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Wind turbine control algorithms

Abstract

The objective of DOWEC task 3 of work package 1 has been defin&ddsearch and devel-
opment of wind turbine (power) control algorithms to maximenergy yield and reduction
of turbine fatigue load, and its optimisation for offshofgeaation’. In accordance with the
DOWEC baseline turbine and the related DOWEC turbine allviies were focused on
active pitch to vane, variable speed concept. The resuttisfask contribute to the:

» set-up of a modular control structure based on theoretioalysis and industrial
needs;

* increase of turbine performance (power production, loaduction) by additional
control features and actions.

It can be concluded that the control structure is superiordinary PD feedback control of
the rotor speed. An independent comparison for the DOWHg@eamsing an aerodynamic
code, with a state-of-the-art control structure, has teduh improvements concerning:

» extreme fore-aft tower bending moment (-40%);
« fatigue fore-aft tower bottom bending equivalent momebs%o);
* variations in blade pitch rate (standard dev. -0.65 dg/s);

« tilt moment (-10%).

The mean power production (10min) in above rated wind speegsas
over 99% of its rated value. Opposite to the improvements &s h
brought about larger variations in generator speed (stdnddev. +0.5
rom), increase of yaw moment (12% ) and radial blade forcegd%(1).

The underlying approach of the control structure dividese tmultivariable
wind turbine system into different independent scalar gsiesns by band fil-
tering. As a consequence the resulting setpoints, the pitate and elec-
tric torque, consist of additive contributions of the diffat control actions.

Concerning power control, ordinary rotor speed feedback m@ved to be a robust
core. However, valuable extensions were developed by wieed feed forward con-
trol (pitch control) and optimisation around rated coratiti(electric torque control).

Promising results have been achieved on fore-aft tower gampy pitch control.
Electric torque control has enabled considerable dampiegults of (collective)
drive train resonances and possibilities for badly dampdéwsard tower vibrations.

Keywords: _ _ .
DOWEC, Wind turbine control, Pitch Control, Power ContfGdrque Control, Variable speed
control

2 ECN-C--03-111



Acknowledgment

This report is issued within the framework of the DOWEC pegjesupported by the EET
programme of the Dutch Ministry of Economic Affairs.

Unfortunately, only one author can be the first author of @rgjin this case three would have
been much better.

My colleague, Pieter Schaak, has contributed to a largeneéxtethe results of this report, by
performing the research and development on powerful ogéititin around rated conditions
(subsection 3.4.2), reduction of tower loading (sectidhahd 5.3) and a final simulation case
(chapter 4).

My other colleague, Tim van Engelen, has been involved sglnby drive train damping
(section 5.1), and his contributions on turbine modellingd and wave dynamics (chapter 2)
have been appeared to be indispensible.

As a task leader of DOWEC-WP1-task 3, my contributions werai$sed on reporting, task
management, supporting DOWEC control activities [3] arel development of wind speed
feed forward control (subsection 3.2.5).

Finally, Ben Hendriks is acknowledged for DOWEC project eigement and his kind attitude
towards wind turbine control.

Eric van der Hooft,
Petten, December 18th, 2003

ECN-C--03-111 3



Wind turbine control algorithms

4 ECN-C--03-111



CONTENTS

1 Introduction 7
2 Modelling the DOWEC turbine 9
2.1 Systemdescription . . . .. .. ... 9
2.2 Wind turbine subsystems . . . . .. ... 9
2.2.1 Rotoraerodynamics . . .. .. . . .. ...
2.2.2 Rotating mechanical system . . . . ... ... ... ...... ... 12
2.2.3 TowerdynamiCsS . . . . . . . v i i it e e e e
2.2.4 Electricconversion . . . . . . ... 15
2.25 Pitchactuationsystem . ... ... ... ... .. ......... 16
2.3 Externalphenomena . . . . .. . ... ... 16
2.3.1 Rotoreffective windspeed . . . . .. .. .. ... .. .. .. ... 16
2.3.2 Towertop effective waveforces. . . . . ... ... ... ... ... 18
3 Design of power control algorithm 23
3.1 Powercontrolapproach . . . . . ... ... ... ... ... .. .. .. ... 23
3.2 Pitch control algorithm at full load operation . . . . . . .. ... ...... 25
3.2.1 Rotorspeed feedbackcontrol . . . . .. ... ... ...... ... 25
3.2.2 Dynamic inflow compensation . . . . . ... ... .. ... ... 35
3.2.3 Inactivity zone and limitation . . . .. ... ... ... ... ... 35
3.2.4 Forced rotor speed limitation . . . . . ... ... ... ... . ... 37
3.2.5 Estimated wind speed feedforward . . . .. ... ... ... ... 38
3.3 Pitch control algorithm at partial load operation . . .. ........... 45
3.4 Torque setpointcontrol . . . . . . .. ... ... e 45
3.4.1 Stationary power production curve . 46
3.4.2 Power optimisation around rated wind speed 47
3.4.3 Dynamic rotor speed limitation . . . . ... ... ... ... ... 55
4 Power control simulation results 59
4.1 Simulation conditions . . . . .. ... L . 59
4.1.1 Turbinemodel ... ... ... . .. ...
4.1.2 Externalphenomena . .. ... ... ... .. ... .. . . 0.
4.1.3 Powercontrolalgorithm . . . . ... ... ... ..... . ..... 60
414 Simulationruns . . . . . ...
4.2 Control performance atratedwindspeed . . . .. ... ... ....... 63
4.3 Control performance above rated windspeed . . . . . ... ... .... 64
4.4 Control performance at highwindspeed . . . . ... .............. 65
4.5 Control performance at very high wind speed 66
4.6 \Verification study by aerodynamic code 67
5 Control strategies for load reduction 69
5.1 Drivetrainresonance . . . . . . . . . i e 69
5.1.1 Lineardesignmodel . .. ... ... ... .. .. .. .. ... . ...
5.1.2 Feedbackstructures. . . . . .. .. ... ... ... 71
5.1.3 Timedomainsimulations . . . . . ... ... ... .......... 74
ECN-C--03-111 5

14

69



Wind turbine control algorithms

5.1.4 Evaluation . ... ... ... ... 76

5.2 Improved damping in fore-afterward direction . . . . . .. ... ... ... 76
5.2.1 Dampingapproach . . . ... .. .. .. .. ... .. .. ... 76
5.2.2 Feedbackstructure . . . ... ... . ... ... 7 7

5.2.3 Time domain simulation and evaluation . . ... ............ 80

5.3 Improved damping in sideward direction . . . .. ... ... ........ 82
5.3.1 Dampingapproach . . . .. ... ... ... . ... .. 82
5.3.2 Feedback structure . . . . . .. ... 3 8
5.3.3 Evaluation . ... ... ... 83

6 Conclusions 85

6 ECN-C--03-111



1 INTRODUCTION

The objective of DOWEC task 3 of work package 1 has been definéeksearch and devel-
opment of wind turbine (power) control algorithms to maxmienergy yield and reduction
of turbine load fatigue, and its optimisation for offshongecation’. In accordance with the
DOWEC baseline turbine all activities were focused on th&agpitch to vane, variable speed
concept. The workplan of this task define the following atiég, from which the results will
be decribed in this report:

« Development and evaluation of power control algorithms;

— Active pitch control;
— Torque setpoint control;

« Control strategies to reduce tower and drive train resogan

« Verification of the algorithm with state-of-the-art cawitr

The last item has led to use a typical DOWEC turbine in thisrefor a comparision study by
the DOWEC partner NEG-Micon Holland. Due to the confideitgiadf this study, only general
results related to the DOWEC algorithm will be reported. Tiedelling of this prevailing

turbine concept and external influences is decribed in en&pt

Based on these (quasi) linear models, feedback contraitstas for power control (chapter 3)
and load reduction (chapter 5) are developed. The poweralassults are verified in chapter
4.

As depicted in fig.(1.1), the control structure comprisge control modegbelow and above
rated wind speed) antivo actuation portqpitch rate and electric torque). Although, pitch
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Figure 1.1: Functional control structure

and electric torque control are discussed in separatembssdgsection 3.2+3.3 and section 3.4
respectively), their mutual interaction appears to be groiant issue (subsection 3.4.2).

In the underlying approach of the control structure, thetivariable wind turbine system is

divided into different independent scalar subsystems Iyl fiitering. As a consequence the
resulting setpoints to the actuation systems, pitch ratieetactric torque, consists of additive
contributions of the different control actions (fig.(1.2))

During full load operation, ordinary rotor speed feedbacktol by pitch actuation and con-
stant (rated) power control by electric torque actuatitih remains a robust core of the control

ECN-C--03-111 7
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Figure 1.2: Functional full load control structure

structure. Improvements to power control will be achievg@dditional control features (sub-
section 3.2.1 ... 3.2.4), estimated wind speed feed fonfsrdsection 3.2.5) and power opti-
misation around rated conditions (subsection 3.4.2). #leioto reduce turbine loading, more
high frequentelectric torque variationgan be used to reduce drive train resonances (section
5.1) and sideward tower vibrations (section 5.3), whiteh speed variationsnable additional
damping possibilities concerning fore-aft tower resomansection 5.2).

8 ECN-C--03-111



2 MODELLING THE DOWEC TURBINE

This chapter will characterise and specify a typical DOWHDIihe in general terms (section
2.1) and describe the basis of a suitable turbine model figdeof control algorithms (section
2.2). Models of disturbing phenomena, wind speed and wanee$o (section 2.3) are also
described for the verification of dynamic behaviour by tinoengiin simulations in chapter 4.

2.1 System description

In this section the DOWEC turbine is described in generahserThe DOWEC turbine is a
three bladed variable speed turbine with pitch to vane #otua This concept implies that
electric torque and the pitch angle should set to suitableegain order to control electric
power and rotor speed and to minimise loading.

Table(2.1) summarizes all relevant DOWEC data and corsstdhihot mentioned explicitly,
these values have been used in the next chapters for turlmidelling (section 2.2) and design
of control algorithms (chapter 3). Because of confidenyialtasons only general parameters
and dimensions are listed. In case of other parameters ar daty normalised values or
abstract variables will be used.

2.2 Wind turbine subsystems

In this section a suitable general model for the developratobntrol algorithms of a variable
speed, active pitch to vane turbine (as the DOWEC turbindeitved. Fig.(2.1), shows the
mutual relationships of five physical sub-systems which el discussed separately in more
detail in the next sub-sections:

* rotor aerodynamic conversion (2.2.1);
* rotating mechanical system (2.2.2);

« tower dynamics (2.2.3);

electric conversion system (2.2.4);

* pitch actuation system (2.2.5).

Fig.(2.1) shows two actuation ports (pitch speed and édetctrque) for control purposes, two
external disturbing influences (wind speed and wave foraed)five measurable output ports
(tower top acceleration in fore-aft and sideward directimtor speed, electric power, pitch
angle).

2.2.1 Rotor aerodynamics

In addition the conversion process from wind speed to aeraayc torque and thrust force
(aerodynamic conversion), it is proven that the behaviduhe rotor wake is also of impor-
tance for control design (dynamic inflow).

Aerodynamic conversion The aerodynamic conversion proces of the turbine rotorpsag
imated with quasi stationary non linear equations for agmnachic torque and thrust force

Ta = Cq()‘,e) '%pairﬂ'R% : (Vw - ind)Q (21)
F, = Ci(\0) 1paiymRE - (Vi — dna)? (2.2)

with the tip to wind speed ratio\ :

Q1"'Rb

A= ————
(VW - xnd)

(2.3)

ECN-C--03-111 9
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Table 2.1: DOWEC turbine data and constants used for pitch controlgtesi
General design and operational daia

Descripfion Symbol | Value [ Unit Remarks
Design wind class WTGS |3 - [EC 61400-1
Turbulence intensity Ii5 16 - I[EC 61400-1
Wind shear coefficient Ogh 0.1 - IEC 61400-1
Rated electric power prat 2750 W

Rated wind speed Y Iat 12.3 m/s

Rated rotor speed Qrat 1557 | m/s

Annual wind speed Vanmal | g 5 m/s | athub height
Cut in wind speed va 4 m/s

Cut out wind speed Ve 25 m/s 10 min. average
Gravity constant g 9.83 m/s?

Air density Dair 1.225 | kg/m?

Steel density Psteel 8e3 kg/m3

Steel elasticity modulus Eteel 210e9 | N/m?

Rotor data

Number of blades B 3 -

Rotor radius Ry 46 m tip to center
Rotor inertia Jy 12.6e6 | kgm?

Rotor tilt angle Ottt 5 °

Rotor cone angle Qlcone 0 °

Power coefficient curves Cp(A,0) | fig.(2.2) | -
Thrust coefficient curves Cy(\,0) | fig.(2.2) | -
Shatft efficiency TNsh 0.97n | - bearing effcy
Generator and nacelle data

Generator inertia Jgs 239 kgm?
Synchrounous speed Qg“ 14.155 | rpm slow shaft eq
Maximum generator speed | 2;'** 18.402 | rpm

Minimum generator speed | Q™" 9.909 | rpm

Total nacelle weight Mpac 1.2e5 kg incl rotor
Transmission data

Gearbox ratio Tgh 70.65 -

Collective res frequency wd 2.3 Hz Phatas
Tower data

Hub height A 94 m

Tower top diameter di@p 2.52 m

Tower base diameter dpase 4.2 m

Tower resonance frequency fot 0.35 Hz

Pitch control data

Cycle time T. 0.1 S

Pitching speed at start-up | 65" 0.5 °/s

Max. pitch speed full gl 4.0 °/s

Max. pitch speed emergengyf™e 10.0 °/s

Maximum pitch angle Ot 90 °

Minimum pitch angle [ -2.5 ©

In eq.(2.1) the reference of the tower top displacementdspgg , is related to the mean wind

speed)/, in longitudinal sense.
The torque coefficient’; can be derived from the power coefficigrit by

Cq(X,0) = Cp(N, 0)/A. (2.4)

Both C}, , C;y andC,, are dependent of the tip to wind speed ratiand the pitch anglé . For
the DOWEC rotor, the power and thrust coefficient charastied are shown in fig.(2.2).

10 ECN-C--03-111



2 MODELLING THE DOWEC TURBINE
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Figure 2.1: Sub-systems of wind turbine model

Dynamic inflow To deal with dynamic wake effects the quasi stationary aggroas de-
scribed before has to be extended. Due to wake effects oafdiminflow effects’, each
variation in the pitch anglé , the rotor speedl, or the wind speed,, will temporarily cause
different aerodynamic torqué&, and thrust force values, , than those calculated from the
power- and thrust coefficients, , C; in eq.(2.1) and (2.2).

The physical background of this phenomenon is found in thesexvative nature of the rotor
wake. The axial induction speed along the rotor radius immaésponsible for the behaviour
to maintain the current wake state. Therefore, each vaniati the pitch angle, the rotor speed
or the wind speed will result in a dynamic transition from tld ‘frozen wake state’ to its
equilibrium wake state [7].

Based on the ‘ECN cylindrical wake model’ as presented ingajnearised correction prin-
ciple has been derived in [8] to correct the stationary paavet the thrust coefficients curves
for dynamic inflow effects. This correction consists of a stled ‘lead-lag’ filter which af-

fects the actual pitch angfesuch, that the ‘lead-lag filtered value of the pitch angleises
an approximately similar effect on both the aerodynamiquerand the axial force as should
be achieved if momentum wake effects were calculated by aramentum theory. Therefore,
eq.(2.1) and (2.2) are modified as shown in eq.(2.5) and,(2.6)

T, = Cq()‘a 0’?‘2) '%pairﬂR% : (VW - i’nd)z (2.5)
Fa = Ct()‘v 65;) '%pairﬂR% ' (VW - -%.'nd)2 (26)

in which 02) anddg’ are respectively the lead-lag filtered values of the pitagieafor aero-

dynamic torque and axial force. The lead-lag filter dynanaies described by eq.(2.7) and
(2.8).

TRl 4Rl = DL G40 (2.7)

'Only dynamic effects caused by the variations of the pitaji@are taken into account, it can be proven that
effects due to rotor speed and wind speed variations argjitgglwith respect to pitch angle variations

ECN-C--03-111 11
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Figure 2.2: Power- en thrust coefficient curves of the DOWEC turbine

T 0RO = Tk, 0+ (2.8)

The non linear behaviour of the dynamic inflow effects arerporated by scheduling of the
time constants;' , 73", andry’;, to the ‘rotor uniform wind speed’ (see 2.3.1). The lagging
time constantr.)" , is equal for both the aerodynamic torque and the axial féitting.
Fig.(2.3) shows that the value of these time constants arsigerable in the low wind speed
region.

The initial gain for stepwise pitch angle variations vadesweenr,",. /7" ~ 1.1 ... 1.6 for
the aerodynamic torque and betweegfy, /7,.' ~ 1.1 ... 1.3. for the axial force. Especially, in
the low speed region the dynamic inflow effect is consideratblis is shown in fig.(2.4)

2.2.2 Rotating mechanical system

The turbine rotor will accelerate or decelerate if there'difference between aerodynamic
torque,T, and electric torquel, . The rotor is assumed to be stiff connected to the low-speed
main shaft, which is elastically coupled via the gearboxwlite high-speed generator-side.

In [8] the mechanical equations of this rotating system vdescribed by a second order equa-
tion for shaft torsion and a first order equation for rotoreshesq.(2.10)

e - Jy

-Te (2.9
ys (2.9)

J, J,
(Ben) = —cqd-Yeh —kq A + —2— - (Ty, — T}) + ———
(Ysh) €d - Ysh d’Yh+Jr+Jg ( 1)-1-(]1"%_!]g

12 ECN-C--03-111



2 MODELLING THE DOWEC TURBINE

Dynamic inflow time constants; Vw dependancy [12.3 m/s — 26.9 m/s]
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Figure 2.4: Dynamic inflow effect on aerodynamic torque (solid line) émdst force (dashed
line) on 0.1Hz unity step shaped pitch angle excitation ativgpeeds of 12.3 m/s (upper left),
14.3 m/s (upper right), 18.3 m/s (lower left) and 25 m/s (lokght)

Jg Qg = cq-Yeh + ka s — Te, (2.10)

where~q, , Y%n » Jsn are shaft torsion angle, -speed, -acceleration respgctiidie torsion
angle is defined ass, = [(2, — Q,)dt. The moments of inertid, and J, are related to
the slow shaft side. Aerodynamic losses consist of a cohptath ('Coulomb friction') and a
speed dependent part (rotation losses"):

T =Ce+ CQr -y (211)
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For the DOWEC turbine, only the rotation losses were deteethiCn, = 32 kNm/(rad/s) by
using the overall efficiency at rated conditions.

The resonance frequency and the damping rat, of the drive train are linked to the torsion
stiffnesscq and the damping constakj as given in eq.(2.12) and 2.13:

d _ Gd

v Wr-zfg/urwg) (212)

Ba = fa (2.13)
2¢%-L-%Aﬁwu%)

The stiffness and damping parametgiandky can be chosen such that they represent the first
coupled drive-train / collective lead-lag blade vibratimode. This coupled mode appears to
dominate the inplane vibration behaviour (subsectionl}.1.

Because the generator stator and the gearbox-housingsamaed to be rigid connected to the
nacelle frame, there will be a reaction torque. Based onarwation of energy just before the
rotor-side gearbox through the generator, in [8] it was\vaetithat:

igh + 1

Zgb
All quantities in eq.(2.14) are slow-scale related. Therlg@aratio is introduced by, . The
minus-sign shall be used if both shafts are designed toerotahe same direction.

If a stiff coupling is assumed between rotor and generaten £, = 2, and the mechanical
equation of the drive system can be simplified considerab(gq.(2.15))

Toac = Ty Qe + T (2.14)

Jo- QG =Ta—Ti — T, (2.15)
in which J; is defined as total ‘slow speed shaft equivalent’ inertia:
Jo = Je + iy, - Jg; (2.16)

2.2.3 Tower dynamics

For controller design purposes, it was considered to usaplified axisymmetric tower model
[8]. Tower top equivalent displacements of only the firstdieg mode, in both the fore-aft di-
rection ('nodding’) and the sideward direction ('nayingje modelled by two equal common
mass-spring-damper systems. As a consequence, the tqweatation, the torsion deforma-
tion, the yawing effects and higher bending modes are neglecAdditionally, tilt related
influences are ignored.

The first bending mode of both naying and nodding is modeliethb differential equations
of a common mass-spring system (eq.(2.17), (2.18)):

myg - jnd + kt . ind + Ct - Tpnd — Frtlgpeq (217)
my - jny + k‘t . x.ny + ¢ - LTny = F;i;peq (218)

In fore-aft sense, tower top displacement position, speeidaaceleration are defined ag; ,
Tnq andi,q respectively. In the same way, in sideward sense,@s &y Zny -

The tower top effective massy; , is determined by the sum of tower top mass (nacelle mass
including rotor) and a top equivalent tower mass (tower messh is assumed to be virtual
concentrated at the tower top). For the DOWEC turbine theetpvalent tower mass was
determined to 144.9 tons, therefong, equals 264.7 tons. The structural dampihgand
spring stiffness:; are determined by eq.(2.19) as 5.8 kN/(m/s) and 1280 kN/pecsely,

using the tower resonance frequengyand a modified damping ratfoof 0.005

(w8)2 =c/my & = (w8)2 cMy
251;/‘*}6 =ki/ey & ki =20 - W8 RUE (2.19)

2normally, a damping ratio3;, of 0.009 is assumed for a free vibrating steel structurefdking a top mass
(nacelle, rotor) into account this will reduce both the restce frequency and damping with a factor 25-50%
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2 MODELLING THE DOWEC TURBINE

tOoPeq

The nodding excitation force;, ;™ , eq.(2.17), consists of tower top equivalent components
caused by the turbine thrust forég , eq.(2.2), and the external (hydrodynamic) fore-aft ferce
ngd . From bending theory of slender beams [8] , it has been d&thvat the exitation force

components of '™ appear as given in eq.(2.20)

topeq hyd
Fnd - Fa + Fnd

N, wave 3

) d_

= Fati Y ( sz)Q'Ffid’k (2.20)
k=1 t

The variables! and z, are related to the tower part below the water surface andatkfia the
waterdepth and the distance to the water surface at elemesgpectively (see 2.3.2).

OPeq

The naying excitation force},«}'iy ,eq.(2.18), consists of a nacelle force caused by the drive
train reaction torque on the tow&fo:=*and the external sideward (hydrodynamic) forE§§d

From bending theory of slender beams [8] , it has been ditiat the exitation force
components of 7y *¢ appear as given in eq.(2.21)

top. _ top hyd
Fny “= anauceq +Fny

Nt,wave

3

d— 2z 2

Thac k hyd,k

7 +3 E (Tt> -Fn}?’ (2.21)
k=1

Nl

The definitions ofd and z, are equal as in eq.(2.20J,.. is the reaction torque of the drive
train as given in eq.(2.14)

Rotation effects in sideward direction will disturb the @sared) rotor speed. A rough (linear)
approximation of this rotation angle is given in eq.(2.22).

2 Tny

bny = Z: (2.22)

Both in eq.(2.20) and eq.(2.21), simple addition is alloweecause the tower is assumed to
have a cilindrical shape and the angle of attack of the wavassumed to be in line with the
axial force.

2.2.4 Electric conversion

The electric conversion part of the DOWEC turbine consi$ts wltage source back-to-back

converter, which controls the rotor voltages of a doubly &sgnchronous generator using a
dedicated 'field oriented control’ algorithm. The statortioé generator is directly connected
to the grid. This topology is able to realise cost-effectragiable speed control for a limited

speed range (+/- 30%), determined by the capacity of theteweHigh speed switching power

electronics are able to set electric generator torque dlmsgntaneously with respect to the
mechanical dynamics. For the proposed control design pegymnly the generator side in-
verter of the converter is relevant and dynamic behavioovealb-10Hz (suppression of shaft
torsion resonance 2-3Hz) are neglected. Therefore, a el §econd order torque-servo ap-
proach as given in eq.(2.23), represents the overall dynbethiaviour from setpoint to actual

torque, sufficiently.

QLT S & N (2.23)
(w) wo
The used bandwidth amounted to 6HZ; (= + 38 rad/s), which is quite conservative, the

damping ratej, was set to 0.7 which implicates a just critical damped syst&te electric
torque servo controlequuipment will certainly be capabladhieve these requirements.

Further simplification can be achieved by ignoring seconttiodynamics and take only a first
order dynamics into consideration:

e

Ty =7y, - To + To (2.24)
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A conservative value for the time constant will be 0.1s.

Basically the electric torque setpoint consists of theiatary relation for power produc-
tion (subsection 3.4.1). Sideward tower movements (‘rgiyiwill slightly affect the electric
torque. Additional (dynamic) torque setpoint componéfits,,; can be added to achieve im-

proved turbine control (subsection 3.4.2 and 3.4.3) or ¢tido of resonances (section 5.1,
section 5.3).

* * x *
Te = Te (Ql" - Zity) + Te,ctrl (225)

2.2.5 Pitch actuation system

The calculated pitch speed setpoint of the control algarithill be applied to the blades by
pitch actuation. For the DOWEC turbine, three independebhstmultaneous acting electric
pitch actuators will change the pitch angle of the blade$ eaatrol step.

The speed control equipment of the electric drive systenallysacts as a servo system with
respect to its commanded (pitch)speed, by separation dfdiel torque control. The dynamics
of electric components are usually small with respect tortteehanical loading behaviour.
The pitch motor load is determined by the pitch system iaaatid a (disturbing) torque due
to friction of the blade bearing. This friction consists ocd@nponent which is proportional to
the pitch speed and a constant component (Coulomb frigtighich changes of sign at pitch
gpeed reversal. Bending of the blades are mainly resperfsibthe friction behaviour of pitch
earings.

In [8] it has been proved that a delayed second order systerthétpitch actuator dynamics
sufficiently for control analysis purposes and that the G friction behaviour can be mod-
elled by adding additional actuation delay in case of pifpbesl reversal (in Laplace domain):

O(s) = Hpy(s)-0%(s)

e_ (Tcgl)tv +T£tx) .8

( P}t)z - 52 + 2(;}%? -5+ 1)

(‘Uo 0

Hy (s) 0% (s), (2.26)

in which 79 is defined as the conditional delay time to overcome Coularictidn. 75,

wgt , Bpt » are equivalent system parameters which represent thalbpéch actuation delay
during normal operation: pitch delay time, pitch systenmenifrequency, damping rate.

Usual values foff " , wh" and 3, are respectively: 1-3 ms, 80-100 rad/s and 0.3-0.5. The
representive delay for Coulomb friction is relative large100 ms. This means well damped
dynamic behaviour with a bandwidth of approximately 10-15add a dominating conditional
delay.

2.3 External phenomena

As mentioned before in fig.(2.1), two external disturbinfiliances are relevant for an offshore
turbine: wind speed and wave forces. Both comprises stticha®perties. In subsection

2.3.1, wind speed will be modelled ‘rotor wide’; on the onenthaside as a driving quantity

(to produce power from aerodynamic torque) and on the othied side as a disturbing quan-
tity (fluctuations by turbulences). In subsection 2.3.2yevBorces will be modelled as force

effective wave accellerations, which excite the towert(ofting quantity).

2.3.1 Rotor effective windspeed

To verify the performance of a control algorithm by time damsimulations, a representative
wind speed signal is necessary. Therefore, ‘rotor effectiind speed’ is defined as [8]:

‘a single point wind speed signal which will cause wind taqariations through rotor power
and thrust coefficients, that will be stochastically eql@aato those calculated with blade
element momentum theory in a turbulent wind field’.
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2 MODELLING THE DOWEC TURBINE

The stochastic wind speed signal is derived from the autep@pectrum of the longitudinal
wind speed variations and lateral coherence in the rotoreplaccording to IEC class IIB with
turbulence intensity 16% [1]. The rotor effective wind speegnal has been normalised by the
mean value of wind speed and comprises:

» tower shadow influences;
* wind shear variations;
» Op mode of the turbulent windfield;

» 3p- and 6p effects of the rotationally sampled wind field.
Fig.(2.5) shows these components in detail during 20 secohdthe upper plot of fig.(2.5),

wind speed variations at 1.63 r/s (15.6rpm) rotor speed and 12.3 m/s mean wind
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Figure 2.5: Details of contributions to rotor effective windspeed; &vand shear, rotational
sampling, Op mode

tower shadow influences are clearly visible as 3p periodicathes. Wind shear is nearly
negligible. The middle plot shows the 3p and 6p rotationaldiield sampling effects of the
blades. Because these effects considerably affect theaoteleration, incorporating them is
significant to verify filtering performance during rotor gplecontrol. The lower plot shows
‘low frequent’ wind speed variations (0p) determined by skachastic properties of wind and
turbulence intensity.

For simulation purposes the actual wind speed is deternfioed a prior calculated wind file
comprising normalised periodic and turbulent componeatsattual rotor azimuth¥, and

desired mean wind speet,, .

U= [fO.-dt
V= Ve [+ og (U] + (2.27)
V- [T+ ow ()] - 0o (U,mod2r) + v8 (¥, mod27)]

In eq.(2.27), both tower shadow and wind shear variatioespariodic effects in the range
[0, 2] of the rotor azimuth, and scalable with ‘rotor uniform wipd” i Turbulence is
approximately proportional with mean wind speé€, . In eq.(2.27), the component§™ ,

t . L. . .
vy P oV andvSht are normalised variations with respect to the mean windbpee.
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Finally, fig.(2.6) shows simulation time series of the rataiform wind speed and rotor effec-
tive wind speed, respectively.

Absolute wind speed time series at 15.6 rpm rotor speed and mean value 12.3 m/s
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Figure 2.6: Time series of uniform wind speed and rotor effective wirekdsignals

2.3.2 Towertop effective wave forces

The stochastic properties of linear waves are describegégtml density functions like the
one of Pierson-Moskowitz. Specifically, the model for winddine simulation should describe
the impacts on the tower base structure and its foundatiblesd wave disturbances (diffrac-
tion) are described by the MacCamy Fuchs correction. Modedf waves has been restricted
by taking the following assumptions into account:

* the considered waves pertain to a specific mean wind spéeel, va
« the propagation of the waves are horizontal and uni-doeat;

* ‘low waves’, which means that the wave heights are smal wétspect to their length
and depth;

Below the modelling approach of wave impact on the turbimeetads discussed shortly, more
detailed analysis can be found in [8] and fundamental thaofi0].

Horizontal wave velocity and acceleration: In case of ‘low waves’ it is allowed to use
theory for linear waves (Airy’s theory), which describeotimportant issues:

1. both the water velocityw and acceleration, for any arbitrary distance to the surface
of the waterz, is fully determined by surface raisings (elevatighyia a scaling factor,
which depends on the distance to the surface, the wave lergytid the wave frequency
w,

2. the so called relation of dispersion, which unambigipledtablishes the relationship
between wave length, water deptland wave frequency

2 2md
W= % . tanh (%) . (2.28)
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2 MODELLING THE DOWEC TURBINE

It appears, that high frequent waves have the strongesttetielow the surface of the water.
The stochastic properties of waves are usually describatebPierson-Moskowitz spectrum
for wave elevation. This single sided spectrum incorparakependency on the (mean) wind
speed, which has a direct relationship to the significanteviaighti/; by means of the gravi-
tationg

1-1073 - g2
Gp(w) = w e B/t (2.29)
w
in which the constant B has been defined as:
4311
B=074- <Vi) == (2.30)

A time domain realisation of this spectrum results in a sevfereal harmonic elevation compo-
nents with random phase angles, as a consequence of itasticamature. Based on the linear
wave theory, it is now possible to derive elevation depenhéepressions for water velocity
w and accellerationy (eq.(2.31)), by means of (real) harmonic time series anghéntaining
spectral functions (APSD). The wave speed and accelersgiectra depends as follows on the
elevation spectrum:

5 cosh(%\—’;-(d—z)) ?
Gywy(w) =uwi | —F—=| Gylw)

sinh(i—’;-d)
2
Gyiy(w)) =wi - (M) - Gp(w) (2.31)

sinh(i—qd)
wherez is the distance to surface.

Fig.(2.7) shows spectral realisations of eq.(2.31) foravaslocity at different heights above
the soil and a waterdepth of 20m in case of two different wimeksls: 12 m/s and 20 m/s.

Afstand tot grond: 58% 67% 76% 85% 94% van waterdiepte van 20.0 m
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Figure 2.7: Single sided spectrum for the amplitude of horizontal waalecity of Pierson-
Moskowitz spectrum for mean wind speeds of 12 m/s (soliddiden wave height) and 16 m/s
(dotted line, 5.4m wave height), different distances tovtheer surface (1,3,5,7 and 9m) and
a total depth of 20m
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Force effective wave acceleration: The waves as described in eq.(2.31) will collide with
the tower (diffraction). Concerning the ‘wave velocity whideals with friction forces’, it is
allowed to use the spectrum of eq.(2.31) without modificeticAlthough, for ‘wave velocity
which deals with mass forces’, the tower will disturb the wacceleration. The amount of
disturbance is mainly determined by the relationship betwtwer diametetl; and wave

length and thus, via eq.(2.28), by the wave frequency.

In eq.(2.31), diffraction effects can be taken into accdynineans of the frequency dependent
mass coefficient§,,, (w)), which results in a power spectrum eq.(2.32)ffoce effective wave

accelerationg©f. ,
GV'VeH(Z) (u)]) = Cm(u)) : GW(Z) (wl) (2.32)

For this correction, the non linear relation of MacCamy Fublas been used. This correc-
tion gives for waves larger than 10 times the tower diameteraas coeffient of 2, while it
decreases to 0.4 at wave lengths equal to the tower dianfégtercorrected spectral function
for acceleration (force effective wave acceleration) isvawith respect to the ‘not disturbed’
spectrum in fig.(2.8). Finally, time domain realisations florce effective wave velocity and
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Figure 2.8: Single sided spectrum of the amplitude of ‘not disturbedité¢dip and corrected for
diffraction (solid), wind speed of 12 m/s, 3.1m wave hejgtifferent distances to the water
surface (1,3,5,7 and 9m) and a total depth of 20m

acceleration are shown in fig.(2.9) for a wind speed of 12 mdsfize different distances to the
water surface.
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Afstand tot grond: 58% 67% 76% 85% 94% van waterdiepte van 20.0 m
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Figure 2.9: Time domain realisations for wave velocity (upper plot) dagte effective ac-

celeration (lower plot) for a wind speed of 12 m/s and fiveedifiit distances to the water
surface
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3 DESIGN OF POWER CONTROL ALGORITHM

In this chapter the design of a power control algorithm isased for the DOWEC turbine as
specified in the previous chapter. Power will be controllggitch angle control and generator
torgue control and operation can be separated in below (g#atial load) and above rated

(full' load control) operation. The power control approack @ertaining control principles are

discussed in section 3.1, while control algorithms areudised in three sections: Pitch control
algorithm at full load operation (section 3.2), Pitch cohalgorithm at partial load operation

(section 3.3) and Torque setpoint control (section 3.4).

3.1 Power control approach

In this chapter dunctionaldescription of the DOWEC power control approach is givenwé&o
control is achieved by both pitch control and electric t@ragontrol, both below rated wind
speed and above rated wind speed conditions. Fig.(3.1)ssadunctional overview of turbine
power control. Principles of the ‘shaded’ blocks are disedsshortly in this section, In the
next sections design features and more detail will be diszlis

Wind speed
Pitch angle

i i art
3 Partial load | &
| plagealiy | 6 Electric power
i 3 Pitch speed
| | setpoint
| Fullload | ! ¢! Operation Wind
I pitch control transition turbine
| ‘ control
. - Te*

Torque Te Electric torque

control setpoint

Rotor speed

Figure 3.1: Functional overview of turbine power control

Control objectives:  Due to its variable speed, active pitch to vane concept, tD8VEC
turbine is able to operate below rated wind speed at belowd nattor speed values, obviously
producing less than rated electric power. In the below raggibn the pitch position of the
rotor blades has to be set optimal for power production, emttor speed is varying freely.

During full load operation the pitch control objective idided as:

‘Rotor speed regulation at rated rotor speed and yield oédapower, by controlling the blade

pitch angle in such a manner, that the lift coefficient lowsysiecreasing the angle of attack
and oppositely (‘pitch to vane control))’

While the electric torque control objective is defined as:

‘Production of constant rated electric power and optimiseigraction in relation to pitch
control’,
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Pitch and torque control below rated conditions: To ensure as much as possible energy
yield, during partial load the electric torque setpointes such that the tip speed ratiy,, is
maintained at its optimal valug,,, .

PP = O max (0, Aopt) 2 painTRE - (Viy)3 (3.1)
with the optimal tip speed ratio\ :

Aopt = Ale, (3.2)

:Cp,max

The pitch angle is set to an optimal pitch andlg; where maximal lift is found. Design of
partial load pitch control will be subject of section 3.3.

Pitch and torque control above rated conditions: From rated speed through maximum
(generator)speed, rated power production is aimed by n@qih regulated rotor speed and
following the constant power curve by generator controle Variable speed, active ‘pitch to
vane’ concept gives advantageous properties, like welivknaerodynamic behaviour due to
small angle of attack and good power quality due to allowedrrspeed fluctuation.

Fig.(3.2) shows a cross section of a rotor blade element &tander from the rotor cen-
ter and seen from tip to root for a clockwise rotor rotatiorn dgive sense a typical aerofoil
characteristic is also shown.

chord

Typical aerofoil
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= __
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b ~ /T~
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Figure 3.2: Cross section of a rotor blade as seen from tip to root andlalgse rotor rotation
in normal position

The inflow angle,¢, is equal to the sum of the pitch angk, and the angle of attacky
and separated by the chord line of the blade section (choedill differ for other blade
sections). The effective windspedd;, is constructed from the undisturbed wind speiég;,
and wind speed due to rotatiof, - r (botha anda’ reflect induction effects). A decomposition

of the force contribution of the blade sectiaf¥’, which has been constructed from the lift
contribution,§ L, and drag contributiony.D, results in a thrust force component;,, and a

torque component Fy,.

Despite of the simplicity of the model and neglecting indrctvariation in fig.(3.3) it is clear
that rotor speed increase can be avoided by enlarging tble gitgle (‘pitch to vane’)d, at
high wind speed level.

Due to reduction of the the lift coefficiedt;, the torque componeniF; is kept at equal level
as shown in fig.(3.2). In both cases the angle of attacks small and stall effects will be
avoided.

Design of an algorithm to control rotor speed and to optimiaeer production using the active
‘pitch to vane’ principle, will be subject of section 3.2
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chord

Qr(1+a),

Figure 3.3: Cross section of a rotor blade as seen from tip to root andlaldse rotor rotation
in feathered position

Operation transition control:  Smooth transition control between full load operation and
partial load operation is necessary to cover the whole dperaange of the turbine. Obvi-
ously, transition will take place around rated conditioAswind turbine will be designed for
rated wind conditions, therefore most of the time (more th@%b of the production time) it is
operating around rated speed. A smooth transition meamamigich deals with the interac-
tion between pitch and generator control will be very imanttto achieve energy yield design
targets. Generator torque control and its interaction pitith control will be subject of section
3.4.

3.2 Pitch control algorithm at full load operation

As mentioned in subsection 3.1, during full load operatioa éxcess of aerodynamic power
is reduced by pitching the rotor blades simultaneously athering direction. The ‘constant
power’ control of the generator and the rotor inertia (fly efevill then establish good power
quality. For this reason aerodynamic torque variations re#ult in rotor speed variations.
The amount of rotor speed variation above its rated valumdintain rated power, is restricted
both by the maximum speed of the generator and perhaps byvtlee ¢igen frequency to avoid
tower resonance. In fig.(3.4) the (functional) overall stuwe of the proposed pitch controller
at full load operation is shown. All ‘shaded’ blocks will besdussed in the next subsections.

3.2.1 Rotor speed feedback control

The ‘core’ of the full load pitch controller is based on a Bimgotor speed and -acceleration
feed back structure for the wind turbine operating area. Mbasured rotor speed is filtered
accurately and the rotor acceleration is calculated nuraldyi To cope with non linear turbine
behaviour caused by aerodynamics, the controller gains lbeen scheduled dependent on the
pitch angle. Rotor speed setpoint adaptation is a poggihdiutilise the allowed rotor speed
fluctuation for maintaining rated power at sudden negativelwgusts (kinetic energy storage
in rotor inertia).

Linearised transfer model: A linear transfer model as depicted in fig.(3.5) in Laplace do
main (s is defined as Laplace operator) between pitching speed amdspeed has been de-
rived by linearising the non linear aerodynamic rotor emunst eq.(2.1) and (2.2) around a
certain operation point determined 8y<, , V;, andz,q .

0X = Z%—);-éy:Z(X);ﬁy (3.3)

Yy Yy vy
with X e{T,, F,} and ye{6, Q;, Vi, Znq }
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Figure 3.4: functional overall structure of the proposed pitch corlolat full load operation

Each partial derivative can be interpreted as ‘the seitgitof X for small variations of; in a
specific operation point defined By, Q, , V,, andi,q .
The fore-aft tower bending is incorporated in conformityhweq.(2.17), while nodding speed

variationsz,q are assumed opposite to wind speed variations.
/

Aerodynamic torque fluctuatiori, are then caused hyirect effects(through(T.), , (7).
and(T,)y. ) andindirect effect‘through (F,); , (Fa)q, » (Fu)y., and tower dynamics’), due
to fluctuations of , Q. andV, .

Wind speed disturbancesV, will affect rotor speed, which has to be cancelled by actuati
of the pitch anglé (this section) and the electric torque setpdiit(section 3.4).

Rotor speed filtering: The quality of the measured rotor speed is crucial for ropmesl
feed back control. The following turbine effects are dibing the rotor speed and should be
suppressed sufficiently by means of digital filtering:

» 3p effects (see 2.3.1);

— tower shadow;
— 3p and 6p rotational sampling effects;

« collective lead-lag bending effects of the blades;

» sideward tower motion.

Because rotor acceleration is numerical calculated usiadpackward difference approach, all
disturbances above the pitch control bandwidth have to thecesl to avoid amplification by
the controller (differential) gain. If no filtering shouleéapplied, then from eq.(3.4) it follows
that typical 3p wind speed fluctuations of 0.8 m/s (fig.(2.8)uld cause (undesired) pitching

speed amplitude fluctuations of order 0/4 (using typical vaIues(Ta)’Vw ~ 370kNm/(m/s),

26 ECN-C--03-111



3 DESIGN OF POWER CONTROL ALGORITHM

O
G
/'
[ [ \\\\\,
e I o
2 i =
e | B
”m i <
1 1 M_lu,
O ” 3|
| | O,
| | [t
()] | I I
| T
" " W .
I I | -
| | |
o~ | ! !
o =
(\W o ” ” ” ~—
e 1 ! ! I
= 2 Y g <  w| | |
'35 g+ 3 " " !
” o Lo m .S ” = | | |
& c & 1 I | I
< = S8 , R PR S S
| O L © I |
= ~ N, Nw | <
1 O [ | TS
= = > | ()
I o = N A+ <
| = | () B
| | % ~
| ,.W _la
W - Vw + El =E
I |
e TN |V®\V » :
| ~ + |
! A+ |
I
I I
I I
I I
| |
2 ! |
.\WV i i +
e j %Y
N 1 I
| | }+
I I
| i
I I
! =2 ! |\/n_v
| 5 | 5
! ~— 1 ~—"
I I
i i
i 4 | )
P [ 1
2
o
.Qw,mcw mm
Bl g2
+ + E®
| &
=
()
@« 4
N—
©)
c
7)) o
ENEL
"o %MVM;
—a|5?
=
w
=
@

Figure 3.5: Linearised transfer model of a wind turbine
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K3~ 17°/s/rad/s?).
(Ta)y

0| ~ AVP. TVW K (3.4)

Forseeing a smallest pitch inactivity zone of abouf @s1a reduction factor of at least 5 to 10
would be required for 3p frequencies and higher.

A cascade filter consisting of a fourth order inverse Chebydbw pass filter (3p effects), a
fourth order elliptic band notch filter (collective blade d&) and a second order elliptic band
notch filter (sideward tower) as given in eq.(3.5) and spettiiin table(3.1) achieves sufficient
reductions at least phase shift 60° atwy,q = 1.18rad/s).

HE(s) = Ho, "™ (s) - Ho ™ (5) - Ho," ™ (5)

v

(3.5)

Table 3.1: Rotor speed filter specifications
2 3

Filtersection] 1

Type Inverse Chebychev Tow passETliptic band notch| Elliptic band notch
Behaviour | Low pass Band notch Band notch

Order 4 4 2

Reduction | 30 dB 19dB 29 dB

Pass ripple | - 1dB 1dB

cut-off (wg’p-O.?)) rad/s - -

notch - [0.625 1.125)¢°" | [0.85 1.15)}

In figure 3.6 the amplitude and phase characteristic of thés fire shown.

Amplitude diagram rotor speed cascade filter)
50 T T T T

[dB]
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frequency [rad/s] file E:Wdhooft..\DESIGN\PS\rotl\dsfilL.ps 10-Dec-2003

by E:\vdhooft\.. \DESIGN\M\dsctrprd.m

Figure 3.6: Bode diagrams of rotor speed cascade filter (solid lines

Below 1.25rad/s a delay time,Tj;ilt = 0.97s, appears to be an accurate phase approximation
for further linear analysis.
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Linear PD controller:  Further simplification of the linearised wind turbine modglig.(3.5)
results in ‘a delayed double integrator’ process. Theegfarrotor speed feed back structure
using a linear proportional/differential controller (RiDnatroller) is able to set the pitching
speed setpoint such, that the rotor speed deviation betwmesisured rotor speed and rotor
speed setpoint will be eliminated.

The linear design is restricted to an operation range defioederodynamic torque levels
between 90% and 140% with respect to rated torque, a rotedspage between 14.57 rpm
and 17.57 rpm and a windspeed range between 11.25 m/s and.28imé linearised wind

turbine model of fig.(3.5) is simplified to:

 data processing delay which represents computer catmulaneasurement and actua-
tion delay time: 7 ;

« rotor speed filter delag’fi'*;

* maximum value of aerodynamic torque to pitch angle setits -ti{(Ta)lg} R

« delayed integrator representing pitching speed to pitgfieatransfer (subsection 2.2.5)
« integrator representing acceleration of the rotor iaedi= (J,+J,), €0.(2.15);

 neglection of dynamic inflow effects.

The process transfer functidﬂigt_ from 6* to 2, can be written as eq.(3.6):

[(Ta)le} B —Tr s
Hﬂr 6* (s) = Ji - 82 e (3.6)
The overall loop delay,
T8 = TP 4 TP 2. T, + Tht 3.7)

was determined to 1.3s.

The pitch angle sensitivity of aerodynamic torc{ag,)’g , IS non-linear in nature. It strongly
dependents on the pitch angdeand also on the rotor speé€Y . Fig.(3.7) shows this sensitivity
function within the defined operational envelope.

The maximum (negative) sensitivity value for controllesigm is determined t(%(Ta)g =
392kNm/°.

Using a PD compensator, eq.(3.8),

:| max

0
Hﬁ%r(s) = Q}k i1§‘2£ :K}?r.(l_’_Tgr.s)

= KFr+Kor-s (3.8)

the open loop transfer function becomes
Ho, (s) = H§, (s) - H, 4. (s) (3.9)

To achieve sufficient stability and robustness the stgliliiterion of Bode is used for a gain
margin (GM) of 0.5 and a phase margin (PM) of 43y solving eq.(3.10){ = jw),

ﬁQr(wnq)’ =1-AM

arg (HQ (wnq)) =T (3.10)
HQI.(WKb)‘ =1

arg (ﬁQr (w¢)) =—7m1+PM
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Pitch angle sensitivity of aerodyn torque in wind range [11.3, 26.0]m/s

50

-100 -

-150

—-200 -

-250

-300 -

dTa/ dTh [kNm/] for torque range [90,140]% rated

-350

-450 : : :
0 5 10 15 20 25 30

pitch angle [degrees]

file E:\vdhooft\.. \DESIGN\PS\rot1\DFdTdTh2.ps 10-Dec-2003
by E:\vdhooft\...\DESIGN\M\dsctrprd.m

Figure 3.7: Pitch angle sensitivity of aerodynamic torq#, ), for turbine operation range

the proportional gainky* , and differential gaink.* are dimensioned as:

Kgr = 1.14(°/s)/(rad/s)
K% = 17.33(°/s)/(rad/s?)
=K /KT = 15.19s (3.11)

at a valuev,q = 1.18rad/s andw, = 0.64rad/s for a phase margin of 45

Gain scheduling: Because the largest value @f,);, which occurred at ~ 24 ° andQ,
= 17.6 rpm was used during controller design, the ‘weaketcBntroller was dimensioned.
Therefore, the pitch angle sensitivity of the aerodynam'rqtle,(Ta)’g (fig.(3.7)), is used to
amplify the designed controller gains of eq.(3.11) in thgiae of ‘lower’ pitch angles (below
20-23°) and rotor speed values (below 17.6 rpm) by a numericalgditévo dimensionafain
scheduling polynomiakq.(3.12):

Ny+1Ng +1

pep(0, ) = > > Cupp (i) - 071 Q7 (3.12)
i=1 j=1

Sufficient accuracy was achieved fp=2 andNq_ =1. The scheduling factqt,is shown in
fig.(3.8). The lower curves pertain to higher rotor speedesl It is shown that inclusion of
the rotor speed dependancy is of importance (gain incressafer rotor speeds up to a factor
1.5). The scheduling factor is bounded between a maximumewa 7 to avoid extreme gain
sensitivity in the lowd region, and a minimum value of 1, that maintains the desidwmegaof
the PD controller in the highet region.

Stability analysis: The validity of the simplified model that has been used forticaier

design (section 3.2.1) will be checked for stability. THere, the transfer functiOIﬁQr(s)

in the stability analysisincorporates the following modelling aspects, which arériearised
format over the whole operational envelope:
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Scheduling of pitch controller PD gains for rotor speed values [14.6 : 0.5 : 17.6] rpm
T T T T T T T

Amplification factor [-]

; ; ; 1 ; ;
o 5 10 15 20 25 30 35 40
Pitch angle [dg) 1PS\roi1\2DSchedLps 10-Dec-2003

Figure 3.8: Bode diagrams of rotor speed cascade filter (solid lines)

basic drive-train dynamics, eq.(2.15);

direct aerodynamic torque influence by pitch anglg),;
2D scheduled PD-compensator eq.(3.8) and (3.12);
rotor speed cascade filter, eq.(3.5);

pitch actuator dynamics eq.(2.26);

o 0k~ w N

electric torque influence by generator through speemmcurve(Tg)&r;

~

direct aerodynamic torque influence by rotor sp@%r;

8. indirect aerodynamic torque influence by pitch angleuptofore-aft tower movement,
8Ta/65cnd . ai'nd/ae;

9. indirect aerodynamic torque influence by rotor speeduindore-aft tower movement,
0T,/ 0%nq + OFng /0.

For clarity, the influence of in plane motion to the electdoque is NOT taken into account.

The latter two modelling aspects cater for the affectiorhefeffective wind speed by the tower
motion as caused by axial forces from pitch angle and roteedpariation (see fig.(3.5)). The
indirect torque sensitivity to pitching is modelled as dolk :

0T, Oiyng (Fy), s
ag'c:;' p — (Talv, ci - me 2, ket (Fa)iy,) (3.13)
C_;S + cits + 1
The indirect torque sensitivity to rotor speed variationgiodelled as
0T, Ong (F; )IQI s
Ping 00, WV c ' (ke +(Fa)iry,) (3.14)
nd r t 1?—:82 + citws +1

Fig.(3.9) shows the magnitude of the direct and indirecjuerinfluences by pitch angle and ro-
tor speed variations in ‘comparable terms’ in the frequaacge around the Nyquist frequency
of 1.2rad/s (]s| = 1.2). This implies that the pitch angle influences are ‘scalegctivelyfed
back rotor speed variations’ through the gain-scheduleactisn of the PD-compensatér
The lower left graph in fig.(3.9) shows the impact of the deifising behaviour of the gener-

3Near the Nyquist frequency the D-action dominates the Rrby far.
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Figure 3.9: Magnitude over the whole operational range of the four rospeed feedback
terms in the open loop transfer function model for stabiihalysis in the Nyquist frequency
(1.2 rad/s)

ator above rated speed (constant power production). Asdoking points above pitch angle
values of 10s the (negative) values are compensated by the corresgpfminitive) values in
the upper left plot.

Four conclusions can be drawn:

« for pitch angles beyond 19 the direct PD-influence on the aerodynamic torque largely
dominates, thus guaranteeing closed loop stability;

« for pitch angles below 8, the direct PD-influence is in some cases of the same magni-
tude as the destabilising direct speed influence for ovednator speeds and the indirect
torgue influence by pitching may be an additional destabdi$actor;

« the indirect torque influence by pitch angle is of relevartbeough still small, for pitch
angles below B (upper right plot);

« the indirect torque influence by the rotor speed is neghitge@ower right plot).

To check stability, in fig.(3.10), the Nyquist diagrams shibe magnitude and phase of the
open loop transfer function in the defined operation rangeigeidal transfer performance) for
four classified blade angle areas centesdund 2.5, 7.5, 14.8 and 21.8. The phase shift
and amplitude information in the Nyquist diagram yield tlasio amplitude and phase margins
of the system considered when the loop is closed. The ‘upfeplot proves ‘passing from the
wrong side’ of the instability determining point (-1,0). i§tonly concerns one specific working
point and potential instability will be smoothed out by thavérall time domain reality’ in
which is continuously crossed over from one to another waykioint. This effect is confirmed
by time domain simulation results in chapter 4.

The encircling in the Nyquist diagrams of the point (0,0Lases the indirect torque influence
by pitchingin and around the tower eigenfrequencf. As eigenfrequencyy lays above the
Nyquist frequency (1.2 rad/s), the encircling of the pol] occurs without problems. In
addition a tower filter will avoid any influence of the towerthis region.

The overall stability behavior is illustrated through f&yX1). The figure shows in the upper
left graph the open loop gain in the Nyquist frequency in tHele operational range. All
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Th=[ 1, 4]dg Th=[ 4, 11]dg
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Figure 3.10: Nyquist diagrams for the windturbine with scheduled PDdbseck and rotor
speed filter; aerodynamic torque levels between 90% and 1efG#ie rated value; wind speed
range [11.25m/s - 26m/s]; rotor speed range [14.6rpm - 1p@}

gains are around the controller design target of 0.5 (eif®. The upper right graph shows
the phase lag in the open loop in the frequency beyond whielmignitude of/, becomes
smaller than 1. Both the amplitude margin criterion (0.5) "#re phase margin criterion (4%
are amply met in all working points. So there is no risc forilkeing instability in the Nyquist
frequency. The lower left graph shows the accompanying Eydequenciesy,, and ‘phase
margin frequenciesyy . The former determine the oscillation frequency of the wailed
system if the amplitude margin would be 0, that is to say ifapen loop gain would be equal
to 1 in this frequency; the latter are indicative for the cohbandwidth, that is to say the
maximum frequency in wind gusts of which the effect on therspeed still can be rejected.
Dependent of the working point the value of the Nyquist andsghmargin frequencies are
around 1.2 rad/s and 0.4 rad/s respectively.

The lower right graph shows the so called ‘destabilisatamtdr’ 1gcsta,- This factor represents
the ratio betweestabilising feedbackhrough the PD-compensator agiestabilising feedback
through the rotor speed; the latter occurs when the gemei@igue decreases at increasing
rotor speed. Fongestapr > 1 the closed loop behaviour is exponentially instable. Tlaphs
show that this holds one working point (fat dot at 17.6 rpmhisTpoint corresponds with the
‘upper envelope’ in the upper left Nyquist plot in which thestability point’ (-1,0) is passed
‘from the wrong side’.

As (risk of) instability is only (theoretically) expected a few working points: potential in-
stability will be smoothed out by the ‘overall time-domaimatity’, in which is continuously
crossing over from one to another working point (stochastidtation of non linear system).
This smoothing effect is confirmed by time domain simulaiiochapter 4.

Rotor speed setpoint adaptation: Basically, the rotor speed setpofif , is set to its rated
value ?* for generation of rated electric power. In the higher windexpregions, the pitch
angle will be feathered and far away from its ‘working pasiti In case of sudden falling
wind gusts, each rotor speed decrease will then cause ledsatfic power, in spite of above
rated wind speed.

To prevent this loss of production, in the higher wind spesggian the rotor speed setpoint can
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Figure 3.11: Stability margins for the wind turbine with scheduled P@dback and low-pass
3p filter; aerodynamic torque levels between 90% and 140%efrated value; wind speed
range [11.25m/s - 26m/s]; rotor speed range [14.6rpm - 1'pB}

be raised slightly by ‘a few rpm’s’, dependent on the pitclylan The mechanism of ‘kinetic
buffering’ (flywheel) is able to maintain rated power untietrotor speed will fall below its
rated value.

To realise a smooth reference value towards the rotor spmedbder, the setpoint offse@oft
is only implemented between the lower linfit’; and the upper limit,% in a linear way,
using a first order filter with large time constarft" . SettingQ°® to a value of 0.5-1 rpm,

® 1+ TQSTQS

.Qr

Figure 3.12: Principle of rotor speed setpoint adaptation

andfih: , 655 , to avalue of 8 and 12°, respectively, appears to be sufficient to avoid power

loss due to sudden falling wind gusts during time domain ftians. This value is sufficient
below the activation of forced rotor speed limitation (sebsection 3.2.4).

In case of power optimisation as proposed in subsectior? 3this feature can be reduced
considerably or even omitted by settif)§ to 2t
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3.2.2 Dynamic inflow compensation

As concluded in subsection 2.2.1, the dynamic effects ofsake (dynamic inflow) can not
easily be neglected, specifically not for the low wind spesgian. Therefore, a control struc-
ture, which compensates for the exaggerating effects aidgeamic torquel, has been de-
signed and dimensioned. The structure of the compensat@s. £5) in s-domain, is a recipro-
cal implementation of the ‘assumed’ wake behaviour asdlindescribed in eq.(2.7).

¢ o Oh(s) (1T s)
HDI (‘9) - eér(s) - (1 +T]§I . S) (315)

The compensation structure is a cascade extension to thesmmted PD controller. To deal
with the non linear nature, the wind speed dependancy ofithergsioning time constantg;",.

and.' are transferred to measurable pitch angle dependancieasaighed to respecfively

the dimensioning parameter8' andr)" of the dynamic inflow compensator. The pitch angle
dependancy of”" and7}" is shown in fig.(3.13).

3.5
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Figure 3.13: Non linear dependancy of the lead-lag compensator timetaatssto the pitch
angle, solid line:7,3", = 75" ; dotted line: 7! = 7™

3.2.3 Inactivity zone and limitation

Small pitch actions of the pitch actuation system are uneédiecause they will cause consid-
erably mechanical loads for the actuation system. In pdaidf small pitch actions are due
to remaining noise, despite of rotor speed filtering (sutime@.2.1). Therefore, an inactivity

zone is introduced which realises the following operatibefore the pitching setpoirdt: will
be effectuated by the pitch actuators:

* ignoring of small pitching actions (inactivity zone);
« undisturbed passing of effective pitching actions (paggone);
« avoiding to many transitions around the inactivity zongsferesis);

 enforced pitching when leaving the inactivity zone for qgamnsation of temporal inac-
tivity (catch up);

limiting of the pitch speed to its maximum values (pitch egpéimitation);
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* ignoring pitching actions if maximum of minimum blade pam is already reached
(pitch angle limitation).

All above mentioned functions aim to reduce mechanicaldazfdthe pitch actuation system
without loss of control performance as intended by the pitufitrol algorithm. To ensure equal
inactivity from rated wind speed to maximum wind speed letre inactivity zone should be
scheduled additionally. The scheduling of the inactiviye is related to the ‘PD scheduling
factor upp as defined in eq.(3.12), via a weakening faetgr

T (N (L) |
oy (@@ @),

/
(Ta)VW’Vw:VVE‘“ (15 + a - VIab)
w (Ta)/\/w‘\/ —=)/co (15 ta: V\SO)

— oo e (3.16)

This weakening factor caters for the higher turbulence gitdr wind speeds. In eq.(3.16) the
standard deviation of the longitudinal wind spegchas been approximated by eq.(3.17) as

defined in [1].

oy =I15-(15m/s|+a-Vy)/(a+1) (3.17)
Assuming that(Ta)'vw is equal between rated wind speéd{ =12.3 m/s) and cut-out wind
speed (¢° =25 m/s)* anda=2, a schedule weakening factggvalue of 0.56 was determined.

In fig.(3.14) the scheduled inactivity zone is visualised ddferent pitch angles during full
load operation. At partial load operation specific valuethefinactivity zone were used, see
section 3.3.

Inactivity zone for Th= 0 (full load) Inactivity zone for Th= 2 (full load)
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Figure 3.14: Visualisation of scheduled inactivity zone for pitch aisgle 2, 5, 20°

It can be easily seen, that both the inactivity zone and apenying hysteresis differs consid-
erably depending on the pitch angle. Within the inactivitye no pitch activity is effectuated,

while the passing zone (unity gain) is limited by the maximpitehing speed valueg:x|=
4°/s). The base value of the inactivity zo %I})ase, is definedrom the origin to the hystere-
ses centre without scheduliragnd set to 0.30/s; this means that for the shown pitch angles

“this is a conservative assumption, a typical practical e/dbr (Ta)/\/w‘v — (Ta){,w‘v _yeo 15 0.6,
taking this quotient into account resultsrjp,= 0.34, which implies more activity in the low wind spevéd @yi
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(0,2,5,200) an activity zone is applied of respectively 0.94, 0.840aiid 0.36’/s. The width
of the hysteresis (defined as the distance between a trargtiot and its centre), is related

to the base value of the inactivity zone by a fao@ﬁ;‘;base and set to 0.5; this means that a

hysteresis is applied of half the activity zone. The amoduipitching speed compensation for
having stayed in the inactivity zone is clearly visible i thirst upper left plot, the solid line
shows an additional control gain (multiplier of 1.25).

Another feature, although not visualised in fig.(3.14), im@chanism that excludes pitching

actions if the maximum of minimum blade positioff"¢*=90°, /™"= 1 °) has already been
reached. Detection is based on both the direction (sigepitching speed setpoint and the
actual pitch angle, if the upper or lower limit of the pitchgéashould be exceeded, no pitch
actuation is allowed by overruling the pitching speed tora zalue. At partial load operation
specific values of the upper and lower limits can be used,sg®n 3.3.

3.2.4 Forced rotor speed limitation

A maximum rotor speed is guaranteed in order to limit windbitue loading and to minimize
the variable speed range of the generator and converternfaiy, exceeding the rotor speed
alarm value will lead to intervention of the turbine supeory control system and probably
result in turbine shut down. In order to prevent this typehaftsdown, the pitch control algo-
rithm contains a so called ‘forced rotor speed limitatiamechanism that ensures limitation
of the rotor speed by forcing the rotor blades towards featbedirection. The principle of
forced rotor speed limitation is shown in fig.(3.15). As saathe ‘switch’ condition is valid

(@Pdc + éﬁf) " @[‘ull
+
OFn
o o dsable] (&< o/ ) OR
+ e/d (6> o +om’ )
T
3 enable
filt |i‘m ~
(Qr > Qr,FRL) AND ®
= fil o lim
( Qrt > Qrrrl
! g'zfrill
Q,

Figure 3.15:Principle of forced rotor speed limitation by forcing theoo blades in feathering
direction

(enable), the pitching speed setpoint is forced to the targleie, ;' (3-4°/s). To avoid
switching transients atisabling the target value is effectuated by adding the deficit to #te c
culated pitch speed setpoi@grfeedback and wind speed feed forward valdaablingoccurs

as soon as the measured rotor speed value exceeds the foimespeed limit valueﬂifff‘l:1 =
Qrax-11.. 1.5 rpm] (17rpm), and the rotor speed is still incregs((lf“>0). To minimise loss
of energy yield, disabling of the forced rotor speed limaattakes place as soon as the rotor
speed decreaseQf{!<0) or the pitch angle has been increased?ﬂ?rdegrees (3) since the

intervention was started. The forced pitching spé;ﬁff is not affected by the dynamic inflow
compensator, the inactivity zone or pitching speed lirittat
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3.2.5 Estimated wind speed feed forward

The principle of wind speed feed forward control is based aotar effective wind speed
estimation from the aerodynamic torque for pitch actuatfat is mathed to the rated power.
Strictly, it should be named as ‘pseudo’ feed forward cdntsecause the wind speed is not

directly fed in as a measured value, but is reconstructeah freeasurements and ‘a-priori’
knowledge of rotor behaviour (‘feed back loop’):

* low pass filtered measurements of rotorspefeb,(pitch angle €f) and electric power
(PD);

« aerodynamic and mechanical behaviour: loss parametérsrid Cq, ), rotor torque
coefficients (4 (A, #)), air densitypair;

« rotor parameters: rotordiameteky), total inertia (/;).

2 f ~
The low pass filtered rotor acceleratioh is derived numerically fron§2, and filtered after-
wards. Mechanic losses are incorporated by estimationrqéieolosses, eq.(3.18)

T =Ce+Co, - (3.18)

The estimated wind speed feed forward structure consisthreé sequential steps which
should be executed on-line:

« reconstruction of aerodynamic torqué,;
« wind speed estimatiof,,;
» pitch speed setting); .

These steps will be discussed below in detail.

Reconstruction of aerodynamic torque The aerodynamic torqué&y) is reconstructed from
the (low frequency) power balance

~ .~ oof o~ ~
To=Jo- O, + (BL/OF) + 1, (3.19)

in which J; is taken equal to;in eq.(2.16). If the dynamic behaviour of the electric tarque-
tuator (generator including converter) is negligible @aidth 5-10 times bandwidth low pass
filtering), the power measurement can be avoided by remattia second term of eq.(3.19)

with the power production setpoifit’(€2,). Thus an explicit relation exists betweélfl and7,

Wind speed estimation Due to the low pass rotor speed filtering, the estimated wiedd
valueV;, will be a (delayed) approximation of the fictive rotor unifowind speed}/ ™, The
relationship betweefd, andV;, is described in accordance with eq.(2.1):

A oA ~ N NS
Co(0, ) L panm Ry - (Vig)? = Ta($2,, OF) (3.20)

In eq.(3.20), fore-aft tower displacemenis,y are not taken into account. Howevéf,ﬂ can
be compensated for these fore-aft movements afterwartise tower top acceleration, g4 is
measured. The dependencyf from the tip speed ratia :
. Of R
PRL 7 (3.21)
Vie
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results in an implicit relationship betweé&h andV;, .
In the operation range of the turbine, the relati f(V4,) is not always a function in math-
ematical sense. In other words, there’s may exist two validti®ns forV, in an operation

point determined byf}, ), andé . This happens specifically for rotor speeds at small pitch
angles (see fig.(3.16)). The physical meaning of two salstiis found in the nature of air

Wind speed / torque
curve for small pitch
Wind torque angle and typical speed

Maximum torque level | |
for valid wind estimation
at small pitch angle

Wind speed / torque
curve for large pitch
angle and typical speed

\ \
| [Maximum wind |
i estimation at small i
. | pitch angle

.
|
Maximal expected
! wind speed at small
\
\
|
\
\

pitch angle

Wind speed

Figure 3.16: Relationship between wind torque and wind speed for estimg@rocedure for
certain values of pitch angle, wind torque and rotor speed

flow, the ‘low wind speed solution’ implies attached flow, Vehihe ‘high wind speed solution’
implies stalled or turbulent flow. Stall solutions are leftt ®f consideration, by introducing

a maximum allowable aerodynamic torque level for wind spestimation, Tmax 0 .Q),

which should be set such that stall solutions are avoidedthieuestimation range still covers
the turbine operation range. As a consequence, the spasied of stall conditions for a ‘pitch
to vane turbine’ are excluded and will yield a ‘no valid sadat for the estimated wind speed.

ThenT,, = f(V4, ) shows monotonious behaviour for all relevant valueg ahd(2, . A unique

solution forV,, can be obtained from eq.(3.19) and eq.(3.20) via a quickergivg numeric
iterative method like Newton Raphson (‘gradient method’):

(.- 7577)
(5% ) g

The superscript (k) and (k-1) in eq.(3.22), represents-tiliserete instances for the actual and
old values, respectively. Usually, the iteration loop \Wwé#linterrupted after 2 or 3 steps because

of sufficient accuracy regardind, — 75| and| Vi — V<)

The aerodynamic torque coefficients in eq.(3.20) are o#-fitted to a 2D-polynomial func-
tion:

V) =y - (3.22)

Ny+1Ng +1

= Z Z Co, (i, 4) - gli—1) . \—(-1) (3.23)

i=1 j=1
The maximum allowable aerodynamic torque Ievi?{;.a (6,9,) for wind speed estimation,
which checks on ‘stall’ solutions, are also fitted off-lireat 2D- polynomial function:

NQT+1N@+1 )
0,00 = 5 3" o (i) 060 -0 @.22)

i=1 j=1
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To avoid to many transitions between the valid/invalid edathe actual aerodynamic torque
limit for wind speed estimation is low pass filtered (10s) amdtch hysteresis (+/- 5%) is
applied.

To ensure numeric convergence (start-up, invalid solytianfavourable initial wind speed
estimation ¥ is calculated from a specific 2D-polynomial function,

N@, +INg+1

V(0,90 = 30 3 Cop(ing) - 0970 - Y (329)

i=1 j=1

This polynomial is also calculated off-line and is based uoffigent torque to wind speed
sensitivity for all relevant operation points.

Finally, fig.(3.17) shows for typical values of pitch angéex rotor speed within the operation
range the theoretical (lines) and polynomial fits (dots) wfdwspeed estimation for the allowed
aerodynamic torque range. The ‘asterisk’ markers emphé#sésinitial operation points, from
which convergence is guaranteed if wind speed estimatiounlgtstart-up from scratch.
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file D:\vdhooft\.. \DESIGN\PS\rot1\dsTqVwF1.ps 26-Apr-2002
by D:\vdhooft\.. \DESIGN\M\dsvweprd.m

Figure 3.17: Theoretical and fitted results of wind speed estimation fa@modynamic torque
for the wind turbine operation range

Pitch speed setting The estimated wind speed will be used to realise an additipitzh
control action, which optimises the turbine power prodattand improves its behaviour at
sudden wind gusts. A target pitch angle vafije is determined from the desired condition to

maintain stationary rated power production, and is relatethe estimated wind speet,, ,
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and the measured rotor speféﬁby eq.(3.26)

Co03,,A) L paiemRE - (Viy)? = Prot (3.26)
Determination of;  from eq.(3.26) is complicated because of the implicit fefathip with
V. . However, this can be solved off-line numerically, whichuits in a 2D-polynomial func-
tion (eq.(3.27)V,, ! dependancy)

Ny, +1Ng, +1

0% (Vi ) Z Z Co: . (i,5) - QU= .y —(=1) (3.27)

The pitch speed setpoirﬂ;;w for wind speed changes is determined from

0%, = (05)5. - Ve (3.28)

w

in which (65, )’\7 can be found from eq.(3.27)

L Ve = 3 Y - 1) oy, (03) - Q97D -V (3.29)

From control viewpoint, eq.(3.28) implies a D-action frohetestimated wind speed to the
pitch speed including a non linear gain to maintain ratedgyowio comply with stability and

numerical noise restrictions, a scale fadth;W and moderate differentiation time consta,ﬁtv
is introduced (in Laplace domain):

03,.(s) . Y T g

vl ey A 3.30
Vi () (6. Vw TP g g ( )

H%w (s) =

Fig.(3.18) shows the sensitivity of the pitch speed to the od change in the wind speed.
(eq.(3.29)) Due to the high sensitivity to the wind accedlera the maximum value is usually
limited to 4°/s to avoid nervous pitch control actions. In frequency dontain moderate
D-action acts as a first order high pass filter with gaij)* and cut-off frequency at/m3*.

In combination with the low-pass filtered rotor speed ancekeration the serial behaviour

results in a bandpass characteristic. Therefore, the \&fluér)™ should be set to a value

lower thanwg’p (andwg®! ), creating sufficient passing bandwidth and not affectimg tery
low (stationary) frequency behaviour. This results usuadla typical value of 0.5-1s. The

scale factorK' 5™ is more arbitrary, but a value greater than unity is not adid0.5 - 0.8).

Two conditional rules are added to optimise the co-opemdbetween estimated wind speed
feed forward control and rotor speed control; pitch speeadrdmtions

« in vane direction are only effectuated(if > amex

VV

« in work direction are only effectuated §i < levn ;

s Vw

Typical values fonﬁmgx ande\l;1 are €22 +1 rpm) and:at

s Vw

From the viewpoint of control theory ‘estimated wind speedd forward control’ adds an
additional DD-control action to rotor speed feedback Kjeontrol’).
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Target pitch speed in operation area for P=Prated
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Figure 3.18:Pitch speed target values for wind speed variations (acatta) within the wind
turbine operation range

Evaluation: In fig.(3.19), both the estimated and (forced) uniform wipdexd are shown. It
is concluded that the estimated wind speed in the lower wiridozery similar to the uniform
wind speed in the upper window, except a phase lag due to thefutered measurements
for pitch angle and rotor speed.

The behaviour of the estimated wind speed feed forward abistrshown in fig.(3.20). The
simulation is calculated at a mean wind speed level just abated wind speed (120%) and
the control performance without and with feed forward arewahin the upper and lower four
windows, respectively. Due to the estimated wind speed feedard, the power production
increases from 92% to 97.2%. The standard deviation of tter speed (as a measure for
fluctuation) decreases from 0.462 rpm to 0.401 rpm. Thiséstdumore adequate pitch control
to wind speed changes, either to working position as to &ty position.

Further evaluation at different wind speed levels and w@kirrepresentative Weibull distri-
bution function into account (remote offshore at North sesllts in 0.9% improvement of
overall energy yield (with respect to de-activation of teed forward and without the optimi-
sation as will be discussed in subsection 3.4.2).
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Comparison of estimated wind speed (lower) with uniform wind speed (upper)
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Figure 3.19: Comparison of uniform wind speed (upper window) and estohatind speed
(lower window) at 120% of its rated level
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windspeed: 1.2*nominal control: without estimated wind speed and without flexible transition
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Figure 3.20: Comparison between control without (upper windows) antl fitwer windows)
the use of estimated wind speed feed forward
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3.3 Pitch control algorithm at partial load operation

For partial load operation the blade pitch angle is set totarrspeed dependent’ setpoint value
using a simple servo controller. The pitch angle setpoiltesare stored in a user defineable
table 2., 07,.,) and set to values which represent maximum power coeffi@patation or
lower noise production. Pitch angles that represent maximpower at optimum lambda con-
ditions are determined from the power coefficient curveshefrotor as shown in fig.(2.2).

Linear interpolation is used to achieve an accurate pitcieasetpointt”, . for the filtered
rotor speed .

A simple proportional feedback structure eliminates anyiaton (for step shaped changes)
between the measured pitch angieand the pitch angle setpoinds, ., , by setting the partial

art ?

load pitching speed*_, (see fig.(3.21)). The proportional galt? is dimensioned on a linear

part

fl A
o Q
FLT
Rotor speed
filtering
t . S\part
e 04 P
0=1(Q)~X)— P IZN/LIM
+
- _ WTB
Rotor speed Pitch angle Inactivity zone
dependent pitch servo control & limitation
angle setpoint
~fit 0
0 (0]
FLT

Pitch angle
filtering

Figure 3.21: Pitch angle servo control at partial load conditions

model that is build up by a delayed integrator. The delay Ei!qleaISTff in eq.(3.7). Stability

is ensured if
™

6
K? < T (3.31)

Pitch control for partial load operation does not make usdymiamic inflow compensation,
because of the relative small changes of the pitch angle il gpeed. The structure of the
inactivity zone and limitation is equal to the structureudt boad operation (subsection 3.2.3),
although specific parameters are used to achieve suitabéioer in this operation region.

Because of the interaction between pitch control and gésrecantrol, the transition between
partial load and is discussed in subsection 3.4.2.

3.4 Torgue setpoint control

Electric torque control will primarily be used for power tégtion during partial and full load
operation (subsection 3.4.1). Additionally, it is a valleabontrolled input to optimise the
transition zone around rated conditions between partigifalhload control (subsection 3.4.2)
and to reduce extreme rotor speed values (subsection.3d@)yer to reduce turbine loading,
more high-frequency variations can be used to reduce tabdrive train and sideward tower
vibrations (chapter 5).
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3.4.1 Stationary power production curve

The stationary relation for power production is determimmegiccordance with the design values
of Quat  Qmin  max gnd prat g defined in table(2.1).

Fig.(3.22) shows the generator curves in which five opanaggions, or ‘generator states’, are
distinguished between typical rotor speed levels.

1. no power production : (Qf < Q) OR (Of > Q);

2. start-up c i <Of < Qo

3. optimum tip speed ratio : Qo < Of < Q?ggt; (3.32)
4. transition .o < Of < ot

5. full power 2ot < Of < Qe

Due to the variable speed concept, the electric torque ofydmerator will be controlled

€ torque rotorspeed curve power windspeed curve
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Figure 3.22: Steady state figures of generator torque, -power and -speed

directly by the converter; therefore the electric torquedior speed relationship shall be de-
terminative for turbine behaviour and performance.

Due to the turbine design limits, no power will be producedsmle the wind speed design

range below the cut-in wind speé&tf’ and above the cut-out wind spe€(° , thereforel $¥=0
within this range.

The start-up region is usually small but necessary to (oeenpensate the turbine’s own losses.
The torque setpoint is simply realised by a linear transitbetween the rotor speed that cor-

. N . Ain . .
responds with cut-in wind speeef’ and lowest rotor speed; °** for which optimal lambda
operation is pursued:

k Qﬁ - le )\i)n
Te ,startup = (m) . Tg\opt (Qr pt) (333)
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In region 3 (below rated wind speed) the rotor speed is agljuptoportional to the (below
rated) wind speed by electric torque control, in such a way the aerodynamic power ex-
tracted by the rotor is maximised. This implies a constahtevaf the tip speed ratio, at which
the power coefficient is maximalk,,; . The torque setpoint in the optimum tip speed region

Ain agut : . o
(Q:°P - Q,°" ) is easy to describe by a low order polynomial approximation

Ngpt 1

T e = Z C Aopt ()it (3.34)

From the viewpoint of efficiency, a steep transition (regddrirom region 3 to constant power
control (region 5) is desired, although this is restrictgartaximum allowable torque steepness
of the generator curve. The transition region is realisea@ bigear torque transition between

out

A
Q. °"* and the rated rotor speéj

- )\out

jout Qf — QI‘ opt Prat jout

T2 e = T () ( : 4) (e -me@) s
Qiat _ Qr opt

The region above rated conditions (region 5) is destinadegkdduce constant rated electric
power to the grid:

. R
Tg qn = of (3.36)

Most of the turbine production time will take place arountedaconditions. Therefore it will
be valuable to optimise the transition around rated camstboth for generator control as well
as for pitch control and their interactions. This will be gab of subsection 3.4.2.

To avoid injection of rotor speed disturbances (3p, bladeldeg, tower), in the transition
between full and partial load control, the electric torgatpsint for power production is deter-

mined by the low-pass filtered rotor spefl
The generator operation states are determined unambligi@sigte machine’) from the pre-

vious generator state and a comparison of the actual filtered speed? with the typical
separation levels of the generator states as defined in&2).(3

3.4.2 Power optimisation around rated wind speed

Especially around rated conditions, production loss willwéf the stationary generator curves
for power production will be used as discussed in subse@idtl. This is a consequence
of relative slow pitch actuation of the rotor blades to cohthe rotor speed, despite of gain
scheduling (subsection 3.2.1) and estimated wind speedféeeard (subsection 3.2.5). Due
to wind gusts, rotor speed will then decrease below ratesl (see fig.(3.20) e.g at 340s), while
the pitch angle is still moving towards working position ahé aerodynamic torque is only
temporarily below rated level.

Optimisation approach: An effective approach has been found by optimisation of ieri
action between pitch control and generator torque setgointtrol around rated conditions [6].
Requirements and restrictions are determined by turbisgydaeimensions:

 mean electric power production at rated level* ;
* maximum allowable electric poweP,eh :

+ maximum allowable electric torque” ;

« limited rotor speed operation region (betwéeﬁ? Te andQPe R ) around rated rotor
speed)rat
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The optimized full load curve is situated in the hatched a®ahown in fig.(3.23), while it
crosses the rated operation point determine®py and 7' . The hatched area is enclosed

area to optimise Q.
T T

torque

transition

optimum Lambda

I I
o] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
rotor speed

Figure 3.23: Optimisation area around rated conditions

by continuation of the lines of constant rated powe* , and torqueT*** and imply above
rated torque levels at the left side and above rated powelslat the right side.

The optimisation principle is based on maintaining nompraduction below rated rotor speed
(by increase of electric torque) during full load pitch agtéon. In the meantime the pitch
control regulates the rotor speed towards rated level.

Full load curves: Fig.(3.24) shows typical candidates of full load curvesichiftomply with
the hatched area of fig.(3.23):

1. constant rated power,

v P o 1ot 78
Ty =g W 22 ) (3.37)
T =Th,if (QF < QP

2. constant rated torque,

cv rat i Of PQ,TQ‘“
TSV = Trat, !f @ < Qrph Tm) (3.38)
T =pPr i (L > pee)
3. mixed version,
T =m0 (O < 0P
1 ~m ~ m pl
Tev = Tpvens,if (et < Of <) (3.39)
m ~ m I
reo=% i alzarT

In fig.(3.24), four increasing constant torque levdl® (77 , T and7* ) and four constant

power curves P!, P2t | P™ and P ) are drawn. The typical rotor speed levels in eq.(3.37) -
3.39 are then defined by using the crossing torque and poweds las superscripts.
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Figure 3.24: Optimisation area around rated conditions

The connection ared™ " in eq.(3.39), between the constant torque and constantrpowe
area is given by eq.(3.40), which describes a smooth (mma4) transition by linear fractions

of two allowable constant electric power curvéd?® , P! .

Of _ Qfé,Té‘ pm Qfé",TL _Of Pl
Tem,trans _ ( r < 4 L . Q_Ef) (340)

Pm,Tl Pl Th ' ~f pm Tl Pl ,Th
Qre e_gzre7 e QI‘ Qrev e_Qre e

The ‘constant torque option’ will really achieve constamtque, because torque is nearly a
direct controlled quantity of the converter. The ‘constpotver option’, will result in power
fluctuations around its setpoint level due to the producthef arying rotor speed and the
controlled electric torque.

Pitch and generator mode control: In case of insufficient wind capture, rated power can
not be maintained any longer and transition to the optimumblda curve is desired to im-
prove aerodynamic efficiency. Reversely, as soon thergid wapture excess during optimum
lambda operation, transition to constant rated power pribolu operation is prefered.

Due to the proposed overlap between the optimum lambda diriddd torque curves, transi-
tions will happen dynamically by ‘horizontal shifting’ dfi¢ stationary transition curves. The
actual transition curve is then determined by the actualrrepeed and crosses the optimum

~ aout ~ : . .
lambda curve a®;°** and the full power curve &' . These points differ from the previous

out

stationary pointsQf“’pt andQ't | as defined before in subsection 3.4.1, by a decremgit.

Transition fromfull load to partial load operatioris rather complicated. Determinative will be
that generator torque control will enter the transitionioagonly if pitch control has already
switched to partial load control (section 3.3). This willppen if the condition as given in
eg.(3.41) satifies,

(0< (0., +6™)) AND ((6" <0) OR (Of < ™)) (3.41)

part

The actual rotor speed decrement at full load pitch consalétermined by the difference
between the actual rotor speed value and its (stationatgl kalue:

Qlc =t — Q) (3.42)
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The decrement is limited to ‘an empirical maximum allowabléft value’ of Qde¢. and ‘a

r,max
minimum shift’ of (2t - QP2F ) where pitch control will switch to full load operation.
As long as full load pitch control is active, generator folht control will be active as well.

Transition frompartial load to full load operatiorhappens as soon & > QF2F | To avoid
excessive transitions, a practice valueXd?" will be Q2 + [1 rpm]. The rotor speed decre-
ment at partial load pitch control is based on linear shaf@s"f = 0.1 rpm/s) of the transition

value back from its actual position towards the origin, veharswitch to full load operation
will take place.

With respect to the generator state determination as @escim eq.(3.32), the typical points

out

Q? P and Q' should be replaced by their decremented quantities:

Qe M _ e
r
Q= Q- e (3.43)

Torque setpoint determination: In case of rated power production (region 5), the torque
setpoint is described by eq.(3.37) - (3.39). The relatignbletween electric torque, electric
power and rotor speed, implies that the rotor speed setftoh control),(2; , and the torque
setpoint7} (generator control) may deviate form their rated valuesdoieve rated power
production,Pr** (except for the ‘constant power option’). This is solved,abgorrective mul-
tiplier to the torque setpoint, which is based on continucasiparison between the (moving)
averaged value of the proposed power setpoint with respetietdesired rated power level,
Prat :
N Prat
€

(T; : Qr)
This correction will guarantee rated power production toovge rated conditions.

In case of transition (region 4), the ‘shifting’ torque s@tyi is determined by linear interpola-
tion along the actual transition curve at the actual roteesi)’:

- - )\out
- - Qf — Opert
* Aop f h Aop f _
Te Jtrans — Te ”(Qr) + (Te - Te It(Qr)) . (Q rt (;/\ogﬁ)
rat __ o
r T

15" (3.44)

* —
Te fn =

(3.45)

out

~A ~ , . e .
where(, " and}*" as defined in eq.(3.43) aﬂ@“pt(Qf) is the torque value of the optimum
tip speed ratio curve & . The torque setpoirt* is limited at a maximum torque value
of T* or PM/Qf (maximum power).

Start-up and optimum lambda operation will be similar agitded in eq.(3.33) and eq.(3.34),
respectively.

The final torque setpoint to the convertéy; , is determined after limitation of torque setpoints
of the concerning operation region to maximum allowablguerchanges.

,trans

Evaluation: In this paragraph, the proposed optimisations have bednated briefly by
time domain simulations. More detailed evaluation andhierrtresearch on this issue can be
found in [6]. A comparison of three candidate full load cigv® shown in fig.(3.25): constant
power eq.(3.37), constant torque eq.(3.38) and mixedomesj.(3.39). Four normalised win-
dows show time domain simulations for rotor spégd electric torquel;, , electric powerP,
and pitch anglé ,respectively. For sake of convienience, a negative aniy@shift (107%

or 10° ) was used for the plots of the constant power (lower) andteohsorque (upper) ver-
sions, respectively. The mixed version (middle) was ptbtkéthout offset. The simulations
were calculated at a mean wind speed of 1.6 times rated wietsior a different but similar
turbine as described in chapter 2 .

From fig.(3.25) it has been concluded that the mixed versigmeferable for two reasons:
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Figure 3.25: Evaluation of proposed optimisation curves: constant tergqupper), constant
power (lower) and mixed version (middle); source: [6]

 with respect to the ‘constant power’ version, it shows Enpower fluctuations, but half
the amount of torque fluctuations;

« additional torque fluctuations are introduced with respedhe ‘constant torque’ ver-
sion, but power fluctuations are reduced to a half.

Moderate torque fluctuations are valuable in case of additicontrol actions through the
electric torque, like drive train damping (section 5.1jlesiard tower damping (section 5.3) or
rotor speed limitation (subsection 3.4.3). To show the athges of the proposed control, two
time domain simulations are illustrative:

« at rated wind speed level (fig.(3.26));
* at 1.6 times rated wind speed level (fig.(3.27)).

For the sake of comparison, conventional operation (agitbescin subsection 3.4.1) is shown
in the upper four windows, while proposed operation (e§98.is shown in the lower four
windows.

Fig.(3.26) shows turbine operation around rated conditiofhe continuation of the constant
power curve below rated rotor speed, results in rated pownauygtion as long as the pitch
angle is not at working position (1). The postponed transitions towards the constant lambda
curve, as soon as the pitch control switches to partial laael,stronger. About 70% of the
achieved power increase (0.53%) in this simulation. Thachieved by connecting the transi-
tion curve to the constant power curve at the above rated sp&ed; close to optimum lambda
operation results in more aerodynamic efficiency). Onlylsdiierences in torque-, power-
and rotor speed variations were observed.

Fig.(3.27) shows operation behaviour far above rated ¢iomdi Obviously, the most impor-
tant benefit of the proposed optimisation is that all powesdire eliminated, which causes
more quiet behaviour and increase of power capture. Initmiglation the standard deviations
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of electric power and electric torque were reduced by 3.466228%, respectively, while that
of rotor speed remains equal. The mean power productiorigsithulation has been increased
by 1.5%, while the mean rotor speed level was lowered by 2%.

Further evaluation in performed in [6] and taking a représ@re Weibull distribution function
into account (remote offshore at North sea) results in 0.8frdovement of power capture.

Half this increase can be attributed to elimination of podies, and half as a consequence of
shifting the transition.
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windspeed: nominal

control: conventional
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Figure 3.26: Comparison between conventional operation (upper windlamsl proposed
operation (lower windows) at rated wind speed level
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Figure 3.27: Comparison between conventional operation (upper windlawsl proposed
operation (lower windows) at 1.6 times rated wind speedlleve
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3 DESIGN OF POWER CONTROL ALGORITHM

3.4.3 Dynamic rotor speed limitation

In case of a doubly fed asynchronous generator with rotargbfsubsection 2.2.4), reduction
of rotor speed variations is an important issue to limit tleeteical dimensions of the converter.

With the knowledge that both converter and generator amtatdtand overloading as long as
their thermal limitations are not exceeded, the electggatem can be used to react quickly on
rotor speed variations, during full load operation. Thisamtradiction with bandwidth limited
pitch control (pitch actuation, mechanical friction).

Design of feedback structure: A feedback mechanism that dynamically realises a smooth
electric torque increase in case of rotor acceleration aoel versa is shown in fig.(3.28).
Frequency separation of the rotor acceleration is achilbydrgh pass filtering of the measured

Tals) T, (s) 1 Q,
+ JtS
Te(s)
Torque filt
actuator ng( )
Te(s) <
. . Qr
Q o) | (e,
Kdrl ’Cg”s
Te.dr(s) Py ot
) dS

Figure 3.28: Feedback structure of dynamic rotor speed limitation

~ - f
and low pass filtered rotor speeef,, which results in a bandpass filtered rotor acceleratign
The transfer function of the feedback control loop for dyi@rotor speed limitation becomes
in Laplace domain:

TZan(s)
M) = g = How ) HAG) (346)
+DRL | ¢
= ]P?RL' 1 _|_DT§RL .S Hgllt(s)

in which, H{'*(s) has already been defined in eq.(3.5).

The low cut-off frequency of the bandpass filter is determibg 1/)%". Because the high
cut-off frequency is fixed by{gf, T5R*can be determined emperically by definition of a min-
imum pass band and the restriction that stationary influesbeuld be avoided. A minimum
bandpass between (1 - & /s) usually results in acceptable behaviour.

The feedback gainiKD®*" is restricted by loop stability. To determirfé>®" analytically, the
amplitude and phase margin requirements of Bode are agplaedimplified open loop transfer
function, which incorporates only two dominating behavidynamics:

« rotation of the turbine rotor: eq.(2.15);

 dynamic rotor speed limitation: eq.(3.47).

ECN-C--03-111 55



Wind turbine control algorithms

The control structure has a stabilising effect to the (@dising) stationary generator feed
back loop during the ‘constant power region’ (region 5, satisn 3.4.1). Therefore, an ad-
ditional advantage is that it is allowed to raise the pitchtod gains with 25%. Analysis has
shown that improved stability can be achieved by changingc®firol as derived in eq.(3.8),
to moderate PD control as described in Laplace domain b$.d4d)

1479 s
HE, moals) = Kp™ - <T,:QS) (3.47)
D

The moderation factoh, in eq.(3.47) is defined as a fractiongf and is empirically set to a
value of that causes a high frequent weakening of diffeatioti above 2 rad/s.

Fig.(3.29) shows a typical analysis result of the torque Ibehaviour of dynamic rotor speed
limitation in a specific operation point, just above ratesditions (non dominating turbine
phenomenae are here included). The valuR Bf" has been determined to 47000 kNm/(rad/s)

Control response, Te [kNm] WP:Th= 9.8 dg; Nr=16.4 rpm; Eﬁﬁé‘%ﬁgﬁam (open loop)
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Figure 3.29: Design result at typical operation poift=9.8°, Q, = 16.4 rpm 1.27,,, ; EOG
time response (left hand side) and bode diagram (right haae) sw,,, = 5.4 rad/s, wy = 2.6
rad/s, KP™ = 47000 kNm/(rad/s)

The bode plots at the right hand, show the desired stabilihabiour (45’ phase margin at O

dB gain, at least -6dB amplitude margin at -190 The left side plots show a electric torque
response to an EOG aerodynamic torque gust [1] (upper left 5% of rated amplitude).

The lower right plot shows the expected unstable behavibtieoconstant power controlled

generator, which should be stabilised by the pitch contvop] and the stabilised behaviour
due to dynamic rotor speed limitation.

To avoid excessive values for both electric power and tgrigjupractice the fluctuations will
be (arbitrary) limited to 125% of their rated values.
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Figure 3.30: Use of ‘mixed optimised control’ without (upper) and witbvier) dynamic rotor
speed limitation at 1.6 times rated wind speed level
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Evaluation: It has been shown that the proposed feedback structure evéffective if the
conventional generator curves as described in subsectbh &e applied. The combination
with the ‘mixed version’ optimisation as described in suttem 3.4.2 is shown in fig.(3.30)
at a mean wind speed of 1.6 times rated level. The upper faudaws show results without
dynamic rotor speed limitation, while the lower four windoshow results when the proposed
structure is included. The rotor speed variations are d¢ichibut torque and power fluctuations
are considerably increased. This will be a critical dravidyaoncerning drive train loading and
sideward tower deformation.
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4 POWER CONTROL SIMULATION RESULTS

In this chapter, time domain simulation verification resddr different mean wind speeds are
shown to illustrate the overal control behaviour and penfamce of the turbine power control
algorithm as developed in chapter 3.

4.1 Simulation conditions

In the next sub-sections the specifications of the turbindehdhe external phenomena and
power control algorithm are listed as they were used duiing tliomain simulation. Finally,
the different simulation runs are explained and shortlgulised.

4.1.1 Turbine model

In section 2.2, the system for the DOWEC wind turbine has Imedelled by a (quasi) linear

approach. For the time domain simulations the sub-systemardics, as listed in table(4.1),
were taken into account and dimensioned:

Table 4.1: DOWEC turbine modelling for time domain simulation and aatibn

Modelling ref. Sub-system

Description Symbol | Value [ Unit
Rotor aerodynamic conversion eq.(2.3) ... eq.(2.6);

Rotor radius R 46 m

Air density Dair 1.225 kg/m3
Power coefficient curves Cp(A,0) | fig.(2.2) -
Thrust coefficient curves Ci()\,0) | fig.(2.2) -
Dynamic inflow correction eq.(2.7); eq.(2.8)

DI lagging time constant T fig.(2.3) S

Dl lead time constant’, TEH fig.(2.3) s

DI lead time constanf, T fig.(2.3) |s
Rotating mechanical system ed.(2.9) ... eq.(2.14)

Rotor inertia Jy 12.6e6 ssd kgm?
Generator inertia Jg 239 hse | kgm?
Drive train resonance frequency wh 14.4 rad/s
Drive train damping rate B4 0.005 -
Gearbox ratio igh 70.65 -
Shatft efficiency Msh 0.97 -
Tower dynamics eqd.(2.17) ... eq.(2.19)
Tower resonance frequency w§ 2.2 rad/s
Tower damping rate o 0.005 -
Hub height A 94 m
Tower top diameter dg’vp 2.52 m
Tower base diameter dpase 4.2 m
Steel density Dstecl 8e3 kg/m3
Steel elasticity modulus Eteel 210e9 N/m?
Nacelle mass Mpac 1.2e5 kg
Electric conversion eq.(2.23); eq.(2.25)
Generator system resonance frequen 38 rad/s
Generator system damping rate o 0.7 -
Pitch actuafion system eq.(2.26)

Pitch actuator resonance frequency wgt 80 rad/s
Pitch actuator damping rate Bpt 0.3 -
Pitch actuator delay ™ 0.039 s
Coulomb friction delay T 0.1 s
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4.1.2 External phenomena

During time domain simulation, only rotor effective windesgal, subsection 2.3.1, was used as
an external phenomenon. In table(4.2), the model is spdafie dimensioned

Table 4.2: Wind speed modelling for time domain simulation and evanat

Modelling ref. Sub-system
Description Symbol] Value | Unit
Rotor effective windspeeldeq.(2.27)

Rotor tilt angle Quilt 5

Rotor cone angle Olcone 0 °
Number of blades B 3 -
Rated rotor speed Qrat 15.57| rpm
Rated wind speed Vrat 12.3 | m/s
Turbulence intensity L5 16 -
Wind shear coefficient | ag, 0.1 -
Hub height Zy 94 m
Rotor radius Ry 46 m

4.1.3 Power control algorithm

In chapter 3, the power control structure design and arsalysis described. In table(4.3)
and table(4.4) the analytical and empirical parameterhetised control options are listed as
they were used for time domain simulation. The following ttohoptions were left out of
consideration, because it has been concluded (for thisngjrithat they do not improve the
control behaviour:

* rotor speed setpoint adaptation, subsection 3.2.1;

» dynamic rotor speed limitation, subsection 3.4.3.

Additionally, the constant power option has been used torige power production around
rated conditions, subsection 3.4.2.

4.1.4 Simulation runs

The control algorithm as specified in subsection 4.1.3 has kegaluated to the DOWEC tur-
bine (subsection 4.1.1) at four different mean values ofdvépeed (subsection 4.1.2): [1.0,
1.2, 1.6, 2.0] V!t (12.3 m/s). The results are shown and shorlty discussedctioeed.2,
section 4.3, section 4.4 and section 4.5 respectively.

In section 4.6, attention is paid to verification of resulysalm aerodynamic code.

Each simulation shows five windows, in which wind speed,irepeed, electric torque, electric
power and pitch angle/pitch speed are respectively depicil quantities are normalised to
their pertaining rated value.
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Table 4.3: Pitch control specification for time domain simulation andkeation (1)

Sub-system Modelling ref.

Description Symbol | Value [ Unit
Rotor speed feedback control ed.(3.5);eq.(3.8) eq.(3.12)

3p Low pass rotor speed filter Hyv™P table(3.1) coll -
Collective lead lag band notch filter | Hg " table(3.1) col2 -

Tower band notch filter Hyv*Y table(3.1) col3 -
Proportional gain rotor speed control | K" 1.14 (°/s)/(rad/s)
Differential gain rotor speed control | K3 17.33 (°/s)/(rad/s?)
Differential time constant speed contrpl* 15.19 S
Sample time rotor speed control T 0.1 S
Scheduling coefficients CIﬁPD 9,) dim(2X3) [°,rad/s]
Maximum value scheduling factor e 7 ©
Minimum value scheduling factor gon 1 °
Dynamic inflow compensation eq.(3.15)

Lead time constant compensator TIEI fig.(3.13) -

Lag time constant compensator ! fig.(3.13) -
Inactivity zone and limitation subsection 3.2.3; eq.(3.16)

Inactivity zone weakening factor Tz 0.56 -

Max. allowable pitch speed full load | O™ 4 °/s
Max. allowable pitch speed partial logdd ;5% 0.8 °/s
Max. allowable pitch speed start-up | 65;5% 0.5 °/s
Base value inactivity zone full load | 6f4l} 0.30 °/s
Base value inactivity zone partial load 6% .. 0.25 °/s
Base value hysteresis full load Ol e 0.25 -

Base value hysteresis partial load | 65:7", . 0.25 -
Compensation gain for leaving 1Z gromP 1.25 -

Max. allowable pitch angle full load | 65" 90 °

Min. allowable pitch angle full load 0@“ 1 0

Max. allowable pitch angle partial load 6,5 90 ©

Min. allowable pitch angle partial load eggg; 1 0

Forced rotor speed limitation fig.(3.15)

Rotor speed level for enable fim, 17 rpm
Rotor accelleration for enable/disable Q}f{‘f‘gl 0 rpm/s
Forced pitch speed target 0pe 3 °/s
Target pitch degrees to vane 05{?“3 3 ©
Estimated wind speed feed forward | eq.(3.18) ... €q.(3.30)

Pol. coeff. a priori torque coefficients Cq(HfL)\:l) dim(5X5) [°,-]

Pol. coeff. of max. allowed aero torqueT\i;‘aX(e,Qr) dim(5X5) [°,rpm]
Pol. coeff. of init. wind sp. estimations Vir(6,€,) | dim(5X5) [m/s,rpm]
Pol. coeff. of EWFF scheduling (HT?W)QIW(VW,Qr) dim(6X6) [°,m/s]
Feed forward gain Ky~ 0.5 -
Moderate diff time constant ™" 0.5 S

To work pitch speed limit Q;ngx 15.57 rpm

To vane pitch speed limit Qi“gﬁ 16.50 rpm
Partial Toad pitch angle servo section 3.3

Target pitch angles mart 1 ©

Rotor speed ref points T part 10.00:0.7957:15.57 rpm
Proportional servo gain Kﬁ 1.65 (°/s)/(°)
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Table 4.4: Torque control specification for time domain simulation awaluation (l1)

Sub-system Modelling ref.
Description Symbol[ Value [ Unit
Stationary power production curve eq.(3.32) ... eq.(3.36)
Minimum allowed rotor speed Qg‘“ 9.909 rpm
Maximum allowed rotor speed Qnex 18.402 rpm
Cut-in wind speed Ve 4 m/s
Cut-out wind speed Vil 25 m/s
Opt lambda entering rotor speed Q? opt 10.304 rpm
out
Opt lambda leaving rotor speed Q? opt 14.496 rpm
Rated rotor speed Qrat 15.570 rpm
Pol. Coeff. Opt. lambda curve C}AT hopt | [215.171,0.197,—0.117] | KNm/(rad/s)
Rated electric power prét 2750 kKW
Power optimisation around rated wind spee@q.(3.37); eq.(3.41), eq.(3.42)
Constant power option
Maximum power limit ph 2832.5 kW
Minimum power limit PEi 2667.5 kW
Maximum torque limit T} 1737.21 KNm
Partial to full rotor speed Qr2F | 1582 rpm
Max shift speed of transition to partial Qdec |11 rpm
Max shift acceleration of transition to full | Q:hf 0.1 rpm/s
Max torque rate during full load Tl | 200 kNm/s
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4.2 Control performance at rated wind speed
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Figure 4.1: Control performance at rated wind speed level

The mean power production amounts to 2358kW (85.7% of ndmi@dbviously, this is below
rated power, because wind speed is also below rated for pedgeds of time. During these
periods of time the pitch angle is set to working positior?Y&nd electric torque control is
operating at optimum lambda. As soon as wind speed incréasd®ve rated level, constant
rated power production will take place (this is clearly bisi between 300s-340s. The large
wind gust at 590s, from 70% to 130% of the rated wind speed,levparried by 11% rotor
speed increase and maintaining rated power production.nidan rotor speed is close to its

rated value (0.995%), as a measure for fluctuation the stdrakviation amounts to 0.437
rpm.
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4.3 Control performance above rated wind speed
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Figure 4.2: Control performance above rated wind speed level

The mean power production amounts to 2691kW (97.9% of ndinifi&e reason why rated

mean power production is not achieved can be explained bywarfements of below rated

wind speed level. Again, during these periods of time thehpgingle is set to working position
(1 °) and electric torque control is operating at optimum lambBaring above rated wind

speed periods, constant rated power production will ta&kegplwithout significant fluctuations.
The large wind gust at 590s, leads to 10% above rated rot@dsievel while rated power

production is maintained. The mean rotor speed is almostléqits rated value (1.011%), as
a measure for fluctuation the standard deviation amountgt66om.
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4.4 Control performance at high wind speed
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Figure 4.3: Control performance at high wind speed level

At this wind speed level mean power is at rated level (2747108/9% of nominal). Dur-
ing above rated wind speed periods, constant rated powdugtion will take place, without
significant fluctuations. The electric torque fluctuationsing full load operation are +/-6%
(design value). The pitch angle tracks the wind speed caamarately and the large wind gust
at 590s from 70% to 130% of the rated wind speed level, is g@utio a rotor speed level of
110% and maintaining rated power production. The shown padvaps will be removed by fu-
ture developments [6], these are due to a somewhat differeahanism of interaction between
pitch and electric torque control as described earlier.olmtmadiction to subsection 3.4.2, the
electric torque increase below rated rotor speed is hecé pihgle dependent, which means
that for pitch angle values between 1-41¢he allowed amount of torque increases gradually.
The mean rotor speed is nearly equal to its rated value (%P0& a measure for fluctuation
the standard deviation amounts to 0.494rpm.
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4.5 Control performance at very high wind speed
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Figure 4.4: Control performance at very high wind speed level

This simulation shows similar behaviour as shown in secfighand therefore, it proves the
control performance at very high wind speeds (up to 260%safited value). In this operation
area the turbine safety system will become active (shutrdlaavprotect for overloading. The
simulation shows mean power production at rated level (RW489.9% of nominal), mean
rotor speed level (1.010%) and a rotor speed standard deviet 0.558 rpm. At the severe
wind gust at 590s, rotor speed is increased to 11.5% aboxatdd value.
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4.6 \Verification study by aerodynamic code

The phenomenical results as simulated in the previousosegtshow promising behaviour
which is in compliance with the control objectives as defiimeslection 3.1.

Verification in more detail has been done by the DOWEC pamite6G-Micon Holland in a
control comparison study using the aerodynamic code FLEX&e to the confidentiality of
this study, only general results related to the DOWEC algoriwill be listed below:

The comparison for the DOWEC turbine with a state-of-theeantrol structure has been re-
sulted in improvements concerning:

« extreme fore-aft tower bending moment ( reduction of 40%);
« fatigue fore-aft tower bottom bending equivalent momenetduction of 50%);
« variations in blade pitch rate (standard dev. reductio®.65 dg/s);

* tilt moment ( reduction of 10%).

The mean power production (10min) above rated wind speedwars99% of its rated value.
Opposite to the improvements it has brought about largeati@ns in generator speed (stan-
dard deviation increase of 0.5 rpm), increase of yaw momE2fo] and radial blade forces
(14%).

Larger variations in generator speed can be taken for gfahtcause of the ‘variable speed’
concept: this will be a benefit for turbine loading.

In general, it is concluded that the control algorithm hassiderable advantages.
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5 CONTROL STRATEGIES FOR LOAD REDUCTION

In order to reduce turbine loading, more high frequalattric torque variationgan be used to
reduce drive train resonances ésection 5.1) and sidewasgt taibrations (section 5.3}, while
pitch speed variationenable additional damping of fore-aft tower vibrationsc{sm 5.2). All
these processes dominate in different bands of the fregudsmain: power production (sta-
tionary), transition optimisation and rotor speed limdat(0.1Hz), tower resonances (0.35Hz)
and drive train resonances (2.3Hz). Therefore, they carffbeted by independent control
loops on the condition that separation is guaranteed bivéaat natural) filtering.

5.1 Drive train resonance
For variable speed turbines with a gearbox transmissi@nethre serious risks for severe rotor
shaft vibrations. These vibrations can be reduced via thetrid torque in order to reduce

fatigue loads. Coupling of drive train and tower deformatiocodes are left out of consideration
during the DOWEC project, research results can be found]in [9

5.1.1 Linear design model

Investigations to drive train resonances are based on thdelnas represented in fig.(5.1),
which shows two representations of the drive train modek djpper scheme depicts the ideal

oy
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Figure 5.1: Mechanical (upper) and transfer model (lower) of drive trai

physical model of the drive train, the lower scheme is thechiagy s-domain model. The drive
train is characterised by the elastic coupling of the rigidusned turbine rotor and generator
rotor, with the generator properties related to the turlsinaft (i.e. the gearbox transmission
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ratio, 4, , is included by scaling parameters on the torque and rottspeed at the generator
side). Aerodynamic losses, higher order effects and cduplger naying modes are supposed
here to be negligible. This model is in accordance with sttime® 2.2.2 and corresponds with
the following equations of motion:

Jr ' Q1" = Ta —Cd " Ysh — kd : ;Ysh (51)

Jg ’ Qg = Cd"Vsh T kq - Ysh — Te (52)
where the distorsion angle is definedyas = [(€2; — §2,)dt and the distorsion speed conse-

quently asyy, = Q. —2,. Drive train vibrations are defined as the varying shaftiborswhich
is described by the rotational speed difference.

The stiffness and damping parametgrand k4 can be chosen such that they model the first
coupled drive-train / collective lead-lag blade vibratimode. This coupled mode appears to
dominate the inplane vibration behaviour.

The linearized model for control design is depicted in fi2)5Besides the drive train dynam-
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Figure 5.2: Wind turbine model focussed on drive trian elasticity

ics, the power control loop is shown and an additional feekliti@nsferH ; represents a drive
train feedback structure for dampingi,; is aimed to vary the generator torque such, that it
corrects the generator speed for being out of phase withutb@ae rotor speed.

In accordance with eq.(3.3), analysis is done with the line@nsfer function as given in
eq.(5.3) , for torque variations around a specific operatimint:

OTo = (To)y, - Vae + (To)y - 0+ (To)g, * (5.3)

The electic torque7, is controlled using a simple servo controller as proposeeqi(2.24).
The setpoint to this servo controller comprises a power ytidn setpoint and an additional
control setpoint for drive train dampind;’,, see eq.(2.25).

For a practical turbine, obtaining the resonance measyrés no common practice. The
rotational speed difference causes an additional compdndvoth the rotor and generator
speed. But becausg is much larger thaw, , it satisfies to only measure the generator shaft
speed with an rotary encoder. (Remind that the model usesdnponent after having been
scaled with the gearbox ratio, while the additional commorag the modelled turbine rotor
matches 1:1 with reality).

70 ECN-C--03-111



5 CONTROL STRATEGIES FOR LOAD REDUCTION

5.1.2 Feedback structures

In the design of the damping feedback transfer functidn , the relationship betweefi,
and(?, is simplified by ignoring the influence of the feedback via plogver production curve,
which is very low frequent, and the influene of tgnamicsof the torque servo behaviour,
which is very high frequent.

The system transfer frofl, to €2, is given in Laplace domain by eq.(5.4):

kq—Te H
Ols) _ % St H TS (5.4)
Qr(s) 52+%.5+%+%.5

H, is aimed to achieve a unity transfer for the higher frequesicin which shaft elasticity
causes a weakening effect in transforming rotor speed #tions from the turbine rotor to
the generator rotor. Since the terfify appears equal in the numerator and denominator, this
can only be achieved if the feedback predominates the tanfeq.(5.4) in a small frequency

range around the vibration frequency} .
This requirement on the rati, to €, is fullfiled if the drive train distorsion speed,, is fed
back proportionally after band-pass filtering.

As it is a point of departure that,, is not available as a measurement signal, the feedback of
this quantity is to be approximated. The approximation aarsist in:

» either proportional feedback of the bandpass filtered oredsgenerator spee@;"™"

« or proportional feedback of the bandpass filtered estichdisgtorsion speeaﬁgsh .

High pass filter: It appeared that feedback after omligh-pass filtering dichotinject nasty
high-frequent behaviour in the drive-train. The use of ehfp@ss filter instead of a band-
pass filter yields a much more favourable phase behaviourenransfer function from the

generator torqué’, to the generator speed, or estimated shaft distorsion speég . This
allow to apply a much higher feedback gain for improvemerthefdamping rate, .

A second order inverse Chebychev high pass filter with 20dBaton (cut-off frequency at 1
rad/s) has shown to be effective to avoid low frequent craksto the stationary power curve.

Kalman filter: The Kalman filter design is based on the drive train dynamicdexribed
before in eq.(2.9) through eq.(2.13). It comprises thelam@ wind turbine dynamic behaviour
under neglection of the low frequent feedback via the statip torque/speed curve and of the
torque servo dynamics. All quantities are related to rotaftsside equivalents.

The input of the Kalman filter are the electric torque, (system input), and the measured
generator speed), (measured input). Because the electric torque is difficuiheasure and
therefore usually not available, an approximation of it Igained from the electric torque
setpoint signal by filtering out the high frequent conteritsthie servo dynamics as given in
eq.(2.23).

Additionally, both inputs of the Kalman filter are filtered byhigh pass filter as described in
the previous paragrapl,** and7;™". This is necessary to avoid low frequent content in the
Kalman estimated shaft torsion spegg .

Fig.(5.3) shows the ‘estimator configuration for the shaf$ibn speed’ when using the Kalman
filter; note that the estimated, for ¢(k + 1) is an element of the state vector predictign

for t(k + 1) based on information available up#gk).

It also shows the Kalman gain vectdy,,. These Kalman gains feed the error between the
estimated generator spe@d for ¢(k) based on measurements ugtb— 1) and the measured
generator speef?,”" on ¢(k) into the predictor part of the estimator. The Kalman filter is
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Figure 5.3: Kalman filter design configuration for estimation of shatfiston speed of drive
train (one step prediction)

governed by the following set of differential equations:

;}/Sh = Jsh + Ldrv(l) ’ (QEPF o Qg)

2 JetJ, . A ~ ~
Ysh = J::]s “(—ca - Ysh — kd - Yen) + Ji ST+ Lare (2) - (QEPF — () (5.5
Qp = 4+ (ca -+ Ka-Fgp =TI + Lan(3) - (0% — 0))

From eq.(5.5) it appears, that besides estimatiofylspfalso the shaft torsion anglé,;, , and
the generator spedd, are results of the state estimation.

The Kalman gaing.q,,(1) through Ly, (3) are obtained from the Matlab tool: Kalman().
Required inputs for this function are the state space par@aton of the in-plane drive-train
dynamics by eq.(2.9) and eq.(2.10) and the ‘tuning parasieteeing the expected intensity

of the system noise input;, , and the expected intensity of the generator speed measotem
error,o, .
’ Qg

The system noise variancer, is obtained from the power spectrum of the rotor effective
wind speed signal (subsection 2.3.1) in frequencies aboMe after multiplication with a

typical value for the sensitivity of the aerodynamic tordqoethe wind speed{(T, )’ v, The
measurement noise varlancg is obtained from the proporties of the applied rotary encode
for the generator speed measurement. The power spectrdra obise in the frequency range
between 1 and 20 Hz is applied. The varianees andog, result from integration of the

respective power spectra. The sensitivity of the Kalmang# variations in both variances is
notthat high that scheduling of the Kalman filter gains over therating range design would
be required.

Feedback of théwo-step ahead prediction of the distorsion speed appearecela much
better damping results than the one-step prediction bysteator configuration in fig.(5.3).
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We were triggered to do so because the overall loop delay armdoo twice the sample time.
For this reason the feedback structure as depicted in #y lfas been used. The feedback gain

wind turbine |~

YV T, T T,

o N .e([) (1) rotor &
X)— eS| e EM-torque |” © drive-train
' zero , servosystem

A [ order),

1 emit with delay hold

\ by dataprocessing '

2-step state prediction feedback algorithm
(drive train damping)

h
1: ?lk+12k+2)

__________________________________________

A
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Uer 1=Le (8 panats)
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Figure 5.4: Kalman filter algorithm implementation for estimation ofaffhtorsion speed of
drive train (two step prediction)

Ky, only has a non-zero element for the third state vector elemw@ually the 2-step ahead
predicted value of the shaft torsion speég,, |-

Feedback gain: The obtained distorsion speed will be fed back by a gA&if,, , in order to
increase the total damping ratig{°* of the drive train system. The additional feedback loop
results in an additional term in the drive train dynamics:

gy J, . . r .

J. + j ' (’Ysh) = —Cd * Ysh — kd *Ysh — J. + J : Kdrv * Ysh (56)
r g r g
The total damping ratig°* can be expressed in relation to the ‘natural’ damping rakia,
J, 1

tot — 1 r L. K . 57
Bd Bd<+<]r+!]g " d) (5.7)
= Ba- B (5.8)

in which 4 is equal to eq.(2.13) and! is defined as a multiplication factor with respect to
‘natural damping’. The feedback gain is determined fron{%8) in the same way in both
feedback options:

tot Jr+J
Han = <Bﬂdd _1>' 7k (5.9)

Due to the better phase behaviour of the configuration witlmida filter, it was allowed to
apply a higher value of!°* for that option.
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5.1.3 Time domain simulations

The simulations were calculated for a different but similabine as described in chapter 2 at
above rated wind speed (16/s).

The drive train model was dimensioned by a natural frequesicy 16.3rad/s (2.6Hz) and
damping rate3y of 0.005. Second order generator dynamics with bandwidéhaf30 Hz and
0.7 damping rate were used.

The generator speed measurement was simulated with stiocchesperties that agree with

4096 pulses per revolution of the generator shaft; a puseting duration of 0.025 s had

been assumed. Furthermore, digital control had been aslsiane based on control cycles of
0.025 s. Thus the digital control scheme for damping effetticauses a loop delay of 0.05
s (0.0125 average measurement delay, 0.025 s data praredstay and 0.0125 average hold
delay of control signals).

Both feedback options have been considered in three siioileases:

» speed option: straightforward feedback of the measuradrgéor speed,

» Kalman filter option: feedback of the estimated speed difiee between rotor and gen-
erator.

All curves with signal histories in the figures below are imgamts of the nominal value; they
concern variations around their mean values. If more cuavesn one plot, they are shifted in
order to not overlap.

Fig.(5.5) shows a short-term history of the shaft torquee Wipper plot in the figure shows the
shaft torque without damping control. The other two plotsvelthe shaft torque with damping

control included. The lower curve in both plots is the shaftitie history under feedback of
the Kalman filter estimate of the speed difference betwetor emd generator (Kalman filter

option); the bandwidth of the generator torque servo bewsamounted to 6 Hz. The upper
curves in the middle and lower plot show the result of stfiayivard generator speed feedback
(speed option); in the middle plot 30Hz torque-servo badtwapplies and a design damping
rate of 0.1, whereas 6 Hz and 0.3 respectively in the lowdr plo

The middle plot shows that a bit more damping is achievedHerkalman filter option than
the speed option, even though the required torque servonbdidis five times lower. The
lower plot shows that with an equal servo bandwidth of 6 HzKhéman filter option damps
best by far. The speed option allows only such a low feedbaak that the torsion resonance
is not signifcantly damped. At a higher feedback gain thesphmargin would become far too
small: only a slight increase in phase shift of the torquesarould then yield instability.

Long-term results are shown in figure fig.(5.6) for the spegiibn with 30 Hz servo band-
width and the Kalman filter option with 6 Hz servo bandwidtls &reference, the upper plot
shows the shaft torque without damping control. The middiiéé ghows the controlled shaft
torque (upper curve: speed option; lower curve: Kalmanrfdggion). The lower plot shows
the belonging generator torque variations for both condiions. The middle plot shows
that damping control significantly lowers the drive traiadiing in comparison with the upper
plot. The Kalman filter option gives the best results. Theiedent 2.6 Hz loading has been
determined for these three cases. The speed option loweehdit loading to 52.5% of the
‘uncontrolled value’ of 510 kNm, the Kalman filter option ev® 46.4%. The lower plot in
fig.(5.6) shows that the Kalman filter option needs signifilgaless control effort: it does not
include the low-frequency contents of the generator toagiseen in the speed optidghough
the same high pass filter had been used

Though not included in the figure, long-term load histories the speed option with 6 Hz
torgue servo bandwidth had yet been determined (designidgmate 0.025). Postprocessing
proved load reduction to only 80.8%.

Verifying calculations had been made that included therrspeed influence on the aerody-
namic torque as well as the quasi stationary torque/speeg tiehaviour and tower naying.
This low frequent turbine behaviour did not affect the dtiran damping mechanism.
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Torsion resonance damping; design scope detail
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Figure 5.5: Shaft torque variatons in 16 m/s mean wind speed; short-testory

torsion resonance damping; design scope for 30Hz and 6Hz torque servo bandwidth
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5.1.4 Evaluation

In the two examined damping mechanisms, the high-pas<filgenerator speed measurement
is fed back to the generator torque setpoint. The differdage in the use of a Kalman filter
for estimation of the deviation between the rotor and generspeed: either the estimated
deviation is mapped to a torque setpoint or the measuredaenspeed.

The following conclusions can be drawn from scoping cakboes on drive train damping
control:

» The fatigue loading on the drive train can be reduced to 508sdoading level without
damping control (5% more reduction at Kalman filter use).

» Without a Kalman filter, 50% load reduction will coincidettvidisturbation of low fre-
guent control for torque/speed-curve operation and sidgteaver damping.

* For similar load reduction, the use of a Kalman filter stigrigwers the required band-
width of the electric torque servo behaviour (6 Hz vs 30 Hz).

» Without a Kalman filter, load reduction to only 80% of the antped level is allowed at
6 Hz torque servo bandwidth because of dynamic stability.

It has shown that the Kalman filter approach puts far weakgrirements on the control equip-
ment than straightforward speed feedback. Though it coscaroping results, practical limita-
tions have been accurately taken into account in order ta gglistic view on the possibilities
of the proposed approach.

5.2 Improved damping in fore-afterward direction

Reduction of fore-aft movements or ‘nodding’ of the turbin@ become more relevant for
larger offshore turbines, due to its lower frequency of thst fbending resonance and the
external excitations by waves. Active damping possibiitby pitch control will be discussed
in the next subsections.

5.2.1 Damping approach

Tower top displacements,,q , are caused by interaction between the aerodynamic axa,fo
tower dynamics and existing external forces (waves).

Besides structural tower damping, , as defined in eq.(2.19), both the (natural) aerodynamic
behavior of the rotor and (active) feedback of tower top dpegy , to the pitch angle, will
cause similar damping effects.

OF, = (Fu)y- 0+ (Fa)g, - dnd

= ((R)y- Kt = (Fy, ) - dna (5.10)

The influence by the rotor speed sensitiv(tif,i)gr , has been proven to be small and therefore
neglected in eq.(5.10). In practice, the measured toweadoplerationt,q , will be used to
determine an additional pitching speed setpoint compo@gpt via a feed back gaifk ;™ .
Substitution of eq.(2.17) and eq.(2.19) in eq.(5.10), lteso a total damping, which consists
of three components as supposed before: structural damgingerodynamic dampingi*©

, and active dampingct! :

1 .
tot _ ! _ Xnd . !
t - 2 mgCy (kt + (Fa)VW KP (Fa)g)

= B+ B+ g (5.11)
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A simple second order system as given in eq.(5.12) appedrs soifficient to analyse active
damping of tower vibrations [5]

2
na + (26°°wh) - dima + () - Tna = Foge® /s, (5.12)

whereFIEZlpeq is defined as tower top equivalent excitation force eq.(2ap@w, the resonance
frequency of the first (fore-aft) tower bending mode.

5.2.2 Feedback structure

The proposed feedback structure aims to avoid turbine stwihdsafety system) due to ex-
ceeding a critical tower top acceleration levi[* , and to reduce the fatigue loading by tower

top displacements. This should be realised by improvingdteé damping ratgf{°* to a maxi-
mum constant level for the whole turbine operation arealend@using as little as possible loss
of power production.

Due to additional system restrictions and practical remuents, a simple proportional feed-
back will be not sufficient to achieve this objective:

+ maximum allowable pitch speed during normal operath! , and emergency opera-
tion, 9™me ;

« disturbing components in the measured tower top accilarép, flapwise)z,g :

« stability must be guaranteed;

« working point dependent sensitivitied, ), and(F,); -

Conditional operation of the feedback loop will be a pogs#wlution to deal with the first item
and makes it possible to avoid power production loss caugqutth corrections from non-
significant tower top accellerations. A narrow bandpassrfdtound the resonance frequency
[2] will introduce restrictions to the feedback gain forlsitay reasons. Additionally, its sen-
sitive phase behaviour will have to much effect on the daggarformance. Because the
tower resonance frequency hardly changes, a solution lesfbend in on-line determination
of the required phase correction (delay) to ensure incredamping as intended originally
by proportional feedback [5]. Because this correction iegptjuasi-proportional feedback of a
pure second order system, stability requirements can beainiScheduling functions will be
a solution to deal with non-linear aerodynamic sensitigitiDesign of the proposed structure,
as shown in fig.(5.7) is separated in three parts: phaseactedrband pass filtering, conditional
feedback gain and non-linear scheduling.

Phase corrected band pass filtering: Because of its moderate phase slope within the pass
band and its guaranteed reduction outside this band, ehfouder inverse Chebychev filter
with 40dB reduction proved to be the most suitable bandpliss ft its center frequencyyj

, the phase shift is exactly zero, fig.(5.8). Deviations eguisase shifts, which will be fitted

in a polynomial as a priori knowledge to enable phase shifiections in case of actual tower
resonances (which vary slightly in practice around itsmesae frequencyy, ). Observation of

the actual tower resonance frequenty, , is based on time recording between zero crossings

of the filtered tower top accelleratioﬁifld . The calculated actual phase shift at this frequency
is converted to a discrete number of control ‘delay’ cyckss the recent history of the filtered
tower top acceleration values is stored in a register, aarate correction can be determined
easily.

Conditional feedback gain: The feedback gain factoK§nd , shall be limited in order to not

exceed the maximum allowable pitch speéd! or 9™ . Emergency operation for nodding
damping will be required to avoid shut down by the turbineegakystem, as soon as the
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Figure 5.7: Feedback control structure for improved damping of towg@rnodding
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Figure 5.8: Amplitude and phase diagram ¢f* order Inverse Chebychev band pass filter

= CINP

actual tower top accelleratioi; " , exceeds a critical tower top acceleration leigf . The
following scheme is used for feedback gain in order to aghj@tch rates up tg™e

% jfull . . .. 1i
K <O if & TP < ¢ phim
x n n
Xnd égg]g 1 - CIMp --lim (513)
KP S W, |f 'Ind > 5 . 'Ind
n

..cmp

The introduced quantity; ;" , is defined as maximum level of the mean value (for two nod-
ding periods) of the filtered tower top accelleration, wigilis an arbitrary fraction (e.g. 90%)

- lim
of &4 .

In addition, at an allowable tower top accelleration ley/ght whichi{yP = 0.2 - #im | active
tower damping will not be effectuated to avoid loss of powadoiction. The following scheme
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is used for feedback gain in order to achieve pitch rates @f'to

Kt =0, if &P < ¢ plim
%nd K;’Xnd -, CIp -lim -lim -Cmp hm

K. = = (Znd — Znd if C-app <apy” <2¢-%) (5.14)
. d

K;nd = K;n’xnd if wcmp > 2. whm

Fig.(5.9) shows the conditional gain factor for a normalisperation rangé ;" / #m . The
limiting ‘curves’ are described by eq.(5.13) féf"!! = 4 °/s and#°™& = 10°/s). Eq.(5.14)
defines the left area, until it is limited & where K" crossesiim at i3 = 0.5. Above
the critical nodding leveli'™ | the maximum (emergency) gain value shall be used to achieve

d
maximal damping. A linear transition zone is used for gradumnection of the limiting

curves.
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Figure 5.9: Conditional limits of feed back gain factdk .

Scheduling: EQq.(5.10) shows that two aerodynamic gains are of reIevahEg){,w , and
(F,),- Both are dependent of the rotor speed, wind speed and pigle.a If a constant
damping ratios; in the whole operation regiort (< 3" /&1 < y) is aimed, K™ will

be also non-linear and operation point dependéfit ¢ (6,2, ); the dependancy of the wind
speed is not taken into account.

A feasible damping ratigf is determined in advance from eq.(5.11) by using mean opera-
tion values(), , # and the accompanying value &f;” ¢ at ¢. A non-linear expression for
K;™4(6,9,) can be determined by usin in eq.(5.15)

ke + (Fa){/W - ﬁ;‘ ’ 2\/tht (5 15)
(Fa)g '

Eq.(5.15) is shown in fig.(5.10) for the whole operation mn@he grid is a fit by a 2D poly-
nomial function, eq.(5.16), which will be used to pursue astant damping ratio in the whole

operation region.

Ki54(0,0,) =

Ny+1Ng +1
K (0,00 = 37 37 O (i) - QD 0070 (5.16)

i=1 j=1

A damping ratiog; ~ 0.15, has appeared possible.
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Figure 5.10: Polynomial fit fork ;" ,eq.(5.15)

5.2.3 Time domain simulation and evaluation

Time domain simulation will show the behaviour of the impgdwdamping structure as pro-
posed before. To introduce considerable tower top acedlber, external forces by waves
(subsection 2.3.2) were added and the simulation was esdtliaround cut-off wind speed.
During simulation all pitch control features were incorgied (section 3.2), conventional gen-
erator control was applied (subsection 3.4.1) and drivie tlamping was included (section
5.1). Fig.(5.11) shows the nodding displacement, the g@tayie and pitch speed control with
(dashed line) and without (solid line) the proposed stmctin the upper window the damping

nodding verplaatsing
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Figure 5.11: Damping results of proposed damping feedback structurth @antrol (dashed
line) and without control (solid) line)
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possibilities are proved and the additional pitch actumsti@ower frequency) are clearly visible
during the time intervals at which the conditional feedbbxp is activated.

Fig.(5.12) shows the rotor speed and power production cpesees as variations around rated
,with (dashed line) and without (solid line) the proposedicture. Although, difference in

generatorsnelheid (verschoven naar nominaal = 0 rpm)
1 T T T T T

[rom]

-1 L L I I I I I
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Figure 5.12: Rotor speed and power variations of the proposed dampirdpbee structure;
with control (dashed line) and without control (solid line)

rotor speed is observed, control toward rated is maintdiyetthe pitch control and generator
control, just as power production. The shown deviationsatrébuted to the non-linear nature
of the wind turbine; cumulation of small differences leaddifferent time realisations with
preservation of ‘typical’ behaviour.

Promising results of the damping feedback structure fag-fdt tower movements have been
achieved. Although, implementation and analysis in andgramic code (Phatas) will be
necessary to verify the control approach towards couplstesy modes (tower, blades, drive
train).
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5.3 Improved damping in sideward direction

Reduction of sideward tower movements or ‘naying’ of théite will be important because
they are naturally badly damped, due to the absence of amaiotyg rotor damping. Active
damping possibilities by actuation of electric torque Wil discussed in the next subsections.

5.3.1 Damping approach

Tower top displacements in sideward direction, are caugadtibe train torque reactions and
external forces of waves. Only structural dampjsgwill reduce vibrations; because this is
usually very small (0.005), additional damping is desired.

Similar to the approach on increase of damping in fore-aftation, a velocity feedback loop
from naying speed,, to an additive electric torque setpoifit,  will be clear. In practice, the

measured tower top accelleratioi"l1y , Will be used to determine an additive electric torque

setpointl , via a feedback gaif ™ . Therefore,%ny should be (numerically) be integrated,

which fortunately results in a smoothened signal. Fig3pillustrates the feedback approach
in relation to existing control loops and relevant turbirymamics:

* rotor speed control by pitch actuation, subsection 3.2.1;
» power production by generator control, subsection 3.4.1;
« first bending mode tower dynamics, eq.(2.18);

* tower excitation force, eq.(2.21).

Sevo
controller

set

Te

Xn
Q- p
" Ty . l TJL( T
em -

Figure 5.13: Feedback control structure for improved damping of sidelntawer vibrations.

From eq.(2.18), eq.(2.21) and eq.(2.19) into the standatation of a second order system, it
can be easily found that:

1 KXy
tot  _ k 3P )
t 2 /—mtct ( t +2 Zt
= B +p (5.17)
In terms of a damping multiplication factgf" this can also be written as:
= BB (5.18)
g = 143k (5.19)
t - 2 ki Zy )
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Similar to ‘nodding’, a simple second order system as ginegti.(5.20) appears to be sufficient
to analyse active damping of tower vibrations [4]

Fay + (281wh) - iy + (wg)z -y = F0P /my, (5.20)

whereFtOpeq is defined as tower top equivalent excitation force eq.(2a2tiw, the resonance
frequency of the first (sideward) tower bending mode.

5.3.2 Feedback structure

The proposed feedback structure aims to improve the badiypdd sideward tower resonances
in order to reduce fatigue loading and to prevent turbind-glown by the turbine safety sys-
tem. This should be realised by improving the damping fté to a maximum level, while
causing as little as possible influences to power controloardity (fluctuation).

Stability analysis has been considered by comparison aftioe speed loop with and without
naying feedback loop. It has been proved that additionalpitagnwith realistic values of
B¢ (10 ..100) have hardly influence on stability. It has alsonbeeved that operation point
dependency is not an issue; there's barely any relationsitipthe non-linear aerodynamics
4].

A restriction to the value of(;™ is found in the maximum allowable power and torque fluctu-
ations. A value of 10% seems to be practical due to drive teading.

To deal with disturbing components, two filters are needegifoper damping effects

< a band pass filter in the feedback loop;

« alow pass filter in the torque setpoint loop for power praitung

The band pass filter is implemented to intensify the natwatentration of velocity feedback
around the eigenfrequency], . Be conscious that the tower naying itself act as a band pass
filter around its eigen frequency. A first order elliptic filt@ith a passband§ +0.25rad/s ,
20dB reduction and 2 dB ripple has emperically shown satidfiehaviour, because of less
phase shift around, .

The ‘very low pass filter’ in the torque setpoint loop showdid any ‘high’ frequent effect to
power production (setpoint raising) while phase shift ibéaavoided for low frequencies (shift
between rotor speed and torque). A high order invers Chalwfiler with cut-off frequency
w§-0.5 rad/s and 10dB reduction gave good performance.

5.3.3 Evaluation

To evaluate the proposed feedback structure, the time dopsaformance with and without
active damping was compared by (linear) simulation. Theukition was calculated for a
different but similar turbine as described in chapter 2 atvatrated wind speed (16m/s) and
‘worst case’ waves (20 depth) that hits the turbine with mmaxh energy avf, (see subsection

2.3.2). The feedback factdk;™ was set to a value which results =15 (eq.(5.19)) and
maximum allowable torque fluctuations of 10%.

Fig.(5.14) illustrates this comparison by showing the rajeeed, electric torque and naying
acceleration (proportional with the in plane forces as erpeed by the tower). The upper
window proves that the rotor speed is hardly affected. Thddiaiwindow visualises clearly
the additional torque variatioris),  around the setpoint for power production (dotted line).
The lower window shows that the absolute maximum of the rpgicceleration is decreased
by a factor 2.5 (60%).
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Effect naying damping (all filters included); dotted: bF =1, solid: b_ =15

I I I I I I
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time [s]
file E:\schaak\TowDamp\SCOPE\PS\scnyeff.ps 01-Feb-2001
by E: ak\TowDamp\SCOl .m

Figure 5.14: Resulting time domain simulation with (solid line) and with (dotted line)
naying feedback loop; tower excitation by waves at 16m/sxmdad speed
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6 CONCLUSIONS

DOWEC workpackage 1, task 3 has contributed to the

« set-up of a modular control structure based on theoredicalysis and industrial needs;

« increase of turbine performance (power production, lealiction) by additional control
features and actions.

It can be concluded that the control structure is superiordmnary PD feedback control of the
rotor speed. Anindependent comparison study for the DOWIRGte, using an aerodynamic
code with a state-of-the-art control structure has reduttémprovements concerning:

» extreme fore-aft tower bending moment (-40%);

« fatigue fore-aft tower bottom bending equivalent momebd%o);
« variations in blade pitch rate (standard dev. -0.65 dg/s);

« tilt moment (-10%).

The mean power production (10min) in above rated wind spaedsover 99% of its rated
value. Opposite to the improvements it has brought abogeéfarariations in generator speed
(standard dev. +0.5 rpm), increase of yaw moment (12% ) atidlralade forces (14% ).

Increase of turbine performance can be particularly atteith to the following control features:

» dynamic inflow compensation (wake behaviour);
« enlarged control gain by advanced gain scheduling;

« improvement of full load power production and behaviouniad gusts by wind speed
feed forward control;

» smooth and production effective mode transition arouneldraonditions by mutual in-
teraction between electric torque and pitch control;

« reduction of drive train vibrations by high frequent etéctorque variations based on
the estimated shaft distorsion speed (Kalman filter).

Optimisation of the control mode transition around ratedibing small electric torque varia-
tions (= 6%) gives a considerable improvement to the energy yieldBg)*).

It has been shown thatind speed feed forward contrehables an increase of energy yield of
0.9% (without optimisation around ratetl)

The use of a Kalman filter, which estimates the main shafvdigin from the generator speed,
has resulted in a reduction of the shaft loading by 50%, usittgque servo bandwidth of only
6Hz.

In addition, promising examinations on suppression of tossonances in both fore-aft and
sideward directions were made by pitch angle and electriuvariations, respectively.

*) these improvements are related to de-activation of thearairgg control action with respect
to its active situation.
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