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Abstract

In this thesis the torque, speed and pitch angle control of variable speed wind
turbine is investigated. In particular, it concentrates on the extraction of max-
imum available energy, reduction of torque and output power variations, which
givesstressesin the gearbox and mechanical structure. The control concentrates
on separatewind speed internals as well as on whole wind speed region. It is
found that the control structures varies substantially between the wind speed
regions. Finally the result are comparedwith measurement made on 2 variable
speedturbines.

Keyw ords: Wind turbine, pitch control, variable speed operation, torquecontrol,
mechanical stresses,energy capture.
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Chapter 1

In tro duction

1.1 General Background

Using the wind is not a new idea. For hundreds of years, the famous Dutch
windmills havefaithfully pumpedwater, keepingland reclaimedor grinding grain.
Today, the windmill's modern equivalent - a wind turbine, usesthe energy in
the wind to generateelectricity. In the 19th century the �rst wind turbine for
electricity generationcameinto use, constructed by Charles Brush (inventor of
several key technologiesin the electrical industry). The turbine was 17 meters
tall and had 144cedarmaderotor blades.Soon thereafter, Poul la Cour, a Dane,
discovered that fast rotating wind turbines with fewer rotor blades generated
electricity more e�cien tly than a slowly rotating wind turbines with many rotor
blades. This openedthe door to a number of wind turbine advancesduring the
20th century.

Wind power is the world's fastestgrowing sourceof electricity [8]. Generating
capacity grew at an averageannual rate of 25%between1990and 2000. At the
end of 2002the total global wind generatingcapacity exceeded31,000MW, and
provides about 65 billion kWh of electricity annually. This is enough to meet
the needsof over 6 million averageAmerican homes.The generatingcapacity is
mainly concentrated in just �v ecountries; Germany (36%), the U.S. (18%), Spain
(14%), Denmark (10%) and India (6%). Wind electricity generation has been
expandingrapidly during recent years,dueto largely technologicalimprovements,
industry maturation and an increasingconcernregardingthe emissionsassociated
with burning fossil fuels.

1.2 Problem Background

Automatic control is essential for e�cien t and reliable operation of wind power
turbines and is an interesting, challenging research topic. Nowadays, variable
speedwind turbines are becomingmore commonthan constant speedturbines.
This is mainly due to a better power quality impact, reduction of stressesin the
turbine and the reduction of the weight and cost of the main components. The
traditional �xed-speedturbines are stall regulatedwhile the new, variable-speed
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1.3 PreviousWork Introduction

turbines are pitch-regulated. The most commonlyusedparameterdescribingthe
relative rotor speed is T ipS peed

W indS peed = � . The aerodynamic e�ciency Cp(�; � ) is a
function of the tip-speedratio and the pitch angle � . Given a pitch angle, the
e�ciency coe�cien t Cp hasa maximum for a certain tip-speedratio, � . It is thus
obvious that to maximize the e�ciency of the turbine, we should be able to vary
its rotational speedto follow the wind speed. The 
uctuating nature of the wind
makes the variable speedturbine a nontrivial object to control. The objectives
is to achieve high e�ciency and at the sametime have a smooth power output.
The control variablesare the electrodynamical torque and the pitch angle.

1.3 Previous Work

Although the control of variable speedpitch-controlled is an important areaand
obviously routineshavebeendevelopedby manufacturers,there is not much to be
found in the generallyavailable literature. The steady-stateoperating conditions
are well described by Bossanyi [2]. In Mika [22] suggestionsfor controllers for
somewind speed regionscan be found, however, no solutions of how to switch
between these controllers were presented.Moreover, in Mika [22] the suggested
pitch controller wasof a very activetype, that could leadto wearof the mechanical
parts, which, of course,is a drawback.

1.4 Purp ose of the thesis

The main purposeof this work is to designand analyzecontrol algorithms for
variable speed wind turbines with pitch angle control. Moreover a goal is to
study the the trade-o� between minimum of torque variations and maximum
energygain. Further, the objective is to make a controller structure that is valid
in the wholewind speedregion. In addition, another goal is to investigatea pitch
controller that is much lessactive which could lead to reducedmechanical wear.
Finally a goal is to utilize measurement madeon two variable speedturbines to
comparethe theoretically obtained results.

1.5 Thesis Layout

Chapter 2 presents an overview of the most important theories.

Chapter 3 describesthe measurement equipment, hardware and software. De-
tails about �lter unit, sampleand hold, card etc...

Chapter 4 Modelling of the most important part like: pitch actuator, spatial
�lter, rotational sampling �lter.

Chapter 5 Proposalsof di�eren t control schemesand tuning issues.

Chapter 6 Analysis of di�eren t control structures at di�eren t wind speedinter-
vals.

2



Introduction 1.5 ThesisLayout

Chapter 7 Control algorithms for whole wind speedregion, switching methods
betweenwind speedintervals and simulation result.

Chapter 8 Provides �nal conclusionand topics for future research.

App endixes Measurement data from behavior of real wind turbines(Bast and
Jung Turbine), Simulink implementation of the controllers, synthetic wind
speedprogram listing in Matlab .
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Chapter 2

Wind Turbine Op eration

A wind turbine obtains its power input by converting someof the kinetic energy
in the wind into a torque acting on the rotor blades (the actuator disc). The
amount of energy which the wind transfers to the rotor depends on the wind
speed, the rotor area, blade design(pitch angle) and the density of the air. Al-
though there are many di�eren t con�gurations of wind turbines systemsthey all
work in a similar way.

The turbine starts to produce energywhen the wind speed is above Vcut � in

and stopswhen the wind speedis below Vcut � of f

Figure 2.1. Di�er ent regions of wind turbine control

The control of a wind turbine consist three areas:

I. [Vcut � in ... Vn ] Area where the turbine operate at "variable-speed" with an
optimal rotor speedgiving maximal energy.

I I. [Vn ... Vo] Operation around rated rotor speed,but below rated power.

I I I. [Vo ... Vcut � of f ] Turbine operate at full power and rated speed,pitch control
active.
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2.1 Fixed and Variable SpeedOperation Wind Turbine Operation

2.1 Fixed and Variable Speed Op eration

2.1.1 Constan t Speed Op eration

Due to its simplicity, the �xed speedturbines becamethe standard wind turbine
for several decades.The �xed speedoperation is obtained by directly connecting
the induction generator stator's circuit to the grid. The rotor shaft is almost
locked with the frequencyof the electrical grid, admitting only a small (few %)
variation from its nominal value. With constant speedthe 
uctuation of the wind
speedwill lead to 
uctuating torque in the shaft which will result in 
uctuating
power, which might causevoltage 
uctuations on a weak grid. The shaft torque
pulsation will result in high stresseson the rotor, shaft, gearbox and generator.
If we study the equation

Pa =
�
2

� R2Cp(� )WS3 (2.1)

where� is the air density, we canseethat there is no possibility to always operate
the turbine with the maximum Cp e�ciency in the whole wind speed range,
because� is inverselyproportional to the wind speed

� =
! r R
WS

(2.2)

that meansthe power coe�cien t is only optimal for a speci�c wind speedinterval.

Another extra part is the capacitor bank typically designedto compensatefor
the induction generatorno-load reactive power consumption also, a soft starter
is a standard part of the �xed system. It is usedonly during the start up of the
turbine and it lowersthe current whenthe turbine is beingconnectedto the grid.
A wind turbine without a soft starter would draw a very high current during
start up and the corresponding voltage drop in the grid would exceedthe stated
limits. Moreover, the gearbox would su�er from transient torques. Nowadays
they becomelesseconomicalbecauserequired heavy support structures to make
safety above-rated wind speeddue to high trust forcesfrom the wind.

2.1.2 Variable Speed Op eration

With variable rotor speed it is possibleto operate at ideal � , at maximum Cp

value. It lead to extract maximum possibleenergyat the low wind speedrange
.This is important advantage of variable rotor speed. Today it can be obtained
by using a power electronicsconverter. The typesof generatorsusedtoday are
induction and synchronousmachines.
Other important advantage it is reduction of drive-train mechanical stressesby
better torque control which alsoresult in better output power quality and reduced
noise emission. Also smaller and cheaper gearboxes can be used due to the
reduction of mechanical stresses.Today an aerodynamic power control principle
(pitch control) almost exclusively is usedin combination with the variable-speed
turbines (seenext sectionfor explanation).
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Wind Turbine Operation 2.2 Aerodynamicsmethods for limiting the power

2.2 Aero dynamics metho ds for limiting the power

Figure 2.2. Aerodynamic forces and velocities at a rotor blade

There are two methods to limit the aerodynamic conversion at high wind
speed. Pitch control which turn the blades out of the wind and stall control,
where the blades loosetheir aerodynamic e�ciency at high wind speeds. The
amount of energythat is extracted from wind and converted into mechanical en-
ergy is depending on the radial force acting on the blade. The formation of the
force depends on particular pro�le design and dimension and is shown in Fig-
ure 2.2. The Cp(�; � )l characteristic gives us a power coe�cien t, that depends
on the tip speedratio � and the pitch angle � .For blade pro�les two forcesare
generallyusedto describe the characteristics,lift forcecomponent (FLI F T ) and a
drag component (FD RAG ) which resulting asFT OT AL . The FLI F T component and
a FD RAG together are transformedinto a pair of axial FT H RUST forceand rotor's
directions FT ORQU E components, whereonly the FT ORQU E producesthe driving
torque around the rotor shaft. By varying the pitch angle,� the sizethe direction
of FT OT AL components can be changed.The axial forcesFT H RUST hasno driving
e�ect but puts stresson rotor bladesand furthermore, leadsto a thrust on the
nacelleand on tower.

2.2.1 Pitc h Con trol

In this method there is a mechanism to physically turn the bladesaround their
longitudinal axes. At low wind speed a control system will use this feature to
maximize energy extracted from the wind. During the higher wind speed the

7



2.2 Aerodynamicsmethods for limiting the power Wind Turbine Operation
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Figure 2.3. Calculated Cp(�; � ) surface baseon real data blade

torque or power can easily be limited to its rated value by adjusting the pitch
angle � . In addition the axial aerodynamics forcesare reduced. This method is
almost always usedwith variable speed turbines in order to make operation at
high wind speedpossibleand safety.

On a pitch controlled wind turbine the turbine�s electroniccontroller checks the
power output of the turbine constantly. When the power output becomestoo
high, it requestedthe blade pitch mechanism to immediately turns the blades
slightly out of the wind. When the wind speed is less strong the blades are
turned back, into the most e�ectiv e position.

2.2.2 Passive stall regulation

Passive stall controlled wind turbines have the rotor �rmly attached to the hub
at a �xed angle. Accordingly, using the passive stall method the pitch angle� is
always constant, no mechanismto turn the bladesaround their axesis necessary.
The bladesare aerodynamically designedto stall at higher wind speeds,and the
incoming power is limited closeto the rated. When the wind speed increases,
the angle � , which is the angleof attack, will increase.Above a certain angle �

8



Wind Turbine Operation 2.2 Aerodynamicsmethods for limiting the power

the stall e�ect occur, the torque producing forcecan be limited approximately to
its rated value. This conceptis usedfor around 60%of the constant speedwind
turbine in the world [www.windpower.org].

Figure 2.4. E�e ct for di�er ent pitch angleswith constant speed operation

Advantagesof the stall control systemis that moving parts in the rotor blades
are avoided and a complex control systemis not necessary. On the other hand,
stall control involvesa very complexaerodynamic designand related designchal-
lengesin the structural dynamicsof the wholewind turbine, for instanceto avoid
stall-induced vibrations. A normal passive stall controlled wind turbine usually
have a drop in the electrical power output for higher wind speeds,as the ro-
tor bladesgo into deeper stall, which is a drawback. For �xed-speedoperation,
an advantage is that stall-control giveslower power pulsation comparedto pitch
control [7]

2.2.3 Activ e stall regulation

The active stall regulation o�ers both, the advantagesof pitch-controlled blades
and the stall e�ect. Due to the pitch-controlled blades,oneof the advantagesof
active stall is that one can control the power output more accurately than with
passive stall, sothat the averagepower is always at the rated valueat wind speed
above rated. As with pitch control it is largely an economicquestionwhether it
is worth to pay for the added complexity of the machine, when the blade pitch
mechanism is added.

Besidesproviding power control, the blade pitch system is also used to accel-
erate the bladesfrom idling to operational speedand bringing the rotor back to
a safeidling situation in caseof a grid lossor any other functional error.

The rotor bladesare able to be pitched like the pitch controlled wind turbines.
The di�erence is that when the machine reachesits rated power, the bladeswill
pitch in the opposite direction, increasingtheir angleto the wind and going into
a deeper stall.

9
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The active stall control systemis often installed in the large �xed speedturbines
(1 MW and more).
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Chapter 3

Data Collecting Equipmen t

3.1 Hardw are

To collect data from the wind turbine site we need proper measurement and
recording equipment which will be able to collect several channels with high
sampling rate for many days. The rangeof power which will be measuredis up
to 850kW. Sincethe voltage level is 690V, the rated current is up to 600A. In
order to measurethe current we use LEM modules as current transducers. In
order to measurethe voltageswe usean isolation ampli�er and a resistive divider
circuit. Also we have to chosethe proper sampling frequencywhich allows us
to reconstruct the shape of measureddata in the future. Our data acquisition
systemis basedon a PC computer with an installed data acquisition card. The
DAQ card is connectedto a �lter box. The voltage signals from the current
clampsand voltage probe unit feedsthe �lter unit with anti alias routines. The
purposeof the voltagebox is to reducethe measuredvoltagesand obtain galvanic
separations.The outputs signal level should match witch the rangeof the input
voltageof the �lter unit. The measurement set-upschemeis shown in Figure 3.1.

3.1.1 Measuremen t computer and surrounding

The computer is placed in an isolated place. Due to long distance to the wind
turbine we would like to have sometype of communication with the unit. Ac-
cordingly there is a GSM modem installed in the computer and proper software
to operate the PC from a remote host which is located at the department. The
modem unit consistof a modem and a GSM radio modul. We alsoequipped our
unit with a UPS which is able to supply the computer for at least 10 min if there
would be a black-out.

3.1.2 DA Q card

The most important part in wholesystemis data acquisition card. We have used
a Microstar DAP 4000card which occupiesonePCI slot in the PC. This card is
suitable for wide rangeof application in laboratoriesand industries.

11



3.1 Hardware Data Collecting Equipment

Filter
Hold&sampling

unit DAQ card

GSM
modem

PC
computer

Voltage
measure box

Current LEM
modules

Voltages from
probe transformer

Current
measure box UPS

Figure 3.1. Overview of whole DAQ system

Figure 3.2. Whole measurement system

The DAP 4000hasa high performanceData Acquisition Processorfor high speed
data acquisition and control.

The main feature of the card are:

� TI 486SXLC2-50Processor

� PCI bus interface

� 14bit A/D converter resolution

� 800 thousandssamplesper second

� � 2:5V, � 5V, 0 � 5V and 0 � 10V analoginput ranges

12



Data Collecting Equipment 3.1 Hardware

� Onboard operating systemoptimized for 32 bit operation

3.1.3 Filter and sample & hold unit

The �lter unit with the sampleand hold function included is set in 19" rack case.
(Figure 3.3) There are 8 cards inside the unit, each consist two channelswith
di�eren tial voltagesinput.

Figure 3.3. Filter unit

The standard input circuit is shown in Figure 3.4. We are alsoable to adjust
the gain of the input channels: 1V=V, 2V=V, 5V=V, 10V=V. In our casewe set
6 channelsto � 2V sensitivity (gain: 5V=V) to match the level with the output
signal from the current clamps and the rest of voltage channelsto � 10V. The

Over Voltage
Protection

Galvanic isolated
differential amplifier50mA

In
pu

ts

0

G
N

D

R
E

S

C
A

P

Output

Gain

Figure 3.4. Input circuit with the galvanic operational ampli�er

build in �lter is a 4th order Bessel�lter and the cut o� frequencyare: 10kHz,
2kHz, 416Hz,104Hzand Bypass.Weusethis �lter to avoid aliasingin casehigher
harmonicsthan relative present sampling frequencyof DAQ card. In Figure 3.5
an overview of Sample and Hold unit is shown. Becauseit is not possibleto
measuretwo or more channels in one time without delay using the card only,
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3.1 Hardware Data Collecting Equipment

we usea sampleand hold unit to make simultaneoussamplingpossible.Usually
this module is basedon a multiplexed data acquisition card wheremany inputs
are scannedby one A/D converter using a fast multiplexer. This module has to
be synchronized with the DAQ card. It works like an analogmemory, basedon

Fast A/C
converter

Multimlexer

DAQ card  in
computerFilter and S&H unit

14 bits
output

Adjustable
filters

Sample
state

Hold
state

In
pu

ts

Figure 3.5. Principle of operation Sampleand Hold module

capacitors. On the commandby one synchronizing pulse all inputs are sampled
and hold, and the measureprocesscan be done. Now, the measuredvaluestaken
at onetime canbeachievedby the multiplexer which have time to switch between
the channelsand there is no delay that can have in
uence on the �nal result.

3.1.4 Curren t Clamps

The current clamps(Figure 3.6) usedin our project are operate using Hall-e�ect
and they comefrom the LEM corporation. They are able to measurecurrents up
to 2000A (peak) with an accuracyof 1%. The frequencyrange is speci�ed from
0 to 10kH z within the -1dB bandwidth. The clamp ratio is speci�ed as 1mV=A
which give an output range� 2V peak. That meansthat we can measurecurrent
up to 1410A (rms value) and this is suitable for our purposewherethe nominal
current is around 600A.

3.1.5 Voltage Prob es

The voltageunit consistof galvanically isolatedhigh accuracyoperating ampli�ers
modules and a � 15V power supply. On the high voltage side (the inputs) a
traditional resistancevoltage divider is usedwhich adjust the level of the input
voltagesto valuessuitable for the DAC card. The galvanic separationassureus
that there is no connectionbetweencomputer and the grid in caseof an error in
the resistive divider. The resistorsratio is 1 : 20:1 and the max input voltage of
DAC card is � 10V, (7:07Vrms). Sowe are able to measurevoltage up to 140V

14



Data Collecting Equipment 3.2 Software and collecteddata

Figure 3.6. Current clamps with power supply unit(left), in real measurement (right)

with a 14 bit accuracy.
Resolution:

7:07� 20:1
214

=
142:12
16384

= 8:675
hmV

step

i

Figure 3.7. Galvanically isolated operating ampli�er

3.2 Soft ware and collected data

The program responsible for serving DAC card and store the data on the hard
disk is DASY lab32. We have to decidewhat sizeof �le we needand which track
will be corresponding to which signal. To calculate the volume of data on HDD
we have to know: sampling frequency, number of track, bytes per sample,time.

Example of calculating volume of data need:

15



3.2 Software and collecteddata Data Collecting Equipment

2048[sampl e
second ] � 9[channels] � 4[ bytes

sampl es] �
�

60[sek] � 60[min ] � 24[h] � 7[days]
�

= 42GB ytes
week

3.2.1 File Data Format

There are many �le format for data storage. Somestandardsare with headerin
the beginningof the �le wherewe can found sampling frequencyof the recorded
data, sample format (
oat, double, integer, byte), triggering values, etc.. . The
disadvantage of using that kind of format headeris that we can not easily join
�les together or can not read sequently in the simple way.

Another group of format is without a headerbut in this casewe have to known
what kind of representation of data that hasbeenusedwhenacquirethe �le. The
advantage is the simplicity of reading especially when we have large number of
�les.
For our purposewe have chosenthe IEEE standard without the header,which
is easy to read in Matlab. Each sample is described within 32 bites as a 
oat
number, and each �le contains 16channelsof data. The length of the �le depends
on the number of samples.The data is organizedin blocks, each block contains
the sequenceof the data samples(1,2,...,16)from onesampletime and after there
is another block corresponding to the next sampletime.

16



Chapter 4

Mo delling

4.1 Aero dynamic conversion - Spatial �ltering

It is impossibleto measurethe "total" wind speed hitting the rotor, since the
wind speedvaries over the disc swept area. This givesus a problem sincesome
of the control structures needsinformation about wind speed.
For the advancedmodelling of the formation of the torque from the wind speed
hitting the rotor disc(seeWinkelaar[18]), the rotor areacanbedivided into rings
and sectors,Figure 4.1, or also into cartesian coordinates. The wind speed at
di�eren t points over the rotor swept areais then calculated. This approach gives
a three dimensionalwind speedmap, acrossthe rotor swept area. In this work
only one dimensionalwind speedsignal will be used. In practise the calculation

Figure 4.1. Rotor bladesdivided into sectors

of the aerodynamic conversionis usually obtain by usingwind speedin onepoint.
This one point wind speedis then made to represent an averagespeedover the
swept area of the rotor, the rotor area itself acting as a low-pass�lter using a
transfer function

HSF (s) =

p
2 + bs

(
p

2 + bs
p

a) � (1 + bp
2

� s)
(4.1)

wherea = 0:55, b = 
 � R=U, R [m] it the turbine radius, U [m/s] is the average
wind speedat the hub height, and 
 is the decay factor over the disc (
 = 1:3).
The transfer function 4.1 can be simpli�ed to a �rst order transfer function with
a negligiblee�ect on its characteristics.

HSF (s) =
1

sb+ 1
=

1
s

2� f cut
+ 1

(4.2)
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4.2 Rotational SamplingFilter Modelling

wheref cut [Hz] is the cut-o� frequencyof the �lter. The outgoing signal from
�lter is the equivalent wind speed representing the averageimpact of the wind
�eld experiencedby rotor. The comparisonbetween one point measureddata
and with �ltered data is shown in Figure 4.2 and Figure 4.3
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Figure 4.2. Filtering property of the rotor blades
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4.2 Rotational Sampling Filter

According, to 1 improve the validit y of the actuator disc model we apply a �lter
calledrotational sampling�lter. This �lter ampli�es the variations at a frequency
regionaround the bladepassingfrequency. In other regions,this �lter hasa gain
of nearly one. Especially in middle wind speedregion this e�ect it will provide
somedisturbanceand special attention has to be madein the controller design.

1In reality, there will be areasswept by the rotor blades that has higher wind speed than
other, this will lead to that the torque will consist of a pulsating component at the same
frequencyas the bladespassthis area
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Figure 4.4. Wind speed measured at one point and �lter ed with spatial �lter and
RSFilter

The transfer function of this �lter is:

HRSF (s) =
1

! 2 (s + ! )2

1
(! 2+ d2 ) [s + (d + j ! )][s + (d � j ! )]

(4.3)
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Figure 4.5. In
uenc e of the RSFilter for frequencyspectrum

4.3 Mo delling of Pitc h Actuator System

Blade pitch control is primarily usedto limit the aerodynamic power above rated
wind speedin order to keepthe turbine shaft torque within its designlimits.The
inertia of the bladesturned by the drive is large and the pitch actuator has thus
limited capabilities. Its dynamicsare non-linear with saturation limits on pitch
angle(usually from � 3� to 90� ) and pitching speedrate (around 8� =sec� 10� =sec).

In this work, two pitch anglecontrol structures are evaluated

� as integrator with prevented 'winding up' and saturation range.

19



4.3 Modelling of Pitch Actuator System Modelling

� as on-o� model with three levels of speedusing an integrator.

4.3.1 Pitc h Actuator as In tegrator with Saturation

Figure 4.6. Pitch actuator I

The simplestmodel of the the pitch-actuator proposal is shown in Figure 4.6,
where:
RL1 is the pitch angle limitation,
RL2 is the pitching speedlimitation
K is the 'softness'coe�cien t when the limit is approaching.

This actuator is modelled in closedloop with saturation of the pitch angle
and a pitch rate limitation. In this closedloop con�guration with integrator, its
gives similar result as a �rst order transfer function but with limitation of the
pitch rate. Also while the � r ef is on the lower limit, the integrator is prevented
from growing inde�nitely or winding up.
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Figure 4.7. Responsesof pitch angel demand

In Figure 4.7,stepresponsesfor two di�eren t ramping speedsand two di�eren t
K coe�cien t areshown. The solid line represents the referencevalueand the thick
dashedline the usedpitch angle limitation.

4.3.2 Pitc h Actuator with Three Levels of Pitc hing Speed

This actuator is modelled as a three pitching speed actuator. It can perform
the pitching only with one �xed speed in both directions or it can remain at a

20



Modelling 4.3 Modelling of Pitch Actuator System

constant angle. So if the signal error is greater than the trigger level, a pitch
acting with a constant speedis ordereduntil then error signalbecomelower than
the trigger value. When this happensthe pitching stops and the angle remains
in one position. The error signal comesfrom the controller and is usually based
on the power error. The block scheme is shown in Figure 4.8. This approach

Figure 4.8. Pitch actuator II

of actuator is slightly di�eren t than the previous one since the information for
input is basedon error not in a certain value. The pitching is only active when
the error level is outside the deadzonevalues,otherwisethe pitching mechanism
remain at rest. This behavior is better from a practical point of view becauseit
needsmuch lesspitch activit y and is more "structure friendly" due to that pitch
actuator will be at standstill for longer period of time. So the pitching is not
performedconstantly like in the �rst pitch actuator proposal.
The step performancewith di�eren t ramp settings are shown in Figure 4.9

0 5 10 15
0

5

10

15

20

25

30

35

P
itc

h 
A

ng
el

 [°
]

time [s]

b=15°/sek
b=8°/sek
b

ref
Pitch limit

Figure 4.9. Step Responses

As we can seein Figure 4.9 the dead zone is set to � 1 and can be easily
adjusted to �t with controller.

4.3.3 Summary of the Pitc h Actuators

In Figure 4.10 a comparisonof both pitch actuators approach done with these
samecondition is shown.
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Figure 4.10. Comparison of two pitch actuators activity

Pitch actuator active time[%] number of switching
with integrator 100% 208
3 speedlevel 26% 66

In the Figure 4.10, in the upper diagram a pitch activit y with the versionof
actuator using integration and the lower one shows the method of using three
levelsof speedis shown. By adjusting the deadzonewe can make a more 'sharp'
or '
at' behavior and it is insensitive from a controller gain tuning point of view.
In this simulation the controller parametersin both caseswere tuned to get the
samepower deviation and make the both pitch actuators structures comparable.
The �rst approach is very sensitive to controller gain tuning and hencethe ac-
tivit y of pitch is continuous,as can be observed from the �gure, which will wear
out the mechanism unnecessarily.

In the following, the three speed level actuator will be used as it seemsto be
a better choice. The main disadvantage of the �rst version actuator is that we
cannot predict which � angle we will neededat that time when the actuator
has reached commandvalue. At this time the wind condition may have changed
and then we will need another setting. The secondversion compare 'on line'
the proper criterium and then decide,if to increaseor decreasethe pitch angle,
without predicting the future angle like in the �rst version.
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Chapter 5

Con trollers

5.1 Di�eren t Con trol Needs for Di�eren t Wind
Speed In terv al

the whole operating range for a variable speed wind turbine has been in this
work divided into three di�eren t control regionscorresponding to three di�eren t
wind speed intervals. In each of them, the referenceor tracking value of the
controller is di�eren t, dependingon the interval. Below rated power, in low wind
speedoperation we try to get asmuch energyaspossiblefrom wind. This region
usually starts from 4m/s and endsaround to 9-10m/s when the maximum rotor
speedis reached. Usually this is control by trying to track the top of the Cp(�; � )
e�ciency surfacewherethe e�ciency is as greatest.
In the middle step interval the controller usually keepsthe speedat nominal rotor
value, and accordingly, the power gain cannot be kept at maximum e�ciency .
The last interval begins when we reach nominal generatedpower and in this
regionpith control adjust the aerodynamical power to be at or below rated. This
interval is valid up to around 25m/s where due to safety reasonthe turbine is
disconnectedand shut down.
These caseswill be studied separately to get a proper behavior of each of the
control strategies.

5.2 Low Wind Speed Op eration

In this region there is a speedcontroller which follow the referencespeed. Ac-
cording to equation 5.1

� =
! r � Rblad

WS
(5.1)

and information from the Cp e�ciency surface,that only for one� point we have
the best e�ciency for given pitch angle. From 5.1 we now have equation 5.2.

! r ef =
� max � WSSF

Rblade
(5.2)
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5.2 Low Wind SpeedOperation Controllers

Where WSSF is the wind speed seenby the rotor, and � max is the value that
together with � = 1 gives the highest e�ciency from Cp table. The control
schemeis shown in Figure 5.1 The information about wind speedin most casesis

Figure 5.1. Control schemein low wind speed

basedon measurement and it's usedto calculate the most e�ectiv e rotor speed.
The electrical torque demand is set by a circuit with a PI controller which has
as input the di�erence betweenthe actual and the most e�cien t rotor speed. By
proper tuning of the PI controller there is a possibility to adjust the bandwidth
of the speedcontrol loop which have a large in
uence on the torque variation and
the energygain.

5.2.1 Con troller Tuning

Applying only the proportional term in the controller, givesthe result shown in
Figure 5.2. In the �gure, there are two di�eren t proportional gain settingsof the
controller. As we can seethe higher gain gives a better following of the speed
referencebut to the cost of a more 
uctuating torque. To calculate the K p in
steadystate we have
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Figure 5.2. P=20 000 (left), P=2 000 (right)
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Controllers 5.2 Low Wind SpeedOperation

K p =
TNel

� !
=

TNel

! r � ! r ef
(5.3)

whereTNel is the nominal generatortoque.

Full PI controller

If weconsiderto apply the integral part in the controller the o�set canbecancelled
asshown in Figure 5.3. Too high integral part may leadto that the systembecome
unstable,or at least oscillatory.
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Figure 5.3. P=2000, I=500 (left), P=2000, I=2000 (right)

5.2.2 Step Response with Di�eren t PI Settings

The step response is studied using di�eren t controller setting. The wind is
changedfrom 6 m/s to 8 m/s, the electrical torque is held in operating region of
the generator. The result with "fast" (left) and "slow" (right) responsesettings
is shown in Figure 5.4. As can be seen,the time responsesfor the speed and
torque are very long, several seconds.Increasingthe integral part has no great
e�ect on the speedof the regulation, instead the fast responseis determinedby
the proportional part.
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5.3 Middle Wind SpeedOperation Controllers
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Figure 5.4. P=10e3, I=200 (left), P=1000, I=100 (right)

5.3 Middle Wind Speed Op eration

In the middle speedoperation we are trying to keepthe rotor speedin a certain
spam, described as a speedband around the maximum rotor speed. The rotor
speed, torque and energy capture are determined similarly as in the caseof a
classic�xed speedwind turbine approach. Usually this interval starts at 9 m/s
and endswhen nominal generatorpower is reach (11-12 m/s) so in this region
turbine operatebelow rated power. The basicschemeis shown in Figure 5.5 The

Figure 5.5. Schemeof rated rotor speed control

principle of regulator tuning, basedon Equation 5.4.

K p =
TN

� ! � ! max
=

TN

� ! max
(5.4)

where� ! is the slip given in [%=100]
The examplewith slip=2.5% and 7.5%is shown in Figure 5.6.
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Controllers 5.3 Middle Wind SpeedOperation

The rated generatortorque TN = 300kNm.
Ac can be seein Figure 5.6 there is a o�set dependent on the K p gain. By
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Figure 5.6. Di�er ent Proportional Part setting

introducing the Integral part in the control loop we can cancelthis o�set. The
examplewith di�eren t integral and proportional part settings is shown in Fig-
ure 5.7.
As the generator speed is almost locked to the nominal, the variations in the
electrical torque are directly responding to the loading torque generatedby the
incoming wind. This will apply that � now is not �xed to the optimal value and
the e�ciency of the turbine is now directly determinedby the Cp surface.

Sincethe rotational sampling �lter is implemented in the model, the torque
variations are higher than without implementation.

10 20 30 40 50 60

150

200

250

T
or

qu
e 

[k
N

m
]

T
el

T
load

10 20 30 40 50 60
3.9

3.95

4

4.05

4.1

S
pe

ed
 [r

ad
/s

]

time [s]

w
rotor

10 20 30 40 50 60

150

200

250

T
or

qu
e 

[k
N

m
]

T
el

T
load

10 20 30 40 50 60
3.9

3.95

4

4.05

4.1

S
pe

ed
 [r

ad
/s

]

time [s]

w
rotor

10 20 30 40 50 60

150

200

250

T
or

qu
e 

[k
N

m
]

T
el

T
load

10 20 30 40 50 60
3.9

3.95

4

4.05

4.1

S
pe

ed
 [r

ad
/s

]

time [s]

w
rotor

Figure 5.7. P=4000, I=2000 (left), P=10e3, I=2000 (middle), P=10e3, I=5000
(right)
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5.3 Middle Wind SpeedOperation Controllers

An ti-rotational sampling �lter

To avoid the in
uence from the rotational sampling for the controller we use
low pass�lter in the control loop. We can decreasethe components above 0.6Hz
where usually the components from RSF occur. The schemewith applied LPF
and HPF is shown in Figure 5.8.

Figure 5.8. Control schemeof middle wind speed with additional �lters

The LPF �lter is to dump oscillations which may occur in ! r as a result of
rotational sampling. Moreover it improve torque demandquality as can be seen
in Figure 5.9 right. The K H P gain of the HPF is about 1/10th of the K LP gain.
The cut-o� frequency is set to 0.6 Hz as proper in most cases. As we can see
in Figure 5.9, right picture that with �lter we get a more smooth torque than
without a �lter. By using that �lter, decreaseoutput power variation will follow.
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Figure 5.9. Di�er ences with (left) and without (right) applying the extra �lter
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Controllers 5.4 High Wind SpeedOperation

5.4 High Wind Speed Op eration

In the high wind speedareathe desiredoperation is to keepthe rotor speedand
especially the generatedpower as closeas possibleto the nominal. To reduce
the surplus energywe using the bladespitching as a main power control in this
region. The overview of the schemeis shown in Figure 5.10.

Figure 5.10. Pitch control schemein high wind speed interval

The most crucial factor for the regulation is the possibility to quickly respond
to variations in the torque generatedby the wind which are detected by speed
changes. This puts very high demandsespecially on the pitch actuator which
tunesthe bladesto the desiredposition. In practiseall pitch actuatorshaslimited
abilit y to fast changethe angleof the rotor blades.
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Figure 5.11. Pitch control responsesfor di�er ent wind speed steps
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5.4 High Wind SpeedOperation Controllers

In the left and right part of the Figure 5.11we seethe responsesof the pitch
actuators using di�eren t wind speed steps. In the left picture the wind speed
stepsis from 13m/s to 18m=s and 17m/s to 22m=s on the right respectively. In
the left picture, the pitch angleresponseincreasingwith maximum pitching speed
which may mean that on the top of Cp(lambda;� ) surfaceis local equality and
in order to decreasethe Cp value the pitch angle, � must go further. When we
have situation from right picture, we are already in proper operating area, and
even small changingpitch angle lead to signi�cantly changethe Cp value.
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Figure 5.12. Pitch response with di�er ent control settings P=30, D=15 (left) P=9,
D=5 (right)

In Figure 5.12 there are pitch responsesand rotor speed with di�eren t PD
controller settings. As we can observe the proportional part is responsible for
correcting the pitch where the input is basedon very slow varying signal. The
good improvement is to introducederivative part which is especially sensitive for
fast changing signal which speed up pitching the blades. By keepinga proper
proportion between the proportional part and derivative of the controller, the
pitch angle behavior in both casesis similar but the rotor speed has di�eren t
variations.
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Controllers 5.4 High Wind SpeedOperation

Changing the Deriv ation Part

There are three responsesin Figure 5.13with di�eren t derivation part setting in
the controller. As we can observed this part helps in speedingup the pitching
actuator action. It is sensitive for the fast changing signal of the input and
sometimesovershoots can occur when the D part is too high.
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Figure 5.13. Pitch control responsesP=10, D=2 (left), P=10, D=6 (right), P=10,
D=12 (down)
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Chapter 6

Analysis

In this chapter results of simulations in three di�eren t wind speedintervals will
be shown and discussed.

6.1 Low Wind Speed In terv al

In Figure 6.1 we exposeour control systemto real wind speeddata. The wind
speedseriesare shown in the top. The black line represents signal after spatial
�ltering which is given to a controller. The gray plot represents the actual wind
speed.

Figure 6.1: Low Wind Speedresult diagram
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6.1 Low Wind SpeedInterval Analysis

Figure 6.2: Low Wind Speedcontrol result with applied RSF

Here we can seethat the speedis tracking the referencespeedvery well and
thereby keepinga good e�ciency for the turbine's energycapture. On the other
hand the fast tracking referencerotor speedmay causehigh torque variation.
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Figure 6.3. Standard Deviation on Torque Variation versa Energy Loses with RS
Filter

There are three serieswith di�eren t integral part of the controllers setting
showning torque 
uctuations versaenergylosesin Figure 6.3 and 6.4. The pro-
portional part were a serieswith di�eren t gain P = 1e3, 5e3, 10e3, 20e3, 50e3,
100e3, 200e3, 500e3.
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Analysis 6.1 Low Wind SpeedInterval
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Figure 6.4. Standard Deviation on Torque Variation versa Energy Loseswithout RS
Filter

As we can seeon Figure 6.3 and 6.4 there is a big di�erence in torque varia-
tion after including to the model the rotational sampling e�ect which is caused
by blade-tower passingfrequency.

In Figures 6.5 simulating result using feed-forward structure proposed by
Bossanyi [2] are presented.

Figure 6.5. Low Wind Speed controller result

As we can seethere is no big di�erence betweenthe proposedcontrol scheme
and the oneslightly modi�ed by Bossanyi [2]. There is only a small di�erence in
the rotor speedvariation, which hasan in
uence on the energygain.
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6.2 Middle Wind SpeedInterval Analysis

6.2 Middle Wind Speed In terv al

The �rst plot in Figure 6.6 shows the wind speed before and after applying
rotational sampling �lter. The secondplot in Figure 6.6 shows the electrical
torque and the torque from the wind wherethey are almost the samein order to
keepconstant speed.

Figure 6.6. Middle Wind Speed Controller result

To obtain in
uence of maximal rotor variation on torque 
uctuation, there 5
calculations have beendone, for 1%, 2%, 5%, 10%, 20% of the rotor slip. The
stressesof interest are the high-frequencycomponent of the electrical compo-
nent, thereforeall simulations are high pass�ltered with Butterworth �lter. The
standard deviation are presented in Figure 6.7.
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Figure 6.7. Torque variation versa maximal slip
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Analysis 6.2 Middle Wind SpeedInterval

Figure 6.8. Middle Wind Speed Controller Result With RSF

The goal hereis to keepthe electrical torque and aswell the rotor speedwith
minimal pulsation from in
uence of rotational sampling e�ect. As we can see
in Figure 6.8 the rotor speedis prevented from pulsation with good result. The
electric torque has some
uctuation, but they are easyto remove by using anti
rotational sampling�lter what is shown in Figure 5.9and furthermore the output
power is alsowithout 
uctuations.
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6.3 High Wind SpeedInterval Analysis

6.3 High Wind Speed In terv al

Figure 6.9. High Wind Speed Controller Result

In high wind speed interval in order to limit the input power to the rated
one the pitch control is used. In Figure 6.9 and 6.10 pitch actuator activit y is
shown with used rotational sampling �lter and not. We can observe di�eren t
pitch actuator performancewith the samewind condition in both cases.Because
the demandof electrical torque is constant the power from wind canbe estimated
by measurethe actual rotor speed. To adjust the pitch angle we comparethe
rotor speedbetweenactual and nominal and then if the di�erence is higher than
certain margin we activated the pitch mechanism. Due to this certain margin
and 
uctuating input torque the highest pitch actuator activit y can be observed
in Figure 6.10.
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Analysis 6.3 High Wind SpeedInterval

Figure 6.10. High Wind Speed Controller Result with RSF
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6.3 High Wind SpeedInterval Analysis
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Chapter 7

Con trol in The Whole Wind
Speed Range

It is not possibleto operate in the wholespeedareausingonly onecontroller and
dueto this the �nal controller is a combination of the controllers from the various
wind speedintervals. Finally, after modelling and analyzing thosethree di�eren t
controllers, the whole control schemeis obtained. First of all, the controllers are
combined together using switches, secondly the proper switching criteria have
also beendeveloped. There are two criteria which make decisionand switch to
the proper controller. The control overviewschemeis shown in Figure 7.1. As we

Figure 7.1. Overview of the complete control scheme

canseethere are four switches,and two drive signalsfrom the control logic. Each
signal switch two switchessimultaneously. Using an ordinary switch with "hard"
switching in someplacesis not convenient due to signi�cant signal di�erence on
input connector. In placeswhereduring the switching there are no di�erences in
the output, an ordinary switch can be used.
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7.1 Switching Approach Control in The Whole Wind SpeedRange

7.1 Switc hing Approac h

To obtain the intended results, three types of switches were implemented. For
a smooth torque when switching between region I and II, the switch with pro-
portional characteristic is used. That means,in a certain margin tr g the output
signal of the switch is the sum of input signals taken with proper proportion.
Both input signalsare taken with reverseweight, that meansif we took 10% of
input one, there is accordingly 90% content of input two, and the sum of those
signal make up the output value. Switching in that way will causethe output
signalto always becontinuous,the switching e�ect will besmooth and the output
value will be always betweenthe inputs values. The switching characteristicsare
shown in Figure 7.2A
In Figure 7.2B is the ordinary switch which is usedwhereduring the switching

Figure 7.2. Di�er ent characteristics of used switches

there are no di�erences in input. That occur in oneof the two switchings which
is responsible for the torque demand value between region I I and II I. In that
caseeven by using an ordinary switch the transient will be smooth due to the
criterium. The criterium is setwhenwe reach a certain torque level, and then the
switching occur to the value which simultaneouswas the criterium level, which
didn't causeany discontinuousbehavior.
By using the characteristic shown in Figure 7.2C the switch has a hysteresisef-
fect. This switch was usedbetweencontroller I and II, switching the ! r ef value.
Using this switch the criterium was much easierto implement, what is seenin
Figure 7.4. Using an ordinary switch in this placecausinginstabilit y and oscilla-
tions due to criterium.

The implementation of the switchesin Matlab Simulink is shown in Figure 7.3.

Figure 7.3. Implementation of switchesin Simulink
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Control in The Whole Wind SpeedRange7.2 Establishing the Switching Criterium

7.2 Establishing the Switc hing Criterium

There can be several approachesto �nd a criterium to switch betweenthe oper-
ating regions.Each of the regionsusually have one�xed parameterand a control
variable. In the low wind speedregion we have �xed a pitch angle but variable
rotor speedand torque demand. If we hit the maximum rotor speedwe latch by
usinga hysteresisswitch the ! max valueasa referencevalue (Figure 7.4). In that
casethe criterium is very simply ! r otor > ! max due the switch and the de�nition
of the value when the switch will be back is de�ned as ! max � tr g where tr g is
de�ned inside of switch block.

Figure 7.4. Implementation of the switching criteria our wind turbine

The secondcriterium which switch betweenthe middle and high wind speed
interval is more complicated. It usesthe R-S 
ip-
op and two gates. There
are di�eren t criterium for switching from II to I I I and di�eren t from II I to I I.
When we are in the middle interval, two conditions must be ful�lled in order
to passto switch to region I I I. First, the rotor speedmust be higher than ! max

and second,the torque from the wind must be higher than Tmax . That means
that the generatedpower should be around rated and the pitch control have to
be activated. When the wind immediately changedto middle speed, the reset
condition on R-S 
ip 
op wait until the pitch angle will be 1 degreeand rotor
speed, drop to 95% of the ! max value. If that condition is ful�lled the turbine
operatesin the middle wind speedareawhich meansthat, the torque is controlled
and the rotor speedis kept at its maximum, and �nally the pitch angle is set to
the optimum. Instead of a constant output power, like in the high wind speed
interval, in this region the power is 
uctuating.
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7.3 Simulation Result Control in The Whole Wind SpeedRange

7.3 Simulation Result

There are two simulations with di�eren t input signals. In Figure 7.5 a linearly
increasingwind speedsignal from 8 to 16m=s is presented in order to to show the
result of the switching operations. On the right frame in the top row we seethe
switch activit y and their status. The �rst higher, continuousline is the switching
signal condition betweenregion I and II, the seconddotted line is responsiblefor
switching in region I I and II I.

In the �gure showing the torque capture we can observe a small ripple which
is causedby the start of the pitching and the �nite pitching speed. Also the
deadzoneon the top of the Cp(�; � ) table lead to that Cp valueson the top are
insensitive from pitch anglearound 1� � 6� .
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Figure 7.5. Simulation result using as a input linear signal
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Control in The Whole Wind SpeedRange 7.3 Simulation Result

The secondsimulation (Figure 7.6) is doneusinga wide rangeof wind speeds.
On the rotor speedcurve we can observe three di�eren t behaviors. First when
the rotor speedincreaseexponentially , the turbine is in low wind speedarea,then
the rotor speedis constant but the power is still below the rated and that means
middle wind speed operation. When the rotor speed as well as the torque has
reached the maximum, the pitch control is active and we are now operating in
the high wind speedarea. The pitching speed is set to 8 degreeper secondas
a standard. When the pitching is active we also seethat the generatedpower is
around rated, allowing only small variations in the power.
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Figure 7.6. Simulation result using syntectic wind speed
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7.4 Implementation in Simulink Control in The Whole Wind SpeedRange

7.4 Implemen tation in Simulink

The whole controller was implemented in Matlab/Sim ulink (Figure 7.7). The
Cp(�; � ) table was stored in workspaceas a matrix. Also several kinds of wind
speedseriesweregeneratedbeforeand storedon disk, which signi�cantly speeded
up the simulations.

Figure 7.7. Implementation of the whole control structure in the Matlab
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Chapter 8

Conclusion

The complexity of the variable speedsystemleadsto increasedcost and reduced
reliabilit y due to the use of power electronicsand a more complicated control.
But as a result of using a more advancedcontrol, reducedmechanical stresses
on the shaft as well as on the structure of the turbine as well as a better power
quality can be achieved. A variable rotor speed turbine allow us to partially
store energyfrom wind gusts in the rotating massof the turbine rotor insteadof
transmitting them through the drive train. It is shown that in the low wind speed
a controller implementation using a proper tuning a reduction of the mechanical
stressescan be achieved without loosinga signi�cant amount of energy(usually
by using a slow speedcontroller).

For the high wind speedinterval the crucial part is to have a good pitch ac-
tuator, as this is the part responsible for limiting the power in this wind speed
region.
For the middle wind speedit alsopossibleto reducethe torque and speedvaria-
tions by a proper tuning of the PI controller.
It was also observed that, to start pitching the bladesin the middle wind speed
area can be a good idea as a preparation for high wind speed gusts, otherwise
power overshoots may occur.

8.1 Future Work

It would be more correct instead of using a one point wind data seriesto use
a wind �eld to get more accuracyresult. In that casethe spatial �lter can be
avoided. Also estimator for the wind speedand torque is a task for future work.
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8.1 Future Work Conclusion
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App endix A

Measuremen t at Jung Turbine

There are three �gures showing the power, rotor speed, stator current, stator
voltage and pitch anglefrom Jung turbine in di�eren t wind speedintervals. The
turbine is Vestas V-52, variable speed, 850kW, placed 100 km far away from
the Goteborg, equipped with double-feedinduction generator. The measurement
presented here(FigureA:X ) was donein May '04, which was very windy month.
The sampling frequencyof the stored data was 2048Hz.

A.1 Measuremen t at Low Wind Speed (4.5-6 m/s)
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Figure A.1. Measurement at low wind speed in Jung turbine
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Appendix - Measurement at Jung Turbine

A.2 Measuremen t at Middle Wind Speed (8-
12m/s)
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Figure A.2. Measurement at middle wind speed in Jung turbine
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Appendix - Measurement at Jung Turbine

A.3 Measuremen t at High Wind Speed (14 -
23 m/s)
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Figure A.3. Measurement at high wind speed in Jung turbine
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Appendix - Measurement at Jung Turbine

A.4 Power Spectrum at Di�eren t Wind Speed
Levels
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Figure A.4. Spectrum of the power at di�er ent wind speed intervals
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App endix B

Measuremen t at Bast Turbine

The Bast turbine is placed100km far away from G•oteborg, equipped with gear-
less,variable speed,650kW, permanent magnet generator.

B.1 Measuremen t at Low Wind Speed
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Figure B.1. Measurement at low wind speed in Bast
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Appendix - Measurement at Bast Turbine

B.2 Measuremen t at Middle Wind Speed
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Figure B.2. Measurement at middle wind speed in Bast

B.3 Measuremen t at Low Wind Speed
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Appendix - Measurement at Bast Turbine
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Figure B.3. Measurement at high wind speed in Bast

B.4 Power Spectrum at Di�eren t Wind Speed
Levels
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Figure B.4. Spectrum of the power at di�er ent wind speed intervals
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App endix C

Simulink implemen tation

Figure C.1. Physical system- torquefrom wind calculation and rotor speed with rotor
inertia.
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Appendix - Simulink implementation

Figure C.2. high wind speed controller

Figure C.3. low wind speed controller
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App endix D

Wind Simulation Program

function [ux, uy, tv]=windsim(t,fsamp,fcut,u)

% finish time in seconds
% fsampling sampling speed
% fcut to limit the frequency spectrum somewhere
% u meanwind speed

% call example
%[ux, uy, tv]=windsim(60,50,15,6.4);

len=round(t*fsamp); lenc=round(t*fcut);

n=rand(1,lenc); m=rand(1,lenc);

ak=sqrt(2*(-log(n))); fik=2*pi*m; kdel=(1:lenc)/t;

z=0.3;
z0=0.5; % forest
%z0=0.00001; % sea

s=16.8/(log(z/z0)^2)*z*u./((1+33*z/u*kdel).^(5/3)); ex=sqrt(s/t).*ak.*exp(-i*fik);
ey=2*pi*kdel.*sqrt(s/t).*ak.*exp(-i*(fik+2*pi/2));

nn=0:len-1; corr1=exp(-i*2*pi*nn/len); corr2=kdel*t*pi*(1/len-1/(t*fsamp));

ux=u+real(corr1.*(fft(ex,len)+nn.*fft(i*2*corr2.*ex,len)-nn.^ 2.*fft(2*corr2.^2.*ex,len)));
uy=real(corr1.*(fft(ey,len)+nn.*fft(i*2*corr2.*ey,len)-nn.^2. *fft(2*corr2.^2.*ey,len)));
tv=nn/fsamp;

time=(1:len)*fsamp;
clear uy afft=real(s.*ak.*exp(-i*fik)); bfft=imag(s.*ak.*exp(-i*fik));
var=sqrt(s/t).*ak;

uy(1:length(time))=u; for snurr=1:lenc
%uy=uy+afft(snurr)*cos(2*pi*kdel(snurr)*time)+bfft(snurr) *sin(2*pi*kdel(snurr)*time);
uy=uy+var(snurr)*cos(2*pi*kdel(snurr)*time+fik(snurr)); %%
end plot(tv,ux),grid
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