine at low wind speeds.
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C

Description of IFAS Experimental Setup

C.1 Description of the Main Components of the IFAS
1MW Test Bench

C.1.1 Hydraulic Drives

( real-time simulation

torque [kNm]
(RN

test bench
rotation speed

rotation speed [rpm]

controller

turbine
rotation speed

Figure C.1: Working principle of the 1MW IFAS test bench (igeacourtesy of J.
Schmitz, IFAS)

The first step in dimensioning of the hydrostatic transroissias the selection
of a wind turbine providing a torque curve over wind speed ratdtion speed. Pre-
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Designation  Type Vg Prom  Mnom
[cc/rev]  [bar]  [rpm]
pump 1 fixed displ. 52,800 350 80
pump 2 fixed displ. 13,200 350 85
motor 1 var. displ. 180 350 1,800
motor 2 fixed displ. 250 350 1,500
motor 3 var. displ. 355 350 1,500
motor 4 var. displ. 500 350 1,320

Table C.1: Components of the IFAS hydrostatic transmission

vious simulations have proven that by switching of singlenps and motors of a
hydrostatic transmission the overaflieiency in partial load can be increased. Sub-
sequently, dferent combinations of pumps and motors were analyzed lgadithe
transmission shown in figuke 3110.

In steady state measurements the rotation speed is cewtiojf the hydraulic
motors of the transmission, while the test bench drive api specific torque con-
trolled by altering the two axial piston pumps of the testdiedrive. In order to test
the transmission under realistic dynamic wind conditidhs, test bench is coupled
with a Real-Time Simulation as shown in figlire IC.2.

_______________________________

Test Bench -
ol A controller
- load torque

Real-Time Simulation

Figure C.2: Integration of the rotor inertia to the test benc

An important component is the hydraulic fluid: HPL46. Its pedties are given
in table[C.2 of append(xIC.

C.1.2 Hydraulic Fluid

An important component is the hydraulic fluid: HPL46. Its pecties are given in
table[C.2. Note that the given values of these fluid propehd for the reference
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temperature of 313K 20°C. The variations in elasticity, kinematic viscosity and

name HPL46

ISO VG 46/ HLP 46
reference temperatuge ¢ 313K

densityp 835.3 kgm?
elasticity E 1486.22 MPa
specific heat capacity 2033.3 kgK
kinematic viscosity 46.3 mnt/s (= cSt)

thermal expansion cfigciente 0.00074 K1

Table C.2: Hydraulic fluid properties

density with respect to the fluid temperature are demorstiatfigurd C.B

£ 820 2
[ A I S N
— 2 ~
80 0 20 80

0 20 80 0 20

40 60 40 60 40 60
temperature T, [°C] temperature T, [°C] temperature T, [°C]

Figure C.3: Properties of hydraulic oil HLP46 as a functiétemperature

C.2 Requirements& Limitations

For safety and to avoid damage to the system a number of apeaklimits are set.

- The simulation of the entire system should be compact eéméaigun in real
time on a 1kHz Linux computer.

- The maximum operating pressure of the test bench is lin@te®il0 bar. The
maximum operating pressure of the drive systems is 350 blwffar of 40 bar
is kept for pressure peaks due to unexpected events. Psaésihave shown
that the test bench operates at maximuficiency between 200-250 bar.

- The constant speed of the generators in combination w&hrtaximum volu-
metric displacement of the hydraulic motors limit the spegithe slow turning
shaft. The maximum speed at full pump displacement (66 €08c31 rpm.
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If only the CBP840 (58,200cc) is connected, the maximumdjpearound 40
rpm.

- The maximum torque for dynamic runs: the nominal pressurand dynamic
tests should not exceed 220 bar. This allows room for thespredo surge in
case of a sudden torque increase. At the same time this limgddown the
maximum power to around 750kW.

When the pressure reaches 320 Bagi§r = 30kNM), the system shuts down.

C.3 Control Strategy for Optimal Power Production

The motors of the transmission are (dis)engaged throudivalakes. Motors 1 & 4
act as one large motor with variable displacement. Motors®a8so act as one large
motor, but since motor 2 has a fixed displacement and is céethés a generator
operating at 1500rpm, the oil flow at startup means the minirapeed for the com-
bined pump is around 5.6rpm. However, for steady state meamnts the controls
can be altered to allow the speed of the main shaft to reaah.Ofgphen the pressure
in the system surpasses a certain threshold, and remanesftiie certain duration,
motors are (dis)engaged.

The rotor of a variable speed wind turbine is typically desig so that between
cut-in an just before rated wind speed, the blade pitch aisgkero and the rotor
speed varies linearly with the wind speed. The relation betwthe linear velocity of
the tip of the blade in the rotor plain to the incoming wind egpés known as the tip
speed ratial.

Vip wR
A=—=— Cl
U -0 (C1)
A tipspeedratio [rad] w  angular velocity [rags]
R rotor radius [m] U  (unidirectional) wind speed  [fg]
vip __tip speed [iys]

At the optimal tip speed ratio, the rotor converts energynftbe wind at maxi-
mum dficiency. The optimal rotation speed of the blades has to hestat] by the
drive train to the actual wind speed as shown in figure C.4.

For simulating start-up conditions or operation aroundiouvind speed, the
pump with 80% of the total displacement can be switchffcbg opening a valve
to low pressure, causing a local hydraulic short circuite@Dathe reduced flow rate
to the motors, three of these are set to idle at this point efaton [75].
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The rotation speed of the low speed shaft is controlled byingrthe displace-
ment of the hydraulic motors. Since the generators opetageichfrequency their
rotation speed is constant. The swash plate motors defirfiotheate and pressure
in the system by changing the angle of displacement.

The pumps coupled to the low speed shaft have constant déspknt, which
implies a proportional correlation of flow rate and rotatspeed.

Ideally, a wind turbine rotor rotates according to its opitip speed ratio. How-
ever, the controller needs information about the actuatigjmeed to define the opti-
mal rotation speed.

There are two challenges to using wind speed measuremerusrfwol:

1. The actual wind speed is hard to measure on a real windnyrbiue to the
large area covered by the blades the wind varies within tigia a0 speed and
direction. A single wind speed sensor mounted on top of ticelfeacan hardly
detect all thesefects and deliver only approximate values.

2. The large rotor inertia makes itfiicult to change the rotation speed syn-
chronously to the fast fluctuating wind. Each short gust afdmivould lead
to a short acceleration of the turbine initiated by the calfer. In this phase
all the incoming power would be stored in the rotor inertiadimg to inter-
rupted power production. After the gust the controller vebdéecelerate the
rotor again having an increased power output for a short tirhese described
fast load changes are possible with the hydrostatic trassam but make the
adaption of the system to the actual load more complicateldeVising this
control strategy, each harsh change of the braking toroyadvies the switching
of several components. Due to a high priority on reliabiitich an operation
of the system should be avoided where possible.

The solution is to estimated the optimal tip speed ratio aagdimum power co-
efficient and apply them to set the desired torque speed cunecdtitroller of the
hydrostatic transmission thus applies a braking torquehenturbine according to
the actual rotation speed assuming an optimal point of diperaFor this control
strategy, the only control inputs are the rotational spesti gither the torque, the
hydraulic pressure or the swash plate angles. These cae mikbsured accurately.

Figure[C.4 shows the torque equilibrium on the inertia ofritter. The braking
torque applied by the transmission is independent from wpekd.

I rotor @ = Trotor — Thrake (C-Z)

In case wind speed is higher than assumed, more torque thetmadged by the trans-
mission will be captured leading to an acceleration of thbine. Figuré C}4 shows
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Figure C.4: Equilibrium of torque on the turbine

that valley occurs between the two surfaces in which therenill operate in steady
state. Whenever an extreme gust occurs, the resultingtartpue will accelerate the
turbine. With the increasing rotation speed the transmissiill also increase the
braking torque of the drive train. Once the gust is going dothie braking torque

is too high decelerating the turbine to the valley again. Bgying the parameter of
the torque curve deposited in the controller this valleyloamdjusted to the optimal
point of operation in which the overalfficiency of turbine and drive train is optimal.

Smooth switching betweenfiérent transmission configurations is possible since

the braking torque changes only as fast as the rotation s

C.4 Hardware in the Loop

To verify simulation results of the controller on the teshble, the inertia of the
turbine has to be included into the tests too. Since it is wskjble to install such
a huge flywheel directly on the test bench it has to be consitheirtually in a real-

time simulation. Figure’Cl2 demonstrates the coupling efsimulated inertia to the
test bench and which signals are being transferred in thenfimig test.

Initial point is a torque signal applied on the model of a flyghin the real-time
simulation. The rotation speed of the inertia is sent to &st bench drive where a
rotation speed controller sets the same rotation speedeotesit bench. The brak-
ing torque of the hydrostatic transmission is measuredeasiibw turning shaft and
transmitted into the simulation to be applied on the ineaidoad torque. In the fol-
lowing measurements all units of the hydrostatic transimisgill be in operation but
two different setups will be used. In the first one all motors are setcnstant dis-
placement whereas in the second one a controller for thertgrarque as shown in
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sectio C.B is activated.

C.5 Rotor Simulation

C.5.1 Rotor Properties

The rotor is modeled by scaling the NREL 5MW rotbr [38]. TaBl& gives the

general properties of the NREL rotor. The mass and inertth@&calable rotor are
derived according to relations for a "baseline" rotor sef88]. The aerodynamic
properties of the blade are given in table]lC.3. The tip spatid & at peak power

codficientis 7.55[[38, p. 27].

node length chord partlength twistangle airfoil

r/R GR dr/R Btwist [°]

1 0.0455 0.0562 0.0434 13.3080 Cylinderl

2 0.0889 0.0612 0.0434 13.3080 Cylinder2

3 0.1323 0.0661 0.0434 13.3080 Cylinder2

4 0.1865 0.0723 0.0651 13.3080 DUA40-A17

5 0.2516 0.0738 0.0651 11.4800 DU35-A17

6 0.3167 0.0708 0.0651 10.1620 DU35-A17

7 0.3817 0.0674 0.0651 9.0110 DU30-A17

8 0.4468 0.0636 0.0651 7.7950 DU25-A17

9 0.5119 0.0595 0.0651 6.5440 DU25-A17

10 0.5770 0.0556 0.0651 5.3610 DU21-A17
11 0.6421 0.0517 0.0651 4.1880 DU21-A17
12 0.7071  0.0478 0.0651 3.1250 NACAG64-A17
13 0.7722  0.0439 0.0651 2.3190 NACAG64-A17
14 0.8373  0.0400 0.0651 1.5260 NACAG4-AL7
15 0.8915 0.0367 0.0434 0.8630 NACAG4-A17
16 0.9349 0.0331 0.0434 0.3700 NACAG4-A17
17 0.9783 0.0225 0.0434 0.1060 NACAG64-A17

Table C.3: Distributed blade aerodynamic properties astfon of the rotor radiuf

C.5.2 Pitch Control Settings

NREL: the control of the pitch system is a function of the aggrwind speed and the
generator speed. The control is defined for 3 regions witleéroperational envelope.
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Figure C.5:C, — A — 6 envelope of scaled rotor

region 1: before cut-in
region l%: "a start-up region, is a linear transition between regibasd 2"
region 2: between cut-in and near rated

region 2%: "is a linear transition between Regions 2 and 3 with a toisjape
corresponding to the slope of an induction machine"

region 3: above rated

DOT: the control of the pitch system is a function of the ratmgue, i.e. the
pressure in the system. The DOT controller work#edéently in 4 regions.

region 1: under cut-in

region 1%: startup; linear speed up of rotor to design

region 3: above rated torque keep torque constant allow rotor speed to in-
crease

region 4: above rated speed keep torque and rotor speed constant

region 4%: at’above cut-out: shutdown

C.5.3 Matching the Rotor Size to the Drive Train

The maximum operating torque is limited to 220kNm. For the pumps, with a

combined volume of 66,000 gev (~ 0.0105 ni/rad), this corresponds to an pressure
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designation Type Manufacturer  series Vy Prom  Pnhom
[cc/rev]  [bar]  [rpm]

motor 1 Al same Hagglunds CBP840 in tdblelC.1

motor 2 Al same Hagglunds CA210 in tablelC.1

pump 1&2 A2  var. displ.  Rexroth A4VSO 750 350 1,200

Electric power source:
1x 200 kW motor, soft stdft
1x 200 kW motor, frequency converter

Table C.4: Components of the IFAS rotor simulating driveeys

difference of 209 bar. With a charge pressure of 6 bar, the nopeahting pressure

is thus set to 215 bar.
R= 2] 2 Tnom 4 (C.3)
Chrrated 0 - Vrzated =

= 2461 (C.4)
~ 25 (C.5)

The power and torque curves of the rotor are given in figuré C.5
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D

Experimental Setup for Passive Control
Validation

This appendix is an elaboration of section 6.3.1.

D.1 The Open Jet Facility

The experimental validation of the passive control methad eonducted at the Open
Jet Facility (OJF) of the Delft University of Technology. & main features of the OJF
are listed in tabl€ DI1. The hydraulic diagram in figlre 6.8nitfies the essential

Type Closed circuit
Cross section Octagonal
Tunnel exit (vx h) 285x 285cm
Maximum test section flow speed  3(n
Turbulence level 0.23%

Table D.1: Properties of the OJF wind tunnel at the TU Delft

components of the experimental setup in the OJF. The pifaréigure[D.1 show
the airfoil of the blades and the configuration of the beagjige main shaft and the
connection to the rotor.
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Figure D.1: Circuit layout of the Delft University Open-Jedcility

D.2 The Aerodynamic Rotor

The rotor used for the experiments is an adaptation of Huglyd®i [91] design,
made by Nienke Hosman for her MSc Thesis project [77]. Thendtar of 1.8m is
around the maximum size that can be used in this wind tunrtebwt experiencing
additional aerodynamidicts due to the limits of the tunnel exit. The wooden rotor
blades are untapered and untwisted. The hub consists otéwbpdates that hold the
blades in place.

airfoil derived from NACA4412 | blade pitch angl® 5°
rotor radiusR 0.9m massm ~ 3.5kg
aerodynamic chord ~ 75mm mass moment of inertih ~ ~ 0.3kgn?

Table D.2: Properties of the aerodynamic rotor
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Figure D.2: Close-up images of components used in the expets

D.3 The Water-Hydraulic Circuit

An hydraulic diagram of the water-hydraulic circuit is givim figure[6.9. The loca-
tion of the water-hydraulic pump was at about 3.5m above tbeny level where the
mobile reservoir was placed (see fighire 6.10(a)). This pusmwt capable of self-
priming, so a boost system was required to ensure the retiPesupply pressure.

The supply hose to this pump was charged from the reservaanbsiectrically
driven submersible pump. The pressure before the pumpwastaround 0.5bar
above atmospheric pressure.

A small dose of chloride was added to the water in the reseteoprevent
salmonella growth.

D.4 Nozzles

Using the results froni [77] and the pump properties from treEpct manual, the
calculated ideal nozzle diameter is 1.32mm.

From this the braking torque of the pump is modeled. This ingkorque is
modeled as a function of the rotor speednly.

A range of nozzle diameters was assembled. Suspicions anabe stated val-
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water-hydraulic pump  manufacturer & type Danfoss PAH12.5
volumetric displacement  12.5cev
speed range 500 - 3000rpm
max pressure drop 140bar
mass 4.15kg
filtration rating 10 micron
hoses diameter 0.5%
length 5.0m
max pressure 250bar

Table D.3: Properties of components of the water-hydraifauit

ues of the nozzle diameters when two nozzles produced verilasiresults. From
precise laser measurements is became clear that the stdted deviated from the
real values, see talle D.4.

Assigned  Measured Error | Assigned Measured  Error
1.20 1.2357 2.98% 1.40 1.4207 1.48%
1.30 1.3188 1.45% 1.50 1.5134 0.89%
1.35 1.3539 0.29% 2.00 2.0668 3.34%

Table D.4: Assigned and real nozzle diameters

D.5 Sensors& Data Processing

The longitudinal airspeed before the rotor was determirgagudata from the OJF
sensors for:

- air temperature
- static & dynamic air pressure at the outlet of the jet.
Functioning sensors in the hydraulic circuit were:
- apulse sensor to estimate the rotational speefithe rotor and pump.
- a pressure sensor for the high pressure line (10V, 0-2%0bar

- a pressure sensor for the low pressure line (10V, 0-25bar)

a temperature sensor (10V, 0-20Q
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The shaft connecting the rotor to the pump ran through a dgtinvith two sets of
bearings. Within this cylinder a torque sensor was also remrbut this sensor
malfunctioned during testing.

The torque is calculated using:

7= Vp - (Pni — Pro) (D.1)
The power cofficientCp is determined using:
Ce=71-w (D.2)

Note, the mechanicalfiéciency of the pump and the friction of the bearings of the
rotor shaft is thus not accounted for. The braking torquéatrotor is thus likely

to be larger thaiT, particularly at low rotational speeds where the resisdnoue,
due to the internal friction of water pump cylinders, becenmaatively large.

Overcoming Start-up Torque

The water-hydraulic pump used in the experiments has a mimimesign speed of
500rpm. At lower speeds the internal friction of the pumpéases rapidly.

Preliminary measurements had shown that the required-igtatbrque was
around 4Nm. For the experimental setup, with the rotor bfzittd angle as shown
in figure[D.2(@), this corresponded to a wind speed of aro@myS

So, in order to be able to start up at low wind speeds, a junmpratechanism was
applied in the form of a rope spun around the rotor axis. Rglthe rope would crank
up the rotor. This method proved to be successful.

Expected Results on the Basis of Available Data

From pump data (table D.3) and performance mod¢ling 6.&thay with the data
from the experiments described in [77], the expected ojmeratenvelopes were de-
termined. These are shown in figlire D.3. As indicated in fiflife the expected
result is that the system operated at the intersection ditheurfaces that represent
the operational envelopes of the rotor and the drive train.
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