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ABSTRACT

A wind turbine needs to be controlled to ensuresati® and optimal operation, especially during
high wind speeds. The most common control objestiare to limit the power and rotational

speed of the wind turbine by using pitch control.

Aero Energy is a company based in PotchefstroomthSafrica, that has been developing and
manufacturing wind turbine blades since 2000. Mimedst popular product is the AE1kW
blades. The blades have a tendency to over-spdadh wind speeds and the cut-in wind speed

must be improved.

The objective of this study was to develop an &cpitch control system for wind turbines. A
prototype active pitch control system had to beettgyed for the AE1KW blades. The objectives
of the control system are to protect the wind tuelkiirom over-speeding and to improve start-up

performance.

An accurate model was firstly developed to prediatind turbine’s performance with active
pitch control. The active pitch control was impkamed by means of a two-stage centrifugal
governor. The governor uses negative or stallitdhpcontrol. The first linear stage uses a soft
spring to provide improved start-up performancée $econd non-linear stage uses a hard spring

to provide over-speed protection.

The governor was manufactured and then tested th#hAE1kW blades. The governor
achieved both the control objectives of over-spgadtection and improved start-up

performance. The models were validated by thetsesu

It was established that the two-stage centrifugalegnor concept can be implemented on any
wind turbine, provided the blades and tower arenstrenough to handle the thrust forces

associated with negative pitch control.

It was recommended that an active pitch controkesysbe developed that uses positive

pitching for the over-speed protection, which wiiiminate the large thrust forces.

Keywords: pitch control, wind turbine, centrifuggbvernor, over-speed protection, cut-in

wind speed, blade element-momentum theory, roeerator, stall, feathering.
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OPSOMMING

'n Windturbine se werking moet beheer word om tegstat dit veilig en optimaal werk, veral
gedurende hoé wind snelhede. Die mees algemereetueelwit is om die wind turbine se

drywing en rotasie snelheid te beperk deur dieksiebeheer.

Aero Energy is 'n maakskappy wat in Potchefstro8mnd-Afrika gevestig is. Hulle ontwikkel
windturbinelemme al sedert 2000. Hulle gewildstedpk is die AELKW lemme. Die lemme is
geneig om in hoé& wind kondisies hulle maksimum giesnelheid te oorsky. Hulle

aanvangswerking moet ook verbeter word.

Die doelwit van hierdie studie was om ’'n aktieweegbeheerstelsel te ontwikkel vir
windturbines. ’'n Prototipe steekbeheerstelsel nomdwikkel word vir die AELIKW lemme. Die
doelwitte van die beheerstelsel is om die windnelte beskerm teen spoedoorskryding en om

die aanvangswerking te verbeter.

'n Akkurate model was eerstens ontwikkel om 'n viurdine met aktiewe steekbeheer se
werking te voorspel. 'n Twee-stadia sentrifugaléllear was gebruik om die aktiewe
steekbeheer te toe te pas. Die reéllaar gebryjltmave of stol steekbeheer. Die eerste lineére
stadium gebruik 'n sagte veer vir verbeterde aagsaerking. Die tweede nie-lineére stadium
gebruik 'n harde veer vir beskerming teen spoedopding.

Die reéllaar was vervaardig en getoets met die AEl&mme. Die reéllaar het voldoen aan
die beheerdoelwitte van beskerming teen spoedoglisiy en verbeterde aanvangswerking. Die

modelle is geverifieer met die toets resultate.

Daar is bevind dat indien die lemme en toring stggrkoeg is om die stukragte van negatiewe
steekbeheer te hanteer, die twee-stadia sentrfugadllaar konsep op enige windturbine

toegepas kan word.

Dit was aanbeveel dat 'n aktiewe steekbeheerstévikikel word wat van positiewe
steekbeheer gebruik maak vir die beskerming teeedrskryding, wat sal wegdoen met die
groot stukragte.

Page iii
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s2 Governor hard spring
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Chapter 1: Introduction

Chapter 1 I ntroduction

1.1 Background

The primary cause for the development of moderrdwimbine technology has been the oil crisis
and extreme rise in oil prices in the seventiese b the enormous increase in electricity demand
over the last 100 years, it has become very impbtia consider the environmental impact of
power generation. Using a wind turbine for eledyi generation results in a very low €O
emission over the wind turbine’s entire life cycM/ind turbine technology has reached the point
where it is now feasible and reliable to use asapprsupplement to fossil fuels. On a good site,
the energy recovery period can be less than 1 (Banton et al. 2001, pp.1-7). Small wind
turbine technology offers major advantages forlrura

or remote communities (Corbus et al. 1999).

A wind turbine extracts energy from the wind by
slowing down the mass of air that moves through the
rotor, thus changing its momentum (Gasch & Twele
2005, p.30). The shaft of the rotor is connected t
gearbox (to increase the shaft speed if necesaady)
the gearbox then to the generator. The genefaor t  wing
converts this shaft power into electricity. Depiewgd
on the size of the wind turbine, it is either cocted
to the country’s electric grid or used as a battery
charging station (Gasch & Twele 2005, pp. 43-44).

Figurel.1 A 3-bladed horizontal-axis wind turbine
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Chapter 1: Introduction

A wind turbine’s performance is characterized bg #imount of power, torque and thrust it
generates at a specific wind speed and rotatiopeéd (Burton et al. 2001, p.173). The
performance characteristics and the rotational dpesed to be controlled to ensure safe and
optimal operation, especially during high wind sggee The most common control objectives are
to limit the power and rotational speed (Gasch &1en2005, pp. 319-328). The start-up torque
can also be controlled to provide better startughhe wind turbine (Gasch & Twele 2005, p.89).

Aero Energy is a company based in PotchefstroorathSafrica, that has been developing and
manufacturing wind turbine blades since 2000. heist popular product is the AE1kW blades.
The blades are used on small 3-bladed horizontial w&nd turbine systems that are used for

charging batteries for small homes and remote aneds (Bosman 2003).

1.2 Problem statement

The AE1kW wind turbines blades developed by Aerergy have a tendency to over-speed in

high wind speeds and the cut-in wind speed mushpeoved.

1.3 Objectivesof thisstudy

* The objective of this study is to develop an acgiteh control system for wind turbines. A
prototype active pitch control system must be dmwedl for the AE1kW blades. The control
objectives of the control system are to protect whed turbine from over-speeding and to

improve the start-up performance.

* To develop the control system, an accurate modet ine developed to predict the system’s

behaviour.

* A prototype pitch-control system must be desigmednufactured and tested with the AE1kW

blades.

1.4 Scopeof the study

» Chapter 2 provides a background on wind turbinéoperance. A detailed discussion is given
of pitch control and its performance impact. Tlféedent types of control and implementation
methods are discussed. A decision is made on wilgpd of control will be best suited to

achieve the objectives of this study.
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Chapter 3 provides the theoretical background macggo model a wind turbine with active
pitch control. The blade element-momentum thesrgiscussed in detail. The centrifugal

control theory and the governor kinematics are bigesl and discussed in detalil.

Chapter 4 gives a discussion of the applicatiotheftheory to model the performance of a
wind turbine with a centrifugal governor. The jprehary modelling results and the results

necessary for the conceptual design are discussed.

Chapter 5 gives a discussion of the conceptuaydedi the governor and the development of

the final concept which will be best suited to &¢e the control objectives.

Chapter 6 gives a discussion of the detail desifrthe governor, which include the
minimization of the external influence on the gaat the strength design of the most critical
part and the design of the control system.

Chapter 7 gives a discussion of the testing praesdand the test setups of the governor
prototype. The initial test, its results, the res@gy design modifications, the final tests and

findings are discussed.

Chapter 8 gives the conclusions and recommendatiitie study.
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Chapter 2: Literature study

Chapter 2 Literature study

2.1 Introduction

This chapter provides a background on wind turlpegormance. A detailed discussion is given
of pitch control and its performance impact. Thiéedent types of control and implementation
methods are discussed. A decision is made on vifypehof control will be best suited to achieve

the objectives of this study.

2.2 Performance

The prospective application of a wind turbine deiees its rated power. The wind speed where
the rated power is reached is known as the ratad speed and is chosen to minimize the cost of

the wind turbine and maximize the energy yield a& Twele 2005, p.6).

To predict the performance, the blade element-mdamnertheory (BEM) is used. For a given
wind speed, rotational speed, blade geometry amubigeamic design the BEM theory yields a
specific torque, power and thrust (Burton et aD2Qp. 59-65). For a range of wind speeds and

rotational speeds a power curve is obtained likeotte in Figure 2.1(a).

P [kW]

RPM [rpm] )

(a)

Figure2.1 (a) Power relative to rotational speed and (b) powmefficient relative to tip speed ratio
(Gasch & Twele 2005, pp. 181-190)
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Chapter 2: Literature study

Assuming that the aerodynamic performance of thddd does not deteriorate, the performance
characteristics of the blades are represented hydimensional curves relative to the tip speed
ratio A, which is the ratio of the tip speed to the wipeed. The main performance indicator of a
wind turbine is itSCp-TSRcurve, which gives the power coefficient relatteethe tip speed ratio
(Burton et al. 2001, p. 173). The same performatat@a shown in Figure 2.1(a) is shown in
dimensionless form in Figure 2.1(b). Wind turbnogors develop their peak efficiency only at a

specific tip speed ratio (Burton et al. 2001, ppc&d.

The power characteristics of the wind turbine syséee determined by the power of the gearbox
and generator matching the power of the bladespebaing on the type of generator used, the
wind turbine will either be fixed speed or varialsieeed. A fixed speed wind turbine will only
operate optimally at the wind speed correspondinigstoptimal tip speed ratio. With a variable
speed wind turbine the rotational speed is comrttodls the wind speed changes. This ensures that
the wind turbine operates close to its optimaldgeed ratio (Burton et al. 2001, pp.360-362).
Figure 2.2 shows an example of a variable speed wimbine, with the generator curve
intersecting the wind turbine’s power curve ataggerating points. For a specific wind speed, the
wind turbine will rotate at a specific rotationgleed and generate a specific amount of power,

assuming steady-state operation.

P [kw]

RPM [rpm] (0) 7

(a)

Figure2.2 (a) Generator intersecting the power curves andoftigrating points on the£TSR curve
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A small stand-alone wind turbine used for battelmarging mainly uses a permanent magnet
alternator connected to a battery bank with afiecti This type of wind turbine is also a variable
speed turbine, but the speed is not actively ctlatto The power is dictated solely by the
rotational speed and the interaction of the batbarnk with the alternator (Muljadi et al. 1995).

Cogging torque is an inherent characteristic ofrf@rent magnet alternators. For the wind
turbine to start, the wind speed must increasehtera/the torque produced by the rotor overcomes

the generator’s cogging torque (Muljadi & Green 200

2.3 Control

A wind turbine needs to be controlled to ensure saifd optimal operation, especially during high
wind speeds. This is done by the control systenchvidontinually regulates the rotor speed,
torque, power or thrust (Gasch & Twele 2005, p.)319

The two most common control objectives are to raguthe rotor speed or to regulate the power
output. Common control methods are passive spitith control and generator load control
(Burton et al. 2001, pp.472-478). Pitch controlhe most common means of controlling a wind
turbine’s performance. Either increasing or desirgathe blade’s pitch has a major impact on its
performance (Burton et al. 2001, p.475). When litegles’ pitch is increased, the blades are
turned more into the wind or into a feathering posi This is called pitching towards feather or
positive pitching. Decreasing the pitch turns tilades out of the wind to a position more
perpendicular to the wind. This is called pitchiogvards stall or negative pitching (Figure 2.3)
(Gasch & Twele 2005, pp. 322-323).
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J‘\ [-] Pitchinc
i\ (Pitching
| towards stall)

o
| ! 'k
Ty \ 20°

[+] Pitching
(Pitching
towards feather)

Wind (\)

Figure2.3

Pitching directions and possible ranges required

At above rated wind speeds positive pitch controljaes a very effective means of regulating
Increasing the pitch resultsidecrease of the angle of attack and the lift

the power output.
coefficient, which in turn limits the power outpitigure 2.4) (Burton et al. 2001, p.475).

Ce

pitch=0°

10°

20¢

30°

Figure2.4

Example curves showing the effect of positive mitdmge (Burton et al. 2001, pp.352-357)
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For a positive pitch control system to provide efifiee power regulation the pitch has to be

changed very rapidly to react to wind gusts. Al@jtch range ofp=0" to 35 may be required

to regulate the power and a pitch of upge 90 or full feather to provide effective aerodynamic

braking (Figure 2.3). Fast closed-loop controhgshydraulic actuators and electronics are best
suited for positive pitch control (Burton et al.(A0 pp.351-355).

At above rated wind speeds a negative pitch comsystem regulates the power by decreasing
the pitch. This results in an increased angletatk and increased stall, lower lift and higheaglr
and thus decreased power (Figure 2.5) (Burton. @081, p.475). A negative effect of decreasing
the pitch is that it leads to large thrust loadstloa blades and the tower (Gasch & Twele 2005,
p.323).

Ce

V. [M/S] 2

Figure2.5 Example curves showing the effect of negative giteimnge (Burton et al. 2001, pp.352-357)

Once a large part of the blade is stalled, onlyllspich movements are required to regulate the
power and much less dynamic pitch activity. Toutatg the power, a pitch range as small as
p=0 to -5 may be required and for full aerodynamic breakimly p=-20 (Figure 2.3)
(Burton et al. 2001, pp.355-356). Because of th@ter regulating distance and lesser dynamic
pitch activity, negative pitch control can easily implemented using a simple mechanical control
unit (Gasch & Twele 2005, p.89).
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With a variable speed wind turbine that uses a paent magnet alternator connected to a
battery bank, an increasing rotor speed corresptimds increasing power (Muljadi et al. 1995).

Using either positive or negative pitch controlitoit the power will also limit the rotor speed.

The start-up torque can be controlled to providdéebestart-up of a wind turbine. With an
increasing pitch angle, the torque coeffici€gtat A =0 increases (Figure 2.6). If the blades have
a positive pitch at start-up, it will result in arcreased torque at start-up. If a permanent ntagne
alternator is used, an increased start-up torqlleoweércome the generator’s cogging torque at a

lower wind speed, thus decreasing the cut-in wpekd (Muljadi & Green 2002).

Co pitch=0°

Figure 2.6 The effect of pitch change on the torque coeffiq@asch & Twele 2005, pp.190-191)

Pitching from a positive pitch angle suitable ftarsup, towards stall to limit the rotor speed,
provides the possibility to achieve both controjechives without changing the pitching direction
(Figure 2.7) (Gasch & Twele 2005, p.89).

pitch
Start-up
h Over-speed

protection
Normal 00 Normal operation

operation
Over-spee
protection

Start-up
(standstill) e

Figure2.7 One-directional transition from standstill to opéien to over-speed using pitch towards stall
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2.4 Control implementation

Wind turbine controls can be classified into thggeups, which depends on how the control is
implemented, the method of actuation and its corifyi€Gasch & Twele 2005, p. 320):

e Secondary or over-speed protection, like a mechabrake.

» Simple control systems, which are mainly used andsalone wind turbines not connected to
a grid. These systems use proportional contralledgd by centrifugal force or wind pressure.
Simple control is used on small wind turbine sysietnecause it is more affordable and

feasible. It provides over-speed protection amttinoous control during normal operation.

» Fast closed-loop control systems, which continuailynitor the wind turbine’s performance
and make immediate adjustments. These systemgadgst electric or hydraulic actuators,
electronics and are used on large grid-connected wirbines, where it would be feasible to
implement. It provides over-speed protection amatiouous control during normal operation.

A centrifugal governor is a simple proportional tofier. With a linear increase in rotational
speed, the displacement increases linearly. Thé#ileium of the forces and moments caused by

the mass and spring determines the angular dispkEme(Figure 2.8) (Dorf & Bishop 2001, p.4).

0[]

i
i

N
L

Mspring  ———

I:spring

l Feent RPM [rpm]

Figure2.8 A simple centrifugal controller and its angular piacement
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Gasch & Twele (2005, pp.89-90) proposes that wighai pitching towards stall, the same
centrifugal governor can be used, where it inijiallorks against a soft spring to provide better

start-up and then against a harder spring to peopaver and speed regulation (Figure 2.9).

i

|
Operation "
wind (\,) I cent
—= =R
) Msprin
\/

Over-speed
wind (v) o PO

:
1

)
y

Figure2.9 Proposed centrifugal governor concept for improgéatt-up and over-speed protection
(Gasch & Twele 2005, pp.89-90)
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25 Summary

In this chapter it was established that negativehpcontrol is best suited to achieve both control
objectives of improved start-up and over-speedggtain and that it can be implemented using a

centrifugal governor with two springs, each wittiierent stiffness.
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Chapter 3 Theory

3.1 Introduction

This chapter provides the theoretical backgrountks®ary to model a wind turbine with active
pitch control. The blade element-momentum thesrgiscussed in detail. Wind speed frequency
distributions are discussed. The centrifugal adntheory and the governor kinematics are

developed and described in detalil.

3.2 Wind turbine system

Figure 3.1 shows the flow diagram of a complete dwvinrbine system, with the generator
connected directly to the rotor blades. If theseaisudden gust of wind, the rotor torque will
exceed the generator torque. Depending on thadrawrthe system, the rotor will accelerate until
the rotor torque equals the generator torque amadyktem is in a steady-state. Depending on the
wind speed, the rotor will rotate at a specific expeind generate a specific amount of power
(Gasch & Twele 2005, p.321). In this study only gteady-state of the system will be considered.
To model the rotor blades the blade element-momeiory is used.

Generator

_Quad = Q( RPM)
Turbine rotor l Inertia
V. —~ Qinertia RPM
— — f > > - EEE—
Qrolor - Q( RPM’ \é’ pltd) ~ anertla =JQ

Figure3.1 Wind turbine system block diagram

3.3 Blade eement-momentum theory

For a given wind speed.., rotational speef, blade geometry and aerodynamic design the blade
element-momentum theory yields a specific thiysiorqueQ and poweP. The assumption of
the BEM theory is that the aerodynamic lift andgdfarces on the blade element at radiuwith
infinitesimal lengthor, are solely responsible for the change of momenifithe air which passes

through the annulus swept by the element (Figuzg (Burton et al. 2001, pp. 59-65).
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7 T Rotational
Thrus!

Lift

\

Driving Wind durto
force rotation

k / angle of
“-._attack

N

Resultant win

e

T

N

\

@) (b)

Figure 3.2 (a) Annulus swept out by the blade element at r(ahtlade element velocities and forces

The forces on a blade element can be calculated) utsi two-dimensional airfoil characteristics,
namely its lift coefficienC_ and drag coefficien€p. They are a function of the angle of attack
The angle of attack is determined by the incident resultant velodMyn the plane of the blade
element. The incident velocity/ is determined by the wind speed or free-strearocisi V.,
rotational speedQ and the flow induction factora and a' (Figure 3.2(b) and Figure 3.3)
(Burton et al. 2001, p.60).

oT
oL

& Qr+ (a’Qr)
o B
‘ \< / 0

Vv, -(aVv)

3D
CX\

M,

Figure3.3 Blade element velocities and forces at radius r
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The free-stream velocity, is decreased bgfam/w) because the rotor decelerates the wind. The

factor a is called the axial flow induction factor.

The flow that just enters the rotor has no rotationovement. Because the air exerts a torque on
the rotor, the rotor exerts an equal and oppositgue on the air. This reaction torque causes the

air to rotate in a direction opposite to that af tiotor. This is the induced rotational or tangent

velocity (a’ BDDT), with &' the tangential induction factor. This componenadded to the wind

due to the rotatiofQ [f) (Figure 3.3) (Burton et al. 2001, p.60).

For a specifid/,,, Q andr, the resultant velocity is given by

W= \2(1- @ +(Q 1)’ (1+ &)’ (3.1)
which acts at an angle relative to the plane of rotation, with

V (1-a) Qr(1+a’)

sin(p)=———=,cosfp F ———= 3.2
@) W bF W (3.2)
The angle of attackr is
a=¢p-p0 (3.3)
The lift force on a span-wise infinitesimal length normal to the direction &V is
1 2
JL:E,OW cGor (3.4)
and the drag force, in line witW is
1 2
5D=§pW cGor (3.5)
The resolved axial component of the forces or tinest forcedT is
OT =(JLcos@)+ D sing ) [or
(3.6)

= %pwzc( G cos@)+ G, sing)
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The resolved tangential component of the forceb@driving forcedU is
AU =(JLsin(p)-JD cosf ) [or (3.7)
and the torquedQ is

d0Q=0U [t =(JLsin(p)- oD cosf ) [t [dr

=%pW2c(QSin(¢))— G, cos@p)Crdr (38)

To evaluate equations (3.1) to (3.8), the inducfemtorsa and a' still need to be calculated.
As stated earlier, the assumption of the BEM the®ihat the forces of a blade element are solely
responsible for the change of momentum of the hiclwpasses through the annulus swept by the
element. The assumption must be applied to cakulee induction factors (Burton et al. 2001,
pp.61-62). Equating the resolved axial force frequation (3.6) folN blades with the change in

axial momentum in the annulus, one gets

(gpw%(q cos@)+ G, sm@)j N r

= (4a(1— a)lp\V? r+%p( 2dQr)’ erj [Or

with

¢, =4a(l- a) (3.9)
being called the annular thrust coefficient (Bur&tral. 2001, p.66). Simplifying leads to
SPWENG G cos)+ G sing) B r=rpi{ G P +( 20 )31 (3.10)

Equating the torque produced by the blade elenfemts equation (3.8) foN blades with the

change in the angular momentum in the annulus et g

%pWZN o G sin(@)- G cosfp ) Ortd r:( 4p\,(Qnd( g F)Db'r (3.11)

Page 16



Chapter 3: Theory

The induction factorsa and a' are solved iteratively until equations (3.10) &8dl1l) are

satisfied and equations (3.1) to (3.8) can be eatufor a specifis/_, Q andr.

To obtain the rotor's performance for a specljc and Q, equations (3.1) to (3.11) must be

evaluated for each blade element at chosen radiumgervals and integrated to obtain the rotor’s

thrust, torque and power (Gasch & Twele 2005, p:174

T= Nj(éT)Jr (3.12)
Q= NI(JUD)Jr:NI(JQ)Jr (3.13)
P=Q0 (3.14)

To obtain a complete performance characteristithefrotor, equations (3.1) to (3.14) must be

evaluated for a range of wind speeds and rotatigpedds.

To obtain the non-dimensional performance charesties, the power coefficient€,, torque
coefficients C, and thrust coefficient<C; must be determined as a function of the tip speed

ratio A (Gasch & Twele 2005, p.175):

P
Co=e—
P }pv3nR2 (3'15)
2 oo
_ T
2 (o)
Q
C o=
P (3.17)
2 0
QR
A :V_ (3.18)
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A permanent magnet alternator’s torque is a funabibits rotational speed (Muljadi et al. 1995).
At a steady-state the torque generated by the tdeaies will be equal to the torque of the
generator. The power of the rotor blades will dscequal to the power of the generator:

Q(V., Q) = Quu (Q)

P(V..Q)=R.(Q) (3.19)

00

3.3.1 Turbulent windmill state
A wind turbine running at a high tip speed ratitlnésavily loaded with a high axial induction factor

(a) distribution. The annular thrust coefficiest from equation (3.9) of the BEM theory

becomes invalid for high induction factors and wikeld inaccurate results. For a>0.4, an

empirical relationship betweery anda is used (Buhl 2005):
¢, =4a(l-a) for a< 0.4

Cr =§+(4—@j a+(io— 4) & fora= 0. (3.20)
9 9 9

Figure 3.4 shows the comparison between the theaket and empiricatr. Note that the loss

factorF was excluded from equation (3.20), because iréeady included in (3.23) and (3.24).

Ct 2.0
Empirical

1.5 A

1.0 4 T
! ~~_ BEM Theory
! \\
i AN

0.5 4 i ~_

Windmill state i Turbulent Windmill state ™.

! N
|

0.0 ‘ ‘ ‘ : :

0.0 0.2 0.4 0.6 0.8 1.0

Figure3.4 Comparison between theoretical and empirical ¢ (Buhl 2005)
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3.3.2 Tip and root losses

One of the limitations of the BEM theory is thadies not take into account the circulation that
falls to zero at the blade tip and root, which Hhssun reduced torque and power

(Burton et al. 2001, p.78). The tip power losexpressed as the tip-loss factor (Moriarty &

Hansen 2005):

2,1 Sl
F. (x) =2 cost e 2 (3.21)
m

The loss factor at the blade root is

2 g5 5550
Fa(x) =~ cos?e ™= (3.22)

The combined loss factor B(x) = F. (X) Fz (%) (Figure 3.5).

1.0 4

0.5 -

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1B

Figure3.5 Combined tip-loss and root loss factors acrossriibenalized length of the blade

The momentum part of equations (3.10) and (3.1&)nandified with the combined loss-factor
(Moriarty & Hansen 2005):

%pWZNc(C‘Lcos@ﬁ G sin(p)@r:nor( G V+( 280 r)Z)DFDﬁr (3.23)

%pw2 N G sin@)- G cospp) OB r=( 4p\,(Q1) d( ¥ § F)OFB (3.24)
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3.4 Wind speed distribution
The wind speed variation of a specific area is dlesd by its Weibull probability distribution
(Burton et al. 2001, p14):

F(1+1j (3.25)
_ Kk

k is the shape factok/, the mean annual wind speed dndhe gamma function. An example

of a Weibull probability distribution is shown indtre 3.6.

f
012 P XA

0.1

0.08 -

0.06 -

004 +——f Nt

002+ N

0 2 4 6 8 10 12 14 16 18 20 22 V [m/s]

Figure 3.6 Example of a Weibull probability distribution witﬁ =7 m/sand k=2

As seen from Figure 3.6, the wind speed distrilvuitsoskewed. High wind speeds seldom occur.
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3.5 Centrifugal governor

Figure 3.7 shows the flow diagram of a wind turbivith a centrifugal governor. Notice that with
the added governor to the system, the pitch is dependant on the rotor speed (Gasch & Twele
2005, p.328).

Generator loac

~Qoa = Q(RPM)
Turbine rotor 1 Inertia
Voo e Qinenia _
Qromr = Q( RPM’ \4' Pitd@ RPM) TN o anenia = ‘]Q
A
Centrifugal governc
{
pitch(RPM) | IMHEH RPM
B - <

Figure3.7 Block diagram for a wind turbine with a centrifuggdvernor

As a first concept, a home-made 3-bladed centrifggaernor concept was used to develop the

model (Figure 3.8 and Figure 3.9).

Figure 3.8 Centrifugal governor concept
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Foprings
Fcent ‘
m
M cent
M G Misa

spring

Figure 3.9 Governor forces, moments and angle conventions

At a specific rotational speed@ , the equilibrium of the moments around the pitghaxis caused

by the mass and spring determines the pitch (Eig):

M M spring_ M Ioad: 0 (326)

cent

cen Hm
! L, 8in(6,-6,)
\\ 6(:1 M cent
Lo\ |
\
N\
r
off

Figure3.10  Moment caused by centrifugal force
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From Figure 3.10, the moment caused by the cegaifforce of the mass for a specitl; is

M cent = Fcentl]' mBin(eb - 9 n)
with
Fcent = mm2 ljﬂe]‘fective
=mD? E@ Le + L, [€os(6, —Hm))
roff2
Lo
Lc2 -
Fsprings
L
ch .
9(:1 Laxle
Lcl
L
Hcl s2
L, 8in(6,+6,,) ]
— bot
M spring
roff

Figure3.11  Moment caused by spring force

From Figure 3.11, the moment caused by the sparge$ for a specifid,, is

=
Mo = wjtm 3in(64+6,)
Pring (sm@c2 < @ e

with

0 — COS_l[ Lcl m:()S(Hcl) + roff _roffzj

c2 —
Lc2

(3.27)

(3.28)

(3.29)

(3.30)
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Lundefl
7 le.com;
L
Lsprings =
I-axle - Ltop + L bot
Lundefz

(@) (b)

Figure3.12  Spring forces and displacements

Lundefl

sl.comp

Lundefz

F is calculated from the displaced length of themgs at a specifi@,, (Figure 3.11):

springs

Lsprings
= le + Lsz
= Laxle - Ltop + L bot

= ( Lcl |3ir]ecl + Lc2 l:‘)BianZ) - Ltop+ L bot
The spring forces are (Figure 3.12)

Fsprings = Fa +F ]

Fo =k = _kll:@ Lnders ~ LS].)
Fo =k, X, = _kz[q Lunder2 ™~ Lsz)

(3.31)

(3.32)

If both springs are not fully compressed (FigurE28a)), the forces in the springs will be equal:

Fsl = FSZ
k1 D-undefl - kz EI-undefz = k1D-a_ k2DL9
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Rearranging to use equation (3.31):

Ki Dingern = Ko oinge. = k1[q L+ L sz) — kL o= KL
= k1 D‘springs - k1 ELQ - k2 DLsz
Ky L ygers F K Ly = klu-springs_ kOl o= KOL et
Lsz [ﬂkﬁ kz) = kllj'springs_ kiml-undeﬂ'l' kZDLundeQ
- k1 D‘springs - k1 ELundefL + k2 (L undef
* k +k,

L

and from (3.31), with both springs not completedynpressed, the displacements are

le = Lsprings_ L Q
. _ kl D-springs - kl |:I-undeft + k2 D-undeﬁ
springs k1 + k2

= (( Lcl IEinecl + Lc2 B;ine(:Z) - L + Lbot) (333)

top

kl EG( Lcl Sinecl + LcZ |:éSinecZ) - L + Lbot) - kltLundeﬂ.-'- kZD— undeR

=L

top
k. +k
Ly, = ((La BN, + L, 5ind,) ~ Ly + L) —L

If Ly <Lg com (Figure 3.12(b)), the displacements are
le = le.comp
: : (3.34)
Lsz = (Lcl Bme&l-’- Lc2 B;Inecz) - I—top+ L bo) - L 4. com

With Ly and L, known, equations (3.32) can be evaluated toFggt .= F, +Fj and M,

from equation (3.29).

M,.s from equation (3.26) can consist of any externalments that influences the governor,

including aerodynamic forces, centrifugal forcegertia and friction. Under ideal circumstances
the governor’'s only governing variable will be thatation speed. With the addition of the
external momenti.aq, the angular displacement will no longer be onfuraction of the rotational

speed. The sense df,__, will determine whether the rotational speed tBakiached is higher or

lower than the target rotational speed for a spewiind speed.
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The sense ofM, ., in Figure 3.9 will result in a higher rotationgbegd. The different

components oM, will be discussed in the next section.

For a specific rotational spe&? the angled, must be found that satisfies the equilibrium of

equation (3.26). (3.26), including (3.27) throu@B4), must be solved iteratively fét,. With
6., known, the pitch can be calculated with the pdffset angleé)os:

p=6,-6

off

(3.35)

The limits of the governor can either be reachedewl.=0°, with L. horizontal

(Figure 3.13(a)) or when both the springs are cesged to a solid height (Figure 3.13(b)).

r
) off 2

Ltop

sl.com

F

cl
springs ez ‘/

" Ls com
A 2 /B .
a Lbot b

(@) (b)

Figure3.13  Governor limit with (a) L, horizontal and (b) springs solid compressed

From Figure 3.13(a), with._, horizontal, the minimum anglé, will be

L,+r . —r
— -1 c2 off 2 off
0cl.min =C0s ( L

cl

(3.36)

From Figure 3.13(b), when the springs are compressed to éneaji:
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Z= \/( I'top - Lbot+ Lﬁ. comp+ L 2. coml2 -l_(r off T oﬁ)z (337)

r.—r
=co S—1 off off 2
g=cos| 122

Using the cosine rule:

Liz =Z%+ Lil_ZEZD‘CIB:OiHZ)

6, =cos’| Lt b
i 221,

When the springs are compressed to a solid healghtninimum angle will therefore be

Brc.minz == ez _w
-1 22 + Li - L2 ~1 roff _roff2
=/m-cos’| ——=—2 |- co§'| —>= (3.38)
2z [, z
Note thaté,, ..., is only valid whena < b (Figure 3.13(b)), therefore

a <b
O (rc IEin(erc.minz))< (Ltop - Lbot+ L sL.comp+ L a. coml

and when equation (3.37) evaluates to a real numbee minimum limit ofg,, will therefore be

andd

cl.min2*

the maximum of@

cl.min

The maximum anglé.1 max When the springs are uncompressed and at tHelefigth, can be
calculated by modifying equation (3.37):

Z = \/( I‘[op - I‘bot + LundefL + L unda)2 + (r off_r oﬂ)2 (339)
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3.6 Bladeforces

The interaction that the blades have on the cowfrtthe centrifugal governor must be taken into
account. Some of the governor components mustkedstesigned for strength. The forces and
moments are calculated where the governor pitchivajt is connected to the blade at radius

(Figure 3.14).

~ pitching
shaft axis

“blade twisting
axis

Figure3.14 The resolved blade forces and moments acting at poi

The distribution of componendU causes a forcé) and momentQ at r. in the plane of

rotation. The out-of-plan&T distribution causes the thru$t and flapping momenE. The
distribution of componentoM,, causes the pitching momem ,,. (Gasch & Twele 2005,

p.174):
(3.40)

F=[(arilr-r)or (3.41)
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U=[(eu)ar (3.42)
Q=[(aur-r,))or (3.43)
M5 = I(dM 0.25) or = J’(%pwzcz G jdr (3.44)

Note that the forces and moments are calculatedaime way as equations (3.12) and (3.13), but

now the moments are calculated=at. instead of=0.
With e the perpendicular distance from the centre of igrato the r=0 plane andc the

perpendicular distance to the pitching shaft akis,centrifugal force will be

F

cent

=mm? /& +(ct 1) (3.45)

The rotor blade elements are usually arranged atbeg 25% chord points on the blade’s
twisting axis as to minimize the twisting causedtoy aerodynamic forces (Gasch & Twele 2005,
p.168). Witha andb the perpendicular distances between the pitchiradt @xis and the blade

twisting axis, the additional moment caused bytkinest T and forceU is
M, =T@&+Ub (3.46)
If the blade’s centre of gravity is not in line tvithe pitching shaft axis, the additional moment is
M =(mm@? e+ r, ) (3.47)
The external moment (as defined in Figure 3.9) thilis be

load —

Migaa = Moos =My =M (3.48)

Note that the moment due to the blade weight doésantribute tdMqag, Since the pitch of each
blade is synchronised and the weight’s effect icelled out. Any moment due to friction is also

neglected because only the steady-state of thegmvis considered.
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3.7 Summary

The blade element-momentum theory, with its linntag was discussed in detail. The Weibull
probability distribution was discussed. The céagral control and kinematics were developed and

discussed in detalil.
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Chapter 4 Model implementation and preliminary results

4.1 Introduction

This chapter discusses the implementation of therthdiscussed in the previous chapter to model
the performance of an ungoverned wind turbine amdnal turbine with a centrifugal governor.

The preliminary modelling results are discussed.

4.2 Modd implementation

The algorithm for the complete wind turbine systemhich consists of the rotor blades and

generator are shown in Figure 4.1. For a givendwurbine, wind speed and pitchp, the

rotational speed2 must be found where the torgQeor powerP of the blades matches that of the
generator. The rotational sped? is solved iteratively until the condition is séitsl. The
iterative solution is done by using Newton’s meth@heney & Kincaid 1999). The external

momentM,oaq Will later be used in the governor calculation.

wind V, pitchp
Y ! UNGOVERNED |
™ guess rotational spe€d | WIND TURBINE |
) | 2 2, S , T
i GENERATOR ! ! ROTOR BLADES | ;
''''''''''''''''''''''''' i (Figure 4.3)

false
Y Y
steady-state rotational spe@c external
(3.48)
momentM __,
Figure4.1 Ungoverned wind turbine algorithm
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The algorithm for the wind turbine with a centrifdggovernor is given in Figure 4.2. For a
given governed wind turbine and wind speed, thatiatal speed and pitch are solved iteratively

until the whole system is in equilibrium.

...................................................................................................

1

GOVERNED |

> guess pitchp i WIND TURBINE i
1

t S

UNGOVERNED WIND TURBINE

(Figure 4.1)

Lo T f

steady-state external

(3.48)

load

rotational spee@ momentM

CENTRIFUGAL GOVERNOR !
(Figure 4.4)

false Torque equal? (3.19)

Governor in equilibrium?

steady-state rotational spe@c

and steady-state pitgh

Figure4.2 Governed wind turbine algorithm

The algorithm for the rotor blades is given in Fgdé.3. The wind speed, rotational speed and
pitch are the inputs. For each blade elementriadtion factors are solved iteratively until the
BEM conditions are satisfied. The distributiod$ and dQ are integrated to get the thrust
torque Q and powelP. The accuracy of the integrals in equations (8t@13.14) depends on the

number of blade elements chosen.
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wind V_, rotational speef pitchp

ROTOR BLADE

( For each blade element][0,R]) i
ALGORITHM i

v

guess induction facta ara

11 o
resultant velocityV (3.1) chordc, blade anglg , raditk

Blade geometry

1]
resultant angl@ (3.2)

1]
angle of attacla (3.3)

* -
lift oL, dragdD (3.4), 35) [« lift coef. C,_, drag coefC,

v

thrustoT , torqu@Q
(3.6), (3.8)

]
thrust coef. ¢ (3.20)

g A
e Aerodynamic properties

BEM constraints
satisfied? (3.23), (3.24

false

true
\ \
thrustT , torqueQ , poweP blade force|(3.40)-(3.46)
(3.12), (3.13), (3.14)
v v
dimensionless performan external
(3.15), (3.16), (3.17) (3.48)
Cp. G, Cq momentM ___

Figure4.3 Rotor blade algorithm

The algorithm for the centrifugal governor is givienFigure 4.4. The rotational speed and the

external momentM, _, are the inputs. The pitch is solved iterativehtiluthe governor is in

loas

equilibrium, with the conditions of equation (3.28jtisfied.
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rotational spee@ external
(3.48)
momentM .
S L R
| guess governor angt,
., within limits?
(3.36)-(3.39)
centrifugal( | L., angled,, (3.30)
3.28
forceF ]
total spring length._, (3.31)
v
spring lengthd _, L, (3.33), (3.39)
L]
v spring forceF_, _(3.32)
centrifugal v
(3.27)
momentM spring momenM __ (3.29)
false governor in
equilibrium? (3.26)

pitch p (3.35)

Figure4.4 Centrifugal governor algorithm

The preliminary simulation results will be discussext.

CENTRIFUGAL
GOVERNOR
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4.3 Ungoverned modelling results

The complete wind turbine system, which includegeaerator, will first be modelled without the

governor to establish a baseline for the staripoper and rotational speed characteristics.

The AE1kW blades, which are used on 3-bladed hota&eaxis wind turbines, are going to be
used for the governor. The specifications andgin@metry of the blades are given in Table 4.1,

Figure 4.5 to Figure 4.7 (Bosman 2003).

Table4.1 AE1kW blade specifications

Diameter 3.6m

No. of blades 3

Rated power at 10 m/s 1 kw

Airfoil AEO02-160ST
Optimal TSR 6

Figure4.5 AE1kW wind turbine blades
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B[]
20 -

15

10

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure4.6 Normalized blade angle distribution

c [m]
0.3 -

0.25

0.2 |

0.15

O.l T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure4.7 Normalized chord distribution

The safe rotational speed limit for the blades G Bpm. The generator used to model the
performance is a permanent magnet alternator coechéoc a battery bank with a rectifier. The
generator curve is shown with the results in FiguBe The AE1kW blades were designed for this

generator (Bosman 2003).

The wind turbine system is modelled at standarcapheric conditions. The torque coefficient

results are given in Figure 4.8.
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Co
0.1 1

(TSR calculated with..=5 m/s)

pitch=0°

0.08 +

0.06 -

0.04 -

0.02

Figure4.8 Ungoverned torque coefficieny@s. TSR

The start-up torque coefficient &, =0.007. If the cut in wind speed &, =3m/s, the start-up

torque will beQ =0.718 Nm.

The power characteristics are given in Figure 4.9.
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P [kW] .
Blades connected with generator
I Rotor blades— == "o o
9m/s
15 +------f e TS -
8 m/s
T g e
7m/s
6 m/s
05 pf/_~---—-—Sf---"-"-"-"- - TT—— TS - mmmm - — S
5m/s
4m/s
"
100 150 200 250 300 350 400 450 500 550

RPM [rpm]

Figure4.9 Ungoverned wind turbine power characteristics

In section 2.2 it was stated that if it is assunieat the aerodynamic performance does not
deteriorate, the power coefficie@p will only be a function of the tip speed ratio and the power
curves can be represented by @pel SRcurve. TheCp-TSRcurves from Figure 4.9 was made by
calculating the power coefficie@r at various rotational speed® and wind speed¥., with the
tip speed ratio determined by the rotational spaed wind speed (equation (3.18)). From
Figure 4.9 the power coefficient is not only a ftioe of the tip speed ratio, but also of the wind
speed. For lower wind speeds the deviation ofpibver coefficient is larger. The power and

rotational speed as a function of wind speed aremgin Figure 4.10.
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P [kw]

1.2

14
0.8
0.6
0.4

0.2

O T T T T T T
3 4 5 6 7 8 9 V [m/s]

RPM [rpm]

500 +

800 4 -

300 +

200 +

100 T T T T T T
3 4 5 6 7 8 9 V [m/s]

Figure4.10 RPM and power vs. wind speed for the ungoverned tuirbine

The speed limit of the blades of 500 rpm is alreagigched al.,,=8.4 m/s. The detailed
calculation steps fov.,.=7 m/s are given in Appendix A, section A.1.

4.4 Governed modelling results

The centrifugal governor concept from section 2id aection 3.5 is simulated with the theory
developed in section 3.5 and the algorithm in Fegdrd. The concept must achieve both the
control objectives of improved start-up performaaoé over-speed protection by pitching from a
positive pitch angle towards stall. It uses a spfing to provide better start-up and then a harde
spring to provide power and speed regulation. rféigull shows one of the three masses and the

chosen model inputs.
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0.2 4 Lunder1
=0.038m
ke
=200 N/m
0.15 A L>=0.15m
0-1 mzlskg Lunder2
=0.15m
k,
=1300
0.05 - N/m
La=0.15m
O T T T T
-0.2 -0.1F -0.1 -0.0¢ 0
Figure4.11  Two-spring centrifugal governor
Solving M., a@s a function of, and solvingM .,

origin of Figure 4.11, the results in Figure 4.12 abtained.

M [Nm] 45

as a function o, and RPM, both at the

400rpm

0SS N

350rpm 300rpm

/LA -

30—/ N\ Sf TN

25 S SN SN

20+f o AN T

15 - X

10 +-— A7

Figure4.12  Two-spring centrifugal governor moments
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The intersection ofM and M_,., gives thed,, vs. RPM curve of the centrifugal governor

spring

(Figure 4.13). Note that the effect of the extemamentM,,, is neglected to determine only the

characteristic of the governor.

0c1 [°] 40
35
30
25
20

15

10

5

0 50 100 150 200 250 300 350 400 450 500
RPM [rpm]

Figure4.13 0. vs. RPM for the two-spring centrifugal governor

Choosing 8, =28.8 so that the start-up pitch will bp=10°, the pitch range is given in

Figure 4.14. The stiffness of the springs deteemitine slope of the pitch curves, while the length
of the springs determines the amount of pitch chgmgy spring. The stiffness and length of the
springs were selected by trail and error so thatstinall spring will be solid ap=0" at 95 rpm
and p=-20 at 500 rpm. The detailed calculation steps forfa® are given in Appendix A,

section A.2
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P,

-10 -

-15 -

500

-20

Figure4.14  Pitch vs. RPM for the two-spring centrifugal govarn

The complete wind turbine system is modelled witle two-spring governor.

coefficient results are given in Figure 4.15 andl&at.2.

Ca
01 4 (Blade TSR calculated with.=5 m/s)
pitch=10°
008 +---------""-- L S N e TS - T
006 +-----------"-"-"-"———- S S SN (-
0.04 -
0.02 -
0 ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 y)

Figure4.15 Governed torque coefficients®@s. TSR

RPM [rpm]

The torque

Table4.2 Start-up results for the two-spring centrifugal gavor

Pitch Q° 10°

Co (A=0) 0.007 0.019
Q(A=0, V..=3 m/s) 0.718 Nm 1.874 Nm
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The increased pitch @=10° at start-up will more than double the startanue coefficient and
start-up torque. The power and rotational speeatacieristics are given in Figure 4.16 and
Figure 4.17.

Ce (Blade TSR calculated with.¥5 m/s)
04 Blades connected with generator
' Rotor blades
03+--------"-" S e TN
0.2 4
01l +------mmme e S S S (- o

3 4 5 6 7 8 9 10V [ms]

Figure4.16  Governed and ungoverned wind turbine power charasties

RPM [rpm]
/
y
/
400 - S
ungoverned,”
;7 governed

300 -

200 -

100

Figure4.17  Governed and ungoverned wind turbine RPM vs. wiredd
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From Figure 4.16 and Figure 4.17 it can be sednthieagovernor does limit the rotational speed,
but also the power. This is because the continnegstive pitch change from 95 rpm results in a
power and speed reduction (Figure 4.14). Fromctirgrol objectives and required pitch curve
from Figure 2.7, the governor must keep the pitefoz-during normal operation and only near

500 rpm the pitch must become negative to limitgpeed.

45 Summary

In this chapter all the algorithms of the model evdiscussed. The preliminary modelling results
were discussed and it was established that thec@rdgrifugal governor concept from section 3.5 is

not adequate to achieve the control objectivesusecaf the power loss during normal operation.
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Chapter 5 Concept modification and results

5.1 Introduction

This chapter discusses the modification of the fi@ancept so that it will be more suitable for
over-speed protection without the loss of powelirdunormal operation. The further conceptual

design of the governor and the results are disdusse

5.2 The Sliding concept

The first concept from section 3.5 is modified lkeytihg the end of connectdr,, slide or roll
acrossL,. As long as the roller remains unconstrainedneetor L, remains perpendicular to
L, (Figure 5.1). Wherd_, remained constant with the first concept from isec8.5, it now

varies continuously with the sliding concept.

Figure5.1 Sliding centrifugal governor concept
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cl.m

Figure5.2 Sliding centrifugal governor concept

The existing model is modified to accommodate te& soncept. From Figure 5.2, the néy

is calculated:

L =LySING,+L,c0H,

z? :(rff —roﬁz)2+L2

o axIe: L2(1+L2<2
(roff —roﬁz)2 +(Lgsing,+L , 0039c1)2 =12, +L%,

(rur —To) +L2%(siN? 6, -0 +L2,( coS6,- }+ R L, Sif, caB, =

2
12 4| 2 sing,, co,, 0+ (roff _roffz) +|-2cz(0052901‘]) -0
° sifg, -1 “ sif g, -1

(roff _roﬁ2)2 +L2c2 (COSZ 0.~ ])
sifg,-1

_[ 2L, sing,, cog,, q
sifg,-1 )

p, [P

Ly = —— k-

PR R

thus
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2L, sing,, coY,, 2, sid, co8, ’ ,
B sinf g, -1 siff, -1 ) [ (tor ~Tora) *L%(cOS 6.~
2 - 4 sinfg, -1 (5.1)

when L

cl.min < I‘c1< L

cl.max

Equation (5.1) is substituted into equations (3t298.38) where applicable.

Figure 5.3 shows one of the three masses and tszchmodel inputs. There are no constraints

for the roller so,L, is unconstrained.

0.25 -
m=1.0kg
0.2
L=0.25m\
0.15 - )
' LC2=0.04m
01 q Lundef
=0.2m
k
=4500N/m
0.05 -
(Lcomp
=0.05m)
0 . ¥
-0.1 -0.05 0

Figure5.3 Sliding centrifugal governor concept parameters

Solving M as a function ofg, and then solvingM . as a function off, andRPM, the

spring cent

results in Figure 5.4 are obtained. Note that whdrg, , was linear in the first concept (Figure

4.12) and it is now non-linear.
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M [Nm]

500rpm 440 ;
120 L ___ [ ApOmem/ L N

400rpm

w00+ NS\

0,=36.9° i 0,=78.5°

Spring compressed Spring uncompressed \ .

Figure5.4 Governor moments of the sliding concept

The intersection oM and M, gives thed, vs. RPM curve of the governor. The pitch

spring
offset of 8, =78.5 was chosen so that the start-up pitch will fpe 0" and the pitch results are

given in Figure 5.5.
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p[o

(0 5‘0 160 500
-5 4
-10 A
A5 e __
20 e
25 - L
80 e ________

35 -

AQ -

-45

RPM [rpm]

Figure5.5 Pitch vs. RPM for the sliding concept

Starting with p=0" (8, =78.5) at standstill, the pitch decreases very littléhwan increasing

rotational speed untilp=-3.9 (8,=74.6) and 480 rpm, where after the rotational speed

actually decreases with a decreasing pitch. Thedldé calculation steps for 400 rpm are given in

Appendix A, section A.3.

The power and rotational speed results are givéigare 5.6.
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P [kW] ~
i ungoverneg”” N T
P governel
S Y D (sliding concept) |
.-~ governec
o6 . J o (xedlgconcepty
04
0.2 f-——
0 T T T T T T T T T T T T
3 4 5 6 7 8 9 10 11 12 13 14 15V [m/s]
RPM [rpm]
ungoverned/
500 | /
400+ - - - - - - _____ 4 f N e RN
300 b oo JSETigien T Neem————
.-~~~ governec governe(
. i sliding concept)
Lot fixed Lg;-concept (
200 4+ - T ( ,,,,}C,l,,,,,P,) ,,,,,,,,,,,,,,,,,,,,,
100 T T T T T T T T T T T T
3 4 5 6 7 8 9 10 11 12 13 14 15V [m/s]

Figure5.6 RPM and power vs. wind speed for the sliding cohcep

Because of the sliding concept’s non-linear behayidt provides very effective over-speed

protection. The pitch changes very little up480rpm andV..=9.7 m/s, resulting in a minimum

loss of power as compared to the fided-concept. If the wind speed increases furtherptheer
and rotational speed are limited, with the rotadlospeed even decreasing if the hard spring is

long enough.

The fixedL.; concept from section 3.5 with a soft spring is bamd with the non-linear sliding

concept using a hard spring. At start-up, theerofiresses against a stop so thgt=1L_ ...
(Figure 5.7 (a)). L, remains constrained and for an increasing rotatispeed there is an almost
linear angular displacement until the soft sprisgcompressed and,_, is perpendicular td.
(Figure 5.7 (b)). With a further increase in raiaaél speed the end of connectioy, will slide

acrossL_, and the governor will behave like the sliding ogpicgovernor (Figure 5.7 (c)).
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0.25 -

0.2

0.15 -

0.1

0.05 +

m=1.06kg
L=0.25m

Lcl =Lcl.max

=0.216m

Lundef1=0-065m b
k=200 N/m

Leompr=0.025m

Lundefz
=0.2m

kz 7
=4500N/m

( Lcompz
=0.05m)

-0.1

Figure5.7

" Le=0.05m

Lunder1i=L compl

-0.05 0

(@)

(b)

Combined centrifugal governor concept at differstaiges

(©

Choosing 8, =87.6 so that the start-up pitch will bg=10°, the pitch results are given in

Figure 5.8.
[}
p []10 777777777777777777777777777777777777777777777777777777777777777777777777
soft spring
5 .
Ler =L et mas hard spring
0 variable L
Q 50 100 150 goft 200 250 300 450
5 spring fully
= compressed
-10 -
-15 -
-20
RPM [rpm]
Figure5.8 Pitch vs. RPM for the combined concept

500
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Note that the soft spring is fully compressedl@®.1 rpmr andp=-0.55°. After169.1 rpmr the

governor will behave like the sliding concept gawaat

The complete wind turbine system is modelled wita tombined concept governor and the

start-up results are given in Table 5.1.

Table5.1 Start-up results for the combined concept

Pitch 0° 100

Cq (A=0) 0.007 0.019
Q(A=0, V..=3 m/s) 0.718 Nm 1.874 Nm

The increased start-up pitch p£10° will more than double the start-up torque Gorint and

torque. The power and rotational speed charatitariare given in Figure 5.9.

P [kw] —
1 U _\ """
e governe(
08 | .- "gic')vernec (combined concept)
* (fixed L.-concept
06 . ( Lex pt)
0.4 |
0.2 |
0 ; ; ; ; ; ; ;
3 4 5 6 7 8 9 10 11 12 13 14 15V [m/s]
RPM [rpm]
ungoverned/
500 - /
400 - e T
%0 L 'g'o'{/é;ﬁec governe«
-7 (fixed L-concept) (combined concept)
200
100 T T T T T T T T T T T T
3 4 5 6 7 8 9 10 11 12 13 14 15V [m/s]
Figure5.9 RPM and power vs. wind speed for the combined gance
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As with the sliding concept, the combined conceaptjales very effective over-speed protection

without the loss of power associated with the fikggdconcept.

Because of the non-linear behaviour of the slidingcept, the governor will limit the rotational
speed to the same level irrespective of the loathefgenerator. The wind turbine with the
combined concept’s power and rotational speed sufwethe generator with different loads are

shown in Figure 5.10.

P kW]

L 100% generator pow

08 f - S

o6 LSS 50% . _______|

04 S

300 +

200 +

100

3 4 5 6 7 8 9 10 V [ms]

Figure5.10 Power and RPM speed at different generator loads

The combined concept is ideally suited to achies lthe control objectives and will be used in
the detail design of the prototype.
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53 Summary

A two-stage centrifugal governor concept was deyedp which will be used in the detail design.
The governor pitches towards stall, with the filisear stage using a soft spring to provide
improved start-up performance. The second noratfirsdage uses a hard spring to provide
over-speed protection without the loss of powepeissed with the linear over-speed protection.
The governor will limit the rotational speed to tekame level irrespective of the load of the

generator.
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Chapter 6 Detail design and results

6.1 Introduction
This chapter discusses the detail design of théritteyal governor prototype. The effect the

external momenM ., has on the control and how it can be minimizeddsseussed. The design

load

of the governor hub with the strength design of glogernor pitching shaft is discussed. The

control system design is discussed.

6.2 Minimizing the external governor moment
The external governor momem, ., (equation (3.48)) must be minimized in relationthe

governor's moments as to limit its effect on thetcol:

Mcent_ M
Mload = M

spring - M load = O

" (3.26)

cent spring

The effect of M,_,, can be minimized by decreasitMyoag Or by increasingVicen: and Mspring.
M,..q Will first be minimized by finding the optimal pitien of the blade relative to the governor

pitching shaft axis (distanca). The components oM, are again shown in Figure 6.1.

0 -7 rotational axis

T pitching
shaft axis

" blade twisting
axis

Figure6.1 External moment components
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M,..q IS @ function of the blade’s position relativettee governor pitching shaft axis and the
rotational axis. M; , (3.46) is a function of the position of the blalevisting axis relative to the
pitching shaft axis (distances andb). M. (3.47) is a function of the offsef, of the pitching

shaft axis relative to the rotational axis (as mksdi in Figure 3.10) and the position off the blade’

centre of gravity (distances andd).

M _MO.ZS_MT,U_MC

load —
3.48
=M0.25—(Tm+UEb)—(nﬂD2Eﬁo+gﬁ))Dd (3.48)
Figure 6.2 shows the location of the AE1kW blad@issting axis and its centre of gravity with
the pitching shaft located at the centre of thel®leoot. The distancd could not be accurately
determinded. The method that was used to deterithi@ecentre of gravity is discussed in

Appendix B.

pitching_ rotational axis
shaft axis

c=19
twisting axis @7 a=55
d
Co1
b=21
Figure 6.2 AE1kW centre of gravity and twist axis locations
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Figure 6.3 showsdM, , as a function of the blade positienat one of the operating points of the
wind turbine with the combined concept governog(ife 5.9, V=7 m/s at 264.5 rpnp,=-0.83).
M,.s and M. are calculated for three valuesa@f Note the circled points whetd, ., =0. The

detailed calculation steps far=55 are given in Appendix A, section A.4.

M [Nm] A g
M < (b=21, ro=0)

3
2.5
2
15 |
1
0.5
0
0.5
1
1.5 .-
-2

-2.5 =

Figure 6.3 Mioag @s a function of the blade position (a) relativehie governor pitching shaft

Figure 6.4 shows the blade positions whitg,, would be equal to zero for various generator

loads.
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V [rn/S] (Mload:Oy b=21, d=OY lbff:O)

100% generator powe

10 15 20 25 30 35 40 45 50 55 60
a [mm]

Figure 6.4 Pitching shaft location (a) where }4=0 for various generator loads

From Figure 6.4 it can be seen that there are aptiamges of the positioa whereM, ., =0.

These are largely dependant on the wind speed emerafor load.M, ,, will next be minimized

loa

by increasindVicent andMspring

Figure 6.5 showdM,,, compared to the governor momeMsen: and Mspring  The blades are

connected as in Figure 6.2.

M [Nm]
50 | (a=55, b=21, d=0, =0, 100% generator power)

——

40

30

20

10

0

10 oo oo TS

-20 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

Figure 6.5 Micag cOmpared to Mp@and Mygring
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From Figure 6.5 it can seen thist, _, is large compared td1_, and M and will have a

spring

large effect on the control. The maximum percemtaigM ., relative toM , is 48%.

M is a function of the governor's masses (equati27) and (3.28)) andv is a

cent spring

function of the spring’s stiffness (equations (3.2&d (3.32)). By scaling the mass and the

and M increases, while the control characteristics ef glovernor stays the

stiffness, M

cent spring

same. M __. stays the same, therefore its effect will be desed. Figure 6.6 shows the results

load

with a scaling factor of 4.

M [Nm]
200 -

(a=55, b=21, d=0, k=0, 100% generator power)

160 -

120 -

80 -

40 |

0

-40

3 4 5 6 7 8 9 10 11V [m/s]

Figure 6.6 Mioad cOmpared to Mn@and Mipring

and M works very well and the external moment percentageow 12%.

IncreasingM spring

The design of the governor hub with the pitchingfsimust first be done before the detail design

of the control can be done.

6.3 Governor hub design

The prototype will be tested without a generatorfrem Figure 6.4 the best position for the blade

to minimize M,__, is close toa=60. The reason for testing without a generator balldiscussed

load

shortly. M, . will further be minimized by scaling the govermorhass and springs’ stiffness.

load

The pitching shaft can therefore be centreg £ 0) and connected to the centre of the blade’s
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root with a=55 andb=21. The only unknown variable & It was chosen ad =0, because

the influence ofM. on M, ., is small compared to the influence Wi, , and M, (Figure 6.3).

Becauser =0, the blades must be offset radially to make sgac¢he shaft with its bearings

(Figure 6.7).

Roffset

roff = O

Figure6.7 Blades in new position

Because the blade is offset, its radius, chordibigton and blade angle distribution will change.

The chord and blade angle are given as a functicgheonormalized radiu3(:LR at each blade

station. With an offseR .., the new stations of the chord and blade angleaoalated with the

following equations:

— XOld ER)Id + &ffset
R)Id + R’Jf‘fset
Riew= Rt Rser (6.1)
= Xoew
™ Rew

Xnew

r

Figure 6.8 shows the AE1kW blade’s new chord footiset of R ;... =100 mm.
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c [m] 0.3
R .. =100 mm
025 +---~"--%7 e TN
0.2 NN
0.15 T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X
c[m] 0.3
R .. =100 mm
025 - T TSN e
0.2 F e N N ]
0.15 ; ; ; ; ; ; ; ;
0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
r [m]

Figure 6.8 Offset chord with Rse=100 mm

Instead of mounting the bearing holders on one pése, they will be mounted between two
plates because of the large thrust loads duringtiegpitching and the large centrifugal loads.
For the same reasons the blades will also be aitiatththe pitching shaft using two plates. The

pitching shaft of the governor is located with ttapered bearings (Figure 6.9).

Figure 6.9 Two plates for the bearing holders and the blades

The governor must be designed for strength withexific maximum wind speed in mind. To
find this maximum wind speed the wind speed vaatnhust be known. The governor is going to
be tested in the North-West province, Potchefstrodime wind conditions are low, with the mean
annual wind speed below 3 m/s (Knecht 2004, p.69).
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The shape factok was chosen as the average of the three sitesuitlhh drica given in Knecht
(2004, p.71) and i&=2. The frequency distribution for the wind speegs in given in Figure
6.10.

0.25 4

0.2 f oo o N

0.15

0.1 -

0.05 4 f o N

Figure6.10  Wind speed frequency distribution in Potchefstroom

From Figure 6.10 the design strength wind speedavasen as 9 m/s. The safe rotational speed
limit of the blades is 500 rpm. Because no gepenafis available, the low wind conditions in
Potchefstroom and the sliding governor’s abilitylitoit to the same rotational speed independent
of the load of the generator, the system is goinbe tested without a generator. The rotor will
reach its rotational speed limit at a lower wineeqh, which will allow the whole pitch range of
the governor to be tested. The pitch of the winBihe with the combined concept governor with

no generator at 9 m/s and 474 rpmps -5.3 (Figure 5.10 and Figure 5.8). The design pitch

limit of p=-5.5 was therefore chosen.

The governor pitching shaft is the most criticaitpaFor a smallerR .., the centrifugal force

F

cent

is smaller, but the supports of the pitching slaaé closer together and bending moments

therefore larger. These two conditions are traafeafjainst each other.

The inner bearing holder is put as close as passibthe centre. Figure 6.11 shows the final

design of the governor hub.
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=
“FL_HA0

70 025

r.,=122.4

Figure6.11  Hub design of the governor

The ambient atmospheric pressure in Potchefstraor52 mmHg (NWUSP 2006), which
equates to an air density pE1 kg/nT at 25°C. All the subsequent results are calcdlatehis air

density.

The out-of-plane thrusT and flapping momenf causes the largest stresses in the pitching

shaft during negative pitching. These forces gcéitr, are given in Table 6.1.

Table 6.1 Design loads for the governor pitching shaft
V=9 m/s T=273.4 kN

Q=500 rpm F=343.5 Nm

p=-5.5° Feen=12.9 kN
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The out-of-plane bending moments of the pitchingftsare given in Figure 6.12.

M [Nm
(N (V. =9m/s,500rpmp=~ 53 349.7Nm

300 F - - - - - -~ -

200

100 +

30 40 50 60 70 80 90 100 110 12k [mm]

Figure6.12  Out-of-plane bending moment diagram of the pitctahgft

The stresses caused by the bending moment&andre given in Figure 6.13.

o [MPa] (V. =9m/s,500rpmp=- 53

300 4~ -l T
254.3Nm

200 f - - - e - T —
Tension / wind sic

100 -

0 g SN [ __

-100 -

Compression sic
200 f - - -t -

-300 : : : : : : : : :
30 40 50 60 70 80 90 100 110 128 [M/s]

Figure6.13  Out-of-plane stresses of the pitching shaft

The maximum stress af = 254.3MPz is atr, at the outer bearing. The governor pitching shaft
is manufactured from normalized ENS8 steel, witheddystress o370 MPe (Matweb 2008). This
gives a minimum safety factor &=1.5. The detailed calculation steps for the stias, are

given in Appendix A, section A.5.
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6.4 Control system design

The end of connectdr, slides or rolls acrosk.; (Figure 5.1). A track and hanger used on

hanging sliding doors will be used as a slidelfgr(Figure 6.14).

.

100

": &
9

30

0100 HANGER

(100kg)
FOR STEEL DOORS

Figure6.14  Hillaldam 100 steel door track and hanger

The tracks are centered radialy to the rotationds as to cause no twist on the 3-legged
connector. The track roller will be connectedrte 8-legged connector with rod ends and a clevis.
The tracks are connected to the pitching axis wetttangular tubing as close as possible to the
generator axis (Figure 6.15).

Figure6.15  Position of the track
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Instead of permanently welding the tracks with betangular tubing to the pitching axis, they
are free to rotate so that adjustments can be toatte pitch offset,s. Figure 6.16 shows how
the adjustment device works. The screw is fixeth&oball joint which is fixed to the blade. By

turning the setting nut, the correct pitch offsat de finely adjusted.

Figure6.16  Pitch adjustment

It is very important that the pitch regulation odick blade be synchronized as to prevent
aerodynamic imbalances and inconsistent contros¢®& Twele 2005, p.85). Because of the
sliding action of the three arms the blades will be synchronised. Figure 6.17 shows how the
tracks, which are connected to the blades, carymehsonised by connecting another set of links

to a bush that runs over the springs.

Ve

=

Figure6.17  Synchronisation of governor
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The most important aspect of the design is the mgavés control characteristics. A start-up
range of 150 rpm was arbitrarily chosen. A starpiich close top =10 will more than double
the torque coefficient (Table 5.1). The AE1kW ldadover-speed limit is 500 rpm, so the
governor’s over-speed limit is chosen as 490 rpa mBaximum negative pitch g =-5.5. The

required pitch characteristic is given in Figur&gs.

P[]
100
soft spring

QO [ 3 hard spring

T 3

150 490 RPM [rpm]

Figure6.18  Required pitch characteristic for the final design

Because the governor model can only analyse atirexigovernor and not do inverse design,

trail and error was used in the selection of thengpparameters and length of the connedtgr.

The limit L is positioned so that when the soft spring is oamsged, L, will be

cl.max

perpendicular toL,,. The trail and error observations that are usedet the required pitch

characteristic are compared to the final pitch eurv

* Decreasing the stiffnesk and k, of the springs or increasing the governor's mass

decreases thieRPMrange (Figure 6.19).
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p [

p [7]

10

Figure6.19

Figure 6.20

0 100 200 300 400 IRPM [rpm]

Decreasing the RPM-range by decreasing the stiffloedy increasing the mass

Increasing the soft spring’s lengthy, .., increases the start-up pitch.

0 100 200 300 400 'RPM [rpm]

Increasing the hard spring’s lengtl), ..., and the limitL,

the hard spring’®PMrange (Figure 6.21).

cl.max

Increasing the start-up pitch by increasing the spfing’s length

by the same amount, increases
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p [
10 4

0 100 200 300 400 500RPM [rpm]

Figure6.21 Increasing the RPM-range of the hard spring by @&ging its length and.Lnax

* Increasing the length of connectot , increases the maximum negative pitch

(Figure 6.22 (a)). Th&PMIlimit and the start-up pitch also decreases, biltase effects are

not wanted, they can be minimized. By increasihg hard spring’'s stiffnesk, the
RPMIimit is increased. By increasing the short sgisnlength L, ., and decreasing its

stiffnessk,, the start-up pitch is restored (Figure 6.22 (b)).

 —

-10 ; ; ; ; -10 ; ; ; ;
0 100 200 300 400RPM [rpm] o0 100 200 300 40CRPM [rpm]

(a) (b)

Figure6.22  Increasing the maximum negative pitch by increasing

The effect of the external governor moment is ader®d next. By scaling the springs’ stiffness
and the massM, ., is minimized to an acceptable level belowwd@hile the required pitch curve

stays the same. The springs are selected out oht@ogue and manufactured to exact

specification. Spacers are used if the exact ggram not be found.
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The selection of the mass is done last, becaugegition can easily be changed by changing its

size as long as th®l . stays the same. The effect of the track’s madgalier's mass were also

cent

included in the calculation d1 ___ (Figure 6.23 (a)).

cent

After many design iterations the design of the gowe prototype is shown in Figure 6.23. The

manufacturing drawings of the governor prototypegiven in Appendix C.

(a) (b)

Figure6.23  (a) Governor prototype at the start-up position dbilat the compressed position

Note from Figure 6.23 the distandg,, = -54mm is negative becausk, was defined in

Figure 3.11 as the distance of the pitching shiadlva the bottom of the hard spring. The 1 mm

distance between the soft and the hard springiaded inLpo:.

With 6,¢=74°, the pitch curve is shown in Figure 6.24.
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p []

500

RPM [rpm]

Figure6.24  Pitch vs. RPM for the governor prototype

The increased start-up coefficient and moment tesale given in Table 6.2. The start-up

moment is calculated for a cut-in wind speed\f=3m/s. The start-up torque is more than

double for a start-up pitch gh=8.5 .

Table 6.2 Start-up results for the governor prototype

Pitch Q° 8.5°

Co (A=0) 0.007 0.017
Q(A=0, V..=3 m/s) 0.709 Nm 1.613 Nm

The rotational speed characteristics without theegetor are given in Figure 6.25. The governor
limits the rotational speed below 4&PM With the governor disabled ang=0" the limit of

500 rpm is reached &.=6.5 m/s.
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RPM [rpm]
ungoverned -~ g _
500 | M., notincluded
M included

400 £ - - - - ______ 7l =~ ________ load =TT
300 f -
200
100 ;

3 4 5 6 7 8 9

V [n/s]

Figure6.25 RPM vs. wind speed for the governor design witlioeigenerator

The safety factor of the pitching shaftat=9 m/s, 482.4 rpm ang =-5.52 is SF=1.5.

The effect thatM, ., has on the control characteristics is very smadl i@ more than acceptable,

since it lowers the maximum rotational speed. FEdgu26 showsM, ., compared to the governor

momentiMcentaNdMspring M, IS below 1%6 up to 9 m/s.

M [Nm]

50 -

40 |

30 -

20 +

10 +

Figure6.26  Mgaq compared to Mp@and Mgring
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Even though the prototype was not designed withreeator and will not be tested with one, the

simulation results for the prototype with the gexter are given in Figure 6.27.

P [KW]
L ... |

1 4

0.8 -

0.6

o

02—

O T T T T T T T T
3 4 5 6 7 8 9 10 11

RPM [rpm] V [ms]

500 / M., notincluded

400 4~ - - mm e B A T
M _included

load

300

200 f - -

100

3 4 5 6 7 8 9 10 11
V [m/s]

Figure6.27 RPM and power vs. wind speed for the governor pypwith the generator

Either with or without a generator, the governotl Wit the rotational speed. The effect of

M,..q is @ larger because of the higher wind speed® gblvernor’s limit ofp=-6.8°, when all the

springs are compressed to a solid height, is rehel&/,=10.8 m/s. With the generator the

governor will limit the rotational speed with a nmrum loss of power.
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6.5 Summary

The detail design of the governor prototype wasedoihe governor prototype was designed to
achieve the control objectives with the specifiatcol characteristics of Figure 6.18. The effect
of the external moment on the control was minimizé&tie strength design of governor’s pitching

shaft was done.
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Chapter 7 Testing and results

7.1 Introduction

This chapter discusses the initial testing of th@nd-alone governor and its results. The
modification of the governor prototype from thetiali testing results will be discussed. The final

testing of the wind turbine blades with the goverisaliscussed with its results.

A summary of all the tests are given in Table 7.1.

Table7.1 Test summary
Initial testing Final testing
Governed Ungover ned Governed Ungover ned
over -speed over -speed start-up start-up
Establish the Perform comparative tests to see if the | Perform comparative tests to see if the
pitch vs. RPM governor can achieve the control objectivegovernor can achieve the control objective
characteristics and | of over-speed protection. of improved start-up performance.
validate the model.
Establish thdRPM vs. \tharacteristics and
validate the model.

7.2 Initial testing and results
The governor prototype is first tested on a dc-muafithout the blades. This experiment is used to

establish the following:
» Establish the governor’s pitch vs. rotational spelearacteristics
» Compare the results with Figure 6.24 to validateegoor model

Because no blades are connected to the goveltgy, =0. Figure 7.1 shows the experimental

setup of the governor prototype connected to thendior.
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Figure7.1 Initial test setup with the governor prototype lie tstart-up position without blades

The pitch p is a function of the displacemenbf the tip of the governor’s centre shaft to the t
of the bush (Figure 7.2). The displacemeig calculated for the entire pitch range and giwven
Figure 7.3. The pitch can therefore be determimg@nly measuringe and using Figure 7.3 to
interpolate the pitch.

22.5

308.75

Figure7.2 Displacement x to determine the pitch p
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X [mm] 0.12
0.1 4
0.08 -
0.06 -

0.04 -

0.02 -

-8 -6 -4 -2 0 2 4 6 8 pl]

Figure7.3 Calculated displacement x relative to the pitch p

The test is done by increasing the motor’s speeuiall increments while photos are taken from

the side, with a tachometer indicating the speegu(E 7.4).

Figure7.4 Side view of governor at one test rotational speed

The photos are digitized in a CAD application andled to the correct size using the length of

the 135 mm bush to determine the displaceméRigure 7.5).
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Figure7.5 Displacement at 459.8 RPM

Figure 7.6 shows the measured displacemegbmpared to the calculated displacement
relative to theRPM

X [mm] 0.12

0.1 4

0.08 -

calculated

0.06 -

measure( displacement

displacement*s'™ *e
0.04 | .8

0.02 +

0 50 100 150 200 250 300 350 400 450 500
RPM [rpm]

Figure7.6 Measured and calculated displacement x vs. RPM

The pitch is interpolated from the displacemenising Figure 7.3 and the results are shown in
Figure 7.7. The results are compared to the catledl results of the governor prototype in
Figure 6.24.
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p [ .

calculated pitch

interpolated pitc

-4

]
L]

< -
o %

-8 ; ; ; ; ; ; ; ; ;

0 50 100 150 200 250 300 350 400 450 500

RPM [rpm]

Figure7.7 Interpolated and calculated pitch vs. RPM

From Figure 7.6 and Figure 7.7 it can be seenttieat is a very good correlation between the
calculated and measured results. The governootyp® behaves as predicted by the centrifugal

governor model and the model is thus reliable.

One problem that was experienced during the testag that the governor did not return to the
start-up position ofp=8.5°, but jammed ap=2.5°. This was due to the friction between

synchronisation bush and connector as well asrttad stiffness of the small spring (Figure 7.8).

Figure7.8 Friction between synchronisation bush and connector
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To overcome the problem the prototype is modifigdatdding another identical small spring to
the governor (Figure 7.9). Adding the spring resul an initial compression of the springs at the

start-up position. Notice from Figure 7.9 the sodl pressing against the synchronization bush.

L, =88.1

L, =161
L
k =0.41—

mm

Figure7.9 Modified prototype design at the start-up position

Adding the small spring increases the start-uphpibut also slightly increases tR°PM-range

over the speed limit (Figure 7.10 (a)). Adding t28g steel discs to each mass restores the

RPMrange again (Figure 7.10 (b)).
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p [

-10 . . . . . . . . .
0 100 200 300 400 50 100 200 300 400 50!
'RPM [rpm] IRPM [rpm]
€Y (b)
Figure7.10 (a) Adding an additional small spring and (b) adglimass to restore the RPM-range

The new pitch curve compared to the previous oo frigure 6.24 is shown in Figure 7.11.

p [
I T T
rodend pressing against
8 4" sync. bush
6 1 e
modified
design
4 . g
2 o
original ~«_
design
0 ; ;
( 50 100
2 L T
A4 L
B3 \. S
-8
RPM [rpm]
Figure7.11  Calculated pitch vs. RPM for the modified desigmpared to the original design

500
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The start-up coefficient and torque results forrtiadified prototype are given in Table 7.2.

Table 7.2 Calculated start-up results for the modified design

Pitch 0° 9.7°

Cq (A=0) 0.007 0.018
Q(A=0, V..=3 m/s) 0.709 Nm 1.735 Nm

The rotational speed characteristics are comparedose of the original design in Figure 6.25

and are given in Figure 7.12.

RPM [rpm]
(Miag included) ungoverned -~
s
500 Fmmm e e e e e - - — 7/—/————————————?_————_———
rotational speed limit e Ol’lglnal des_lgn— .
400 | ———_ _____ _modified
design
300 A
200 F
100 ; ;
3 4 5 6 7 8 9 10
V [m/s]
Figure7.12 Calculated RPM vs. wind speed for the modifiedgtewithout a generator

As seen from Figure 7.11 and Figure 7.12, the desigdification has little effect on the normal
and over-speed operation of the governor. The faatwring drawings of the modified governor

prototype are given in Appendix C.
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7.3 Over-speed tests

7.3.1 Test setup

To test if the modified prototype can accomplisk ttontrol objective of over-speed protection,
comparative tests are done between the governedragaverned wind turbine system. The tests

are done without a generator and were motivategdation 6.3. The following tests are done:

e Establish the system’s governed and ungovernedtionéd speed vs. wind speed

characteristics.

« Compare the governed test results to the ungovetesdresults to test if the system can

achieve the control objective of over-speed pradect

« Compare the governed and ungoverned test resuttgetoalculated results of Figure 7.12 to

validate the model.

The only variables that have to be measured areotladional speed and the wind speed. The

displacement of governor was not measured sincérgheest validated the governor model.

Figure 7.13 and Figure 7.14 shows the test setup.
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L mm

X

‘N

m..“..\

- »E B

Experimental setup of the governor prototype with AE1KW blades

Figure7.13
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Figure7.14  Experimental setup of the governor prototype with AELKW blades

The governor with the AE1kW blades are mounted 8matower on a free-running shaft. The

v-belt and pulley function as an emergency brakerwthe v-belt is pulled into the pulley’'s
groove with the rope.

To measure the wind speed an anemometer from & Méeather Wizard Il is mounted to the
side of the tower (Davis Instruments 2008). Thational speed is measured by a small dc-motor
modified to function as a tachometer.
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The data is recorded by a Somat eDAQ lite datadog§oMat Corporation 2008). The logger
records the open-close periods of the circuit ef dhemometer and the tachometer, from which

respectively the wind speed and rotational speadeacalculated.

In one complete rotation the anemometer circuinspmce (Figure 7.15). Taking the inverse of
the elapsed time between consecutive closed or ppends gives the frequency. Once the
frequency is known, the wind speed can be calalatd-or a wind speed of 1 mph the
anemometer rotates at 1600 rev/h (Davis Instrun2®@8). A wind speed of 1.006 m/s will thus
cause the anemometer to rotate at 1 Hz. Figufeshaws a calculation example of the frequency

and the wind speed of the anemometer.

759.108 [ | 759.214

758 758.5 759 759.5 760 760.5 761 761.5 762

Hz 12

11 4

10 +

(t..;at") =(759.16 5; 9.43 Hy

=(750.16s; 9.4%)

758 758.5 759 759.5 760 760.5 761 761.5 762
t[s]

Figure7.15 Anemometer frequency and wind speed calculatiompba

The tachometer circuit closes twice in one comptetation. Figure 7.16 shows a calculation

example of the frequency and rotational speedetdbhometer.
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at
759.075’—‘ 759.25¢
1 L
o HSUUUUUUUUUUUUUUUHUUUUUUOUUUUUUUUUUyUUUuuagugul
758 758.5 759 759.5 760 760.5 761 761.5 762
Hz 5.8
5.7
5.6 | \ L
£ (t.. at") =(759.16's; 5.56 Hy
=(759.16 s; 333.33 rp)
5.4
5.3 T T T T T T T
758 758.5 759 759.5 760 760.5 761 761.5 762
t [s]
Figure7.16  Tachometer frequency calculation example

Figure 7.17 shows the wind speed vs. the rotatispakd for the time interval from 758 s to

762 s. The longer the sample time is, the dehsedata will be.

RPM [rpm]
(governed) X
345 - X X XX X X XX X X
X X X X X X XX X
340 & - xXx XX x| xXxXx o x X = x
KX XXX X X
X XX XXXX X X x
335 4 X X X X b3 b3
¢ m
5 (9.494;333.33 rpr)
330 o XXX X - -~ -~ -~ -~ -~ -~ -~ -~ -~ -~ -~ - " -~ -~ -~ -~ - -~ - -~ -~ -~ - -~ - - - - - - - - - - - - - - ==
X X X
K
325
X X X XXX X X X X
320 ; ; ; ; ; ; ;
7.5 8 8.5 9 9.5 10 10.5 11 11.5
V [n/s]
Figure7.17  Wind speed vs. the RPM from data sample
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Because of the inertia of the governor with thedbtaand variability of the wind (Figure 7.18),
the spread of the data is very wide (Figure 7.18ecause of the wide spread of data the

comparison of the ungoverned and governed datidéoover-speed tests will be difficult.

Hz 8
(governed, showing 209of 811s sample)

anemometer

tachometer

Figure7.18 Frequency data sample

RPM [rpm]

360 . PR

(governed, sample time 8%} - .

Pe = 1 3
-2 1
s P E R AS MECIr £ AP b (P o :
12, 1t RFTTE TR TETATEL R TS oL 3 BB W W S0
e e R R
L T R e e R et L.,
A TS T
280 - :
240 *{ . :;.:.'M".' s ‘ .‘ﬁ‘."*":*{’;""’:é;** ***********************************
200 T T T T T T T T
2 3 4 5 6 7 8 9 10 vy [m/s]

Figure7.19 RPM vs. wind speed data sample

For the over-speed tests the modified prototym®idigured to lower its rotational speed limit of
455.7 rpm (Figure 7.12). By removing the smalirgpicompression spacer, the two small springs

compress solid to 29 mm instead of 49.8 mm (Figuze).
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‘compL

=

Figure7.20  Final test configuration of the modified prototygfgowing compression spacer removed

The calculated pitch and rotational speed resuéigaven respectively in Figure 7.21 and Figure

7.22. From Figure 7.22, the rotational speed limitow 386.6 rpm.

P[]

10 -

-10

(Mioag NOtincludeq

| W

400 450 500
modified

50 100 150 200

final test configuration

RPM [rpm]

Figure7.21  Calculated pitch vs. RPM for the final test confafion
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RPM [rpm]

(Mpoag included)

-~
ungoverned,~ ~
— -~
500 -

400 +

final test configuration
300 - e o ...

200 -

100

V [ms]

Figure7.22  Calculated RPM vs. wind speed for the final testfiguration

Note from Figure 7.21 that removing the compressimacer does not influence the start-up pitch
of p=9.7°. Even though the normal configuration of thedified prototype will not be used in the
over-speed tests, using the final test configunatud! still prove whether the design can provide
over-speed protection.

To do the ungoverned tests the governor’s pitcht mamsain ap=0°. This is done by inserting a

184.8 mm spacer instead of the springs (Figure)7.23

184.8
L, =245.2

Figure7.23  Ungoverned configuration with the pitch fixed atQs=
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7.3.2 Over-speed test results
The governed over-speed tests with the final tesfiguration are performed first because the

system might get damaged during over-speedingarutigoverned tests. The tests are performed
over a few days to get high enough wind speedsurdmary of the over-speed tests are given in

Table 7.3.

Table7.3 Over-speed test summary

Test Date Sampletime [s] Vinex [M/S]
27-Sep-08 2478 4.9
28-Sep-08 382 7.1
Governed over-speed 29-Sep-08 1026 11.2
1-Oct-08 1437 10.8
Total: 5323 s
4-Oct-08 779 9.3
Ungoverned over-speedl 7-Oct-08 794 2.7
14-Oct-08 151 8.5
Total: 1724 s

Figure 7.24 shows the governor in the almost cotalyl@egative position gi=-10°.

Figure7.24  Modified prototype running at p=-10°
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Figure 7.25 shows the results for the governed-speed tests. A parabolic fit going through the
origin provides a good fit for the data, with theefficient of determinationR*=0.82
(Vardeman 1994, p.107). The data is compared ¢o dhiculated results of the final test
configuration in Figure 7.22. The error betweea talculated and the fitted results i2@t

10 m/s.

RPM [rpm]

(governed, total sample time 5393
D00 + - - - - -

400 +

300 -

200 A

100 + 4

0 1 2 3 4 5 6 7 8 9 10
V [mis]

Figure7.25 Governed over-speed test results compared to tloelased results

Figure 7.26 shows the results for the ungovernest-speed tests. The spread of the data is very
wide, therefore the linear fit going through thégor with R =0.55 is poor. The data is
compared to the calculated results of the final ¢esfiguration in Figure 7.22. The largest error
between the fitted and calculated results & Hd 7 m/s.
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RPM [rpm]

(ungoverned, total sample time 1794 . o
BOO |-~~~ T A

400 -
300 - B PR Gl R ,,;-,-,.::,2 ,,,,,,,,,,,,,,,,,,,,,,,,,,
200 4 —---—--- crogspadeeiM i

100 +

V [ms]

Figure7.26  Ungoverned over-speed test results compared toaloellated results

From Figure 7.25 and Figure 7.26 is can be sedrtlikamodel provides good results compared
to the test results, although slightly higher. Totr blade model with the centrifugal governor
model can therefore be used to provide practicalltge that can be used for a design.

Figure 7.27 shows the governed and ungovernedsesuhpared to each other.
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RPM [rpm]
_—— -
500 1 -~ Caleulated . ______________________ P -
Test results
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governed
200 -
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0 1 2 3 4 5 6 7 8 9 10
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Figure7.27  Comparison between the governed and ungovernedspesrd results

From Figure 7.27 it can be seen that the final ¢esfiguration of the modified prototype does

limit the rotational speed. The modified prototypith the compression spacer (Figure 7.9) will

also limit the rotational speed, therefore accosmitig the control objective of over-speed

protection. Using a generator with the modifiedtptype will also limit the rotational speed,

although to a slightly different level due to aféient external governor momeht, ;.

74 Start-up tests

741 Test setup

To test if the modified prototype can accomplislke #tontrol objective of improved start-up

performance, comparative tests are done betweemydlierned and ungoverned wind turbine

system. Even though the test setup does not hgeaexator, the comparative tests will still prove

whether the prototype can provide improved starpeiormance. The following tests are done:

Establish the system’s governed and ungovernedwaimi cut-in wind speed.

Compare the governed and ungoverned cut-in winddspeetest if the system can achieve the

control objective of improved start-up performance.
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The start-up tests are done on the same test asttie over-speed tests. The tests are done by
letting the system start from rest in low wind cilodhs. The system is kept at rest with the
emergency brake until the wind is still. The brakéhen released and the rotor will start turning
at the cut-in wind speed, which the logger willoet (Figure 7.28). Because of the large inertia
of the system, the wind speed must increase vexyugily to provide accurate results. The test is
done a few times to find the minimum cut-in winceed. The tests are done with the governed

and ungoverned system and compared to establisie ijovernor lowers the cut-in wind speed.

The start-up torqu€, is not measured.

Hz 4

tachometer

cut-in wind speed

anemometer

X

X

X
A L Nl

X
x x XX
release brake o x 7

0 ‘ ‘ XX ‘ ‘ ‘ ‘ ‘
150 155 160 165 170 175 180 185 190 195 { [s]

Figure7.28  Method for determining the cut-in wind speed

7.4.2 Start-up test results

Figure 7.29 shows the modified prototype in thatatp position where it returns to. The
distance from the tip of the governor’'s centre shafthe top of the bush is 19.6 mm, which
equates to a start-up pitge5°. It must return to a start-up pitgh=9.7°, but is still an

improvement over the original design’s start-uglpiof p=2.5°.
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Figure7.29  Improved start-up position of the modified protayp

The sorted cut-in wind speed results for the gos@rand ungoverned system are shown in
Figure 7.30.

V [m/s] 3
25 f T T FRRREERE
ungoverned. .
2 .
L) * X x X
X
15 +—————— - — — - -®___ -
] X
® « X governed
1.28m/s X
1 e ey
X
X X
X ________J
0-5 T~ §57mis
0

Figure7.30  Cut-in wind speed results

From Figure 7.30, the minimum cut-in wind speedtfer ungoverned systemVs1.28 m/s and
for the governed systeW=0.57 m/s. This is a clear improvement over thgowerned system and
the modified prototype lowers the cut-in wind speed
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The modified prototype therefore accomplishes tbatrol objective of improved start-up
performance. Using a generator with the modifieatqiype will also provide improved start-up

performance.

7.5 Summary

The governor prototype was tested with and withihet AELKW wind turbine blades and the

following results were found:

« The initial tests showed that the stand-alone goreprototype works as designed. The

validity of the centrifugal governor model was pedv

* The problem with the governor not returning to #srt-up position was corrected by

modifying the design and adding an additional spfing.

» The final tests of the modified prototype provedttih can accomplish both control objectives
of improved start-up performance and over-speeteption. The validity of the rotor blade

model was proved.
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Chapter 8 Conclusions and recommendations

8.1 Conclusions

The conclusions of the study are as follows:

* The tests provided validation for the simulationd®is, which consists of the rotor blade
model and a centrifugal governor model. The madel be used to analyse a wind turbine

system with a centrifugal governor.

» If the effect of the external governor moment igliggble, the non-linearity of the sliding
concept ensures that the rotational speed is limite the same level irrespective of the

generator load.

» The stalling or negative pitching that is usednatlthe speed unfortunately causes large loads
on the blades, governor and tower. This may bélenoatic if the concept is applied to a

larger wind turbine system or used in high windesjze

* The final concept that was used in the design caruded on any wind turbine system,

provided the rotor blades and tower are strong gmou

« The governor system can easily be modified by &idigghe masses and the lengths of the

connectors and springs.
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8.2 Recommendations

For future improvements and studies the followiegommendations can be considered:

* The hanger and track designlgf can be improved by using linear monorail bearings.

» The start-up pitch can further be improved by usingear bearing over the synchronization
bush.

» Pitching towards feather or positive pitching canused with the sliding concept to provide
only over-speed protection. This will drasticallgcrease the thrust on the blades and tower.

* It may be possible to develop a governor that psctiom start-up to operation and then back

towards feather for over-speed protection.

Page 99



References

References

Bosman JJ 2003Design report: Design of the AE1kW wind turbine delaAero Energy,

Potchefstroom, South Africa.

Buhl ML Jr 2005, A New Empirical Relationship beeveThrust Coefficient and Induction Factor
for the Turbulent Windmill State, National Renewalilinergy Laboratory, Colorado, viewed 26
September 2007, <http://www.nrel.gov/ docs/fy0986834.pdf>

Burton T, Sharpe D, Jenkins N, Bossanyi E 2001, d\Mtmergy Handbook, J. Wiley & Sons,
England.

Cheney W, Kincaid D 1999, Numerical Mathematics &wamputing, Brooks/Cole Publishing
Company, Pacific Grove USA.

Corbus D, Baring-Gould |, Drouilhet S, Gervorgian¥menez T, Newcomb C, Flowers L 1999,
‘Small Wind Turbine Testing and Applications Devaioent’, presented at Windpower 99,
Burlington, Vermont, June 20-23 1999, National Reat@le Energy Laboratory, Colorado,
viewed 4 May 2007, <http://www.nrel.gov/docs/fy9at2r067.pdf>

Davis Instruments, 2008, Weather Wizard lll, Saan€rsco Bay Area, USA, viewed 24 October

2008, <http://lwww.davisnet.com/weather/productsiivea wiz.asp>
Dorf RC, Bishop R H 2001, Modern Control Systenrgnfice Hall, New Jersey.

Gasch R, Twele J 2005, Wind Power Plants: Fundaateridesign, Construction and Operation,

James & James, London.

Knecht K, 2004, Wind Regimes of Africa, Comparatbirealuation of Wind Data from Selected
Countries, INWEnNt Division, Environment, Energy antter, Berlin, Germany, viewed 21 June
2008, <http://www.afriwea.org/download/R-WindAfrika10404_engl.pdf>

Matweb, 2008, Material Property Data, Automatiore&ions Inc, Blacksburg, Virginia, viewed

26 August 2008, <http://www.matweb.com>

Moriarty PJ, Hansen AC 2005, AeroDyn Theory Mand{ional Renewable Energy Laboratory,
Colorado, viewed 6 November 2006, <http://www.rgeV/docs /fy050sti/36881.pdf>

Page 100



References

Muljadi E, Drouilhet S, Holz R, Gevorgian V, 199Bnalysis of Wind Power for Battery
Charging, National Renewable Energy Laboratory, o@alo, viewed 6 March 2007,
<http://www.nrel.gov/docs/legosti/old/8170.pdf>

Muljadi E, Green J 2002, ‘Cogging Torque Reductiona Permanent Magnet Wind Turbine
Generator’, presented at the 21st American SoanétWechanical Engineers Wind Energy
Symposium, Reno, Nevada, January 14-17 2002, Nsdti®enewable Energy Laboratory,
Colorado, viewed 9 July 2007, <http://www.nrel.giba¢s/fy020sti/30768.pdf>

North-West University School of Physics, Unit fopgge Physics 2006, Neutron Monitor Data,
North-West  University School of Physics, Potchefsin, viewed 9 July 2008,
<http://www.puk.ac.za/physics/data/>

NWUSP - see North-West University School of Phydifst for space physics 2006

SoMat Corporation, 2008, SoMat eDAQ-lite, Urbarnlndis, USA, viewed, 28 October 2008,
<http://www.somat.com/products/somat_edaq_lite.html

Vardeman SB 1994, Statistics for Engineering Pmoblgolving, PWS Publishing Company,

Boston.

Page 101



Appendix A: Calculation examples

Appendix A

Calculation examples

A.1 Blade eement-momentum theory calculation

Ungoverned wind turbine, standard atmospheric condi

tions, steady-state operation at 7 m/s

N D [m] R [m] V. [mis] plkgmd |
3 3.6 1.8 7 1.225 |
RPM Qrad/s] | A(TSR) (3.18) Pitch
274.816 28.779 7.400 0
RPM is solved until AP=0 v [m%s]
0.000
x=r/R a a' W [m/s] (3.1) | @) [rad] (3.2) | B() [rad] | a(x) [rad] (3.3) c(x) [m] Reynolds(x)
0.15 0.311 0.166 10.261 0.489 0.352 0.138 0.256 183,331
0.2 0.312 0.093 12.308 0.402 0.285 0.117 0.272 232,942
0.25 0.354 0.063 14.493 0.317 0.223 0.095 0.285 286,923
0.3 0.386 0.045 16.804 0.259 0.182 0.077 0.292 341,041
0.35 0.403 0.034 19.199 0.219 0.158 0.062 0.296 393,879
0.4 0.416 0.026 21.642 0.190 0.141 0.049 0.297 444,789
0.45 0.423 0.020 24.119 0.168 0.128 0.041 0.293 488,893
0.5 0.425 0.016 26.620 0.152 0.116 0.035 0.283 520,771
0.55 0.426 0.013 29.139 0.138 0.106 0.032 0.270 543,190
0.6 0.429 0.011 31.668 0.127 0.096 0.030 0.257 561,646
0.65 0.431 0.009 34.208 0.117 0.088 0.029 0.244 575,805
0.7 0.429 0.008 36.756 0.109 0.081 0.028 0.231 583,796
0.75 0.427 0.007 39.311 0.102 0.075 0.027 0.217 586,353
0.8 0.431 0.006 41.867 0.095 0.068 0.027 0.203 584,894
0.85 0.441 0.005 44.423 0.088 0.061 0.027 0.190 579,355
0.9 0.461 0.004 46.978 0.080 0.055 0.026 0.176 569,255
0.95 0.509 0.004 49.520 0.069 0.048 0.021 0.163 554,477
1
aand a' are solved until
AdT=0 and AdQ=0 Ruus
0.100
x=r/R CI(x) Cd(x) Ccm(x) dL(x) (3.4) |dbx) (3.5) Fre (3.21) Fuus (3.22) = c; (3.20)
0.15 0.997 0.017 -0.036 16.456 0.285 1.000 0.870 0.870 0.857
0.2 0.892 0.014 -0.038 22.509 0.361 1.000 0.986 0.986 0.858
0.25 0.784 0.012 -0.044 28.709 0.432 1.000 1.000 1.000 0.915
0.3 0.684 0.010 -0.046 34.562 0.481 1.000 1.000 1.000 0.948
0.35 0.601 0.008 -0.049 40.154 0.539 1.000 1.000 1.000 0.962
0.4 0.538 0.007 -0.053 45.796 0.629 1.000 1.000 1.000 0.973
0.45 0.492 0.007 -0.055 51.376 0.761 1.000 1.000 1.000 0.979
0.5 0.462 0.007 -0.056 56.823 0.905 1.000 1.000 1.000 0.981
0.55 0.443 0.007 -0.056 62.263 1.043 1.000 1.000 1.000 0.982
0.6 0.429 0.007 -0.057 67.823 1.175 1.000 1.000 1.000 0.984
0.65 0.419 0.007 -0.057 73.365 1.298 0.999 1.000 0.999 0.986
0.7 0.412 0.007 -0.057 78.647 1.408 0.998 1.000 0.998 0.984
0.75 0.408 0.007 -0.057 83.765 1511 0.995 1.000 0.995 0.983
0.8 0.407 0.007 -0.057 88.848 1.607 0.988 1.000 0.988 0.987
0.85 0.407 0.007 -0.057 93.304 1.694 0.968 1.000 0.968 0.996
0.9 0.401 0.007 -0.057 95.489 1.764 0.920 1.000 0.920 1.014
0.95 0.373 0.007 -0.057 91.166 1.803 0.792 1.000 0.792 1.066
1
x=r/R dT(x) (3.6) AT(X) mom AdT (3.23) dQ(x) (3.8) dQ(X) mom AdQ (3.24) | dT(n.dr (3.12) | dQ().dr (3.13)
0.15 14.660 14.660 0.000 2.020 2.020 0.000 1.598 0.182
0.2 20.855 20.855 0.000 3.052 3.052 0.000 2.172 0.275
0.25 27.411 27.411 0.000 3.846 3.846 0.000 2.743 0.346
0.3 33.534 33.534 0.000 4.526 4.526 0.000 3.278 0.407
0.35 39.309 39.309 0.000 5.175 5.175 0.000 3.798 0.466
0.4 45.090 45.090 0.000 5.784 5.784 0.000 4.314 0.521
0.45 50.778 50.778 0.000 6.358 6.358 0.000 4.819 0.572
0.5 56.308 56.308 0.000 6.921 6.921 0.000 5.315 0.623
0.55 61.812 61.812 0.000 7.471 7.471 0.000 5.816 0.672
0.6 67.428 67.428 0.000 7.989 7.989 0.000 6.320 0.719
0.65 73.017 73.016 0.000 8.494 8.494 0.000 6.811 0.764
0.7 78.334 78.334 0.000 9.012 9.012 0.000 7.282 0.811
0.75 83.482 83.482 0.000 9.500 9.500 0.000 7.744 0.855
0.8 88.598 88.598 0.000 9.863 9.863 0.000 8.176 0.888
0.85 93.091 93.090 0.000 9.990 9.990 0.000 8.479 0.899
0.9 95.322 95.322 0.000 9.583 9.583 0.000 8.388 0.862
0.95 91.071 91.071 0.000 7.733 7.733 0.000 4,098 0.696
1
Tar IN] 3.12) | Quy INM] 3.13) [P kW] (3.14) | Pgen |
273.448 31.675 0.912 0.912
C; (3.16) Cy (3.17) Cp (3.15) AP (3.19)
0.895 0.058 0.426 0.000
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A.2 Two-spring centrifugal governor calculation

Two spring centrifual governor at 50 rpm

RPM Q [rad/s] Lunpers [M] ] Leomer Ky [N/m]
50.000 5.236 0.038 0.000 200
m [kg] Ly [m] Bu Lunperz [M] ] Leompz K [N/m]
15 0.15 0 0.15 0.000 1300
Tore lorr2
0.000 0.000
Ley [m] Lep [m]
0.15 0.15
Lrop Lgor
0 0
B¢ is solved until AM=0
0 [rad]
0.613
8¢y wn [rad] (3.36)
0.003
Z (3.37) Oco e (3.38)
0.000 1.571 0
7 (3.39) Bcon [rad]
0.188 0.677 0.677
6, [rad] 6, [deg]
0.613 35.133

0, [rad] (3.30)

0.613170784
Lsprives [M] (3.31)
0.17264033
Lo [M] (3.33),(3.34) | L, [m] (3.33),(3.34)
0.025 0.148
Fs1 [N] (3.32) Fso [N] (3.32)
2.662 2.662
Feen [N] (3.28) Fspring [N] (3.32)
5.045 5.325
Mcenr [Nm] (3.27) | Mspring [NM] (3.29) AM [Nm] (3.26)
1.306 1.306 0.000
[ Borldegg [ Ppidegi®35) |
| 28.805 [ 6.328
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A.3 Sliding centrifugal governor calculation

Sliding centrifual governor at 400 rpm

RPM Q [rad/s] Lunpers [M] Lcomp Ky [N/m]
400.000 41.888 0
m [kg] Ly [m] O Lunperz [M] Lcomrz K, [N/m]
1 0.25 0 0.2 0.050 4500
Tore Torr2
0 0
Lo [m] Leg [m] Leitmn Ler L wax [M] | Ley o [m] (5.1)
0.04 0.175 0 0.25 0.175
Liop Lgor
0 0
Oc16uess [rad]
1.347
Oy win [rad] (3.36)
1.341
Z (3.37) 0.1 iz (3.38)
0.050 #NUM! 0
Z (3.39) 81 wax [rad]
0.200 1.402 1.402
6, [rad] 6, [deg]
1.347 77.157

0., [rad] (3.30)

0.224
Lsprings [M] (3:31)
0.180
Ls, [m] (3.33),(3.34) | Lg, [m] (3.33),(3.34)
0.000 0.180
Fs [N] (3.32) Fs, [N] (3.32)
0.000 90.256
Feenr [N] (3:28) Fspring [N] (3.32)
97.508 90.256
Mceny [NmM] (3.27) | Mgpring [NM] (3.29) AM [Nm] (3.26)
71.301 71.301 0.000 |
[ Bocldeg) | pldegi335) |
[ 78.463 | -1.307 |
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A.4 External governor moment calculation

Combined concept wind turbine, standard atmospheric conditions, steady-state operation at 7 m/s
N D [m] R [m] Vo [m/s] pka/m’ |
3 3.6 1.8 7 1.225 |
RPM Q [rad/s] A(TSR) (3.18) Pitch
264.525 27.701 7.123 -0.834
x=r/R W [m/s] (3.1) c(x) [m] Cy(X) dM5(x) (3.43) | dMgq(n).dr (3.43)
0.15 10.033 0.256 -0.028 0.114 0.015
0.2 11.968 0.272 -0.035 0.229 0.028
0.25 14.042 0.285 -0.039 0.383 0.045
0.3 16.238 0.292 -0.044 0.610 0.066
0.35 18.532 0.296 -0.047 0.867 0.093
0.4 20.876 0.297 -0.051 1.192 0.122
0.45 23.254 0.293 -0.054 1.529 0.149
0.5 25.656 0.283 -0.055 1.788 0.169
0.55 28.075 0.270 -0.056 1.974 0.185
0.6 30.505 0.257 -0.056 2.127 0.197
0.65 32.946 0.244 -0.057 2.246 0.205
0.7 35.397 0.231 -0.057 2.314 0.209
0.75 37.853 0.217 -0.057 2.337 0.210
0.8 40.312 0.203 -0.057 2.327 0.207
0.85 42.773 0.190 -0.057 2.281 0.202
0.9 45.233 0.176 -0.056 2.199 0.193
0.95 47.683 0.163 -0.056 2.086 0.094
1
Mgs [N.m] (3.44)
2.389
x=r/R dT(x) (3.6) | dT(r).dr (3.40) | dU(x) (3.7) | du(r).dr (3.42)
0.15 14.929 1.643 7.714 0.745
0.2 21575 2.238 8.837 0.795
0.25 28.161 2.818 8.837 0.782
0.3 34.456 3.371 8.544 0.760
0.35 40.460 3.915 8.340 0.742
0.4 46.538 4.462 8.149 0.725
0.45 52.617 5.004 7.956 0.708
0.5 58.581 5.540 7.783 0.693
0.55 64.520 6.080 7.624 0.679
0.6 70.591 6.625 7.458 0.664
0.65 76.642 7.157 7.304 0.652
0.7 82.407 7.669 7.185 0.641
0.75 88.017 8.176 7.067 0.628
0.8 93.668 8.661 6.891 0.607
0.85 98.804 9.028 6.602 0.569
0.9 101.824 9.019 6.039 0.483
0.95 98.595 4.437 4.696 0.211
1
T[N] (3.40) U[N] (3.42)
95.843 11.085
[[am [ bm [ My [Nm 346 |
0055 | 0.021 [ 5.504 |
[ Mo [ka) c [m] d_[m]
5.416 0.01891 0.000 c and d are transformed
Crrans [M] drrans [M] because of the non-zero
0.018908 -2.752E-04 pitch
M. [N.m] (3.46)
-0.022

Mipag [N.m] (3.48)
-3.093
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Appendix A: Calculation examples

A.5 Pitching shaft stress calculation

Stress calculation at point r
Potchefstroom atmospheric conditions, steady-state

,=0.1, out-of-plane forces

operation at 9 m/s

N Roreser [M] D [m] R [m] Vo [m/s] | p [kg/m] |
3 0.1 3.8 1.9 9 1.000 |
RPM Q [rad/s] A(TSR) (3.18) Pitch
500.000 52.360 11.054 -5.500
re [m]
0.1224
X [m]
0.064
Xpew [6-1] X B()pew [rad] C(X)pew [M] | dT(x) (3.6) | dT(r).dr (3.40) | dF(x) (3.40) | dF(r).dr (3.41)
0.195 0.15 0.239 0.403 20.314 2.324 3.303 0.507
0.242 0.2 0.258 0.345 28.610 3.245 7.370 1.015
0.289 0.25 0.274 0.274 39.705 4411 14.000 1.795
0.337 0.3 0.287 0.212 53.150 5.776 23.790 2.894
0.384 0.35 0.293 0.174 68.444 7.253 37.138 4316
0.432 0.4 0.297 0.151 84.252 8.808 53.719 6.073
0.479 0.45 0.296 0.135 101.181 10.478 74.125 8.215
0.526 0.5 0.290 0.122 119.403 12.284 98.818 10.795
0.574 0.55 0.277 0.111 139.211 14.260 128.436 13.882
0.621 0.6 0.263 0.100 160.992 16.424 163.826 17.547
0.668 0.65 0.250 0.091 184.774 18.717 205.579 21.769
0.716 0.7 0.235 0.083 209.278 21.068 252.724 26.499
0.763 0.75 0.221 0.077 234.263 24.401 305.151 33.046
0.811 0.8 0.206 0.070 279.451 29.284 390.561 42.448
0.858 0.85 0.192 0.062 337.044 34.543 503.072 53.319
0.905 0.9 0.178 0.055 390.173 39.337 619.439 64.427
0.953 0.95 0.164 0.048 437.966 20.803 736.922 35.004
1
T [N] (3.40) F[N.m] (3.41)
273.415 343.551
[ ram [ rm ] re [m]
[ 0.036 [ 0100 ] 0.1224
[ RN [ RN ]
| 5463672 | 5737.087 |
E [GPa]
210
D [m]
0.025
A [m?]
4.909E-04
1 [m?]
1.917E-08
The mass of the plates that hold the blade
Meage [KQ] Reent Feent [KN] (3-45) is also included in the calculation of the
5.416 0.737 10.943 centrifugal force.
mPIales [kg] RCENT.PLATES FCENT.PLATES
4.100 0.177 1989.548
Feentrorar [KN] | Ocenr [MPa] |
12.933 26.346 |
[ %M [ Maep INmI] oy [Mpa]
[ 0.100 [ 349675 227.953
Ocorp Mpal | Orerey (Mpa) [ 0y [MPa] | st |
-201.6 2543 | 3700 | 15 |
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Appendix B: Blade Centre of Gravity determination

Appendix B Blade Centre of Gravity deter mination

To determine the AE1 KW blade’s centre of gravityis freely suspended from a point, with a
string also suspended from the point. The striflyimtersect the blade’s centre of gravity. By
suspending the blade from two or more differentitmos and superimposing the photos, the

intersection of the strings will indicate the centif gravity.

FigureB.1 Method used to determine the blade centre of gravit
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Appendix B: Blade Centre of Gravity determination

150

FigureB.2 AE1kW blade centre of gravity
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Appendix C: Detail design drawings

Appendix C  Detail design drawings

The detail design drawings of the prototype, medifprototype and its final test configuration are

given in the following drawings.
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