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ABSTRACT

Wind energy varies with year, season, and time of day, elevation above ground, and form of terrain. Because of
fluctuating nature of the wind speed the variation of the output power occurs. When wind speed exceeds the rated
speed of aturbine, the output power also exceedstherated level. By controlling the pitch angle the output power of the
wind turbine can be limited. The purpose of thiswork isto design a MATLAB\SIMULINK model of awind turbine
using pitch controller where at high wind speed region, the pitch controller will automatically active to maintain the
output power at therated level. From simulation result, it is observed that, at rated wind speed pitch angleis zeroi.e.
pitch controller remains inactive and above rated wind speed the pitch controller is activated and keep the output

power at rated value by changing the value of pitch angle.

INTRODUCTION

Theworld-wide concern about theenvironment pol-
[ution problemsand the economic benefitsof fudl sav-
ings hasled to increasing interest in technologiesfor
generation of eectricity from renewable sourcesisto
usewind turbines¥, Thegloba market for thee ectri-
cal power produced by the wind turbine generator
(WTG) has been increasing steadily, which directly
pushesthe wind technology into amore competitive
era. According to theAmerican Wind Energy Associa
tion, theinstalled capacity of wind grew at an average
rate of 29% per year’?. At the end of 2009, theworld
wideinstalled capacity of wind energy wasover 159
MW. The prediction capacity for 2010 is over 203
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MW®., In order to achieve power generation for the
utilitiessector inthenineties, thewind turbine e ectric
power generator technology was put in place. Intheir
current form, wind driven power stationsrepresent not
areplacement for the conventional power station but
would exist asacomplement, thereby forming apart of
thetotal electric generation mix. Inprinciple, thewind
system could replace apart of theexisting conventiond
generation capacity. Moreredigticaly, they will cover
theenvisaged demandsof power. Thisadvantage leads
to thewind turbinetechnol ogy undergoing arevolution.
Researchesarebeing carried out in different countries
tofacilitateanimprovement generation of power through
theuse of wind turbing. Wind turbinesmainly are of
twotypes: Verticd-Axis(VAWT) and Horizonta -Axis
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(HAWT). Veticd-AxisWind turbines(VAWT) aretypi-
caly developed only for urban deployment. Changesin
wind direction have fewer negative effectson thistype
of turbinebecauseit doesnot need to bepositioned into
thewind direction. However, theoverall efficiency of
thisturbinein producing eectricity islower than Hori-
zontal-AxisWind turbines(HAWT). And for thisrea-
son, theHorizontd - axiswind turbinedesigninthiswork
falsunder thiscategory of windturbine. Therearetwo
typesof Horizonta-AxisWind turbines(HAWT) inthe
market: the constant-speed wind turbine and the vari-
able-speed wind turbine (V SWT). Nowadaysvariable-
speed wind turbines are becoming more common than
constant-speed wind turbines. Thisismainly duetoits
better power quality impact, reduction of stressinthe
turbine and the reduction of thewei ght and cost of the
main components. Thetraditiond fixed-speed turbines
arestdl regulated whilethe new, variable-speed wind
turbines (VSWT) arepitch regulated. Pitch-adjusting
variable-speed wind turbines have become the domi-
nating typeof yearly installed wind turbinesin recent
years>". Theagrodynamic efficiency C, (,) of awind
turbineisafunction of tip speedratio (A) and pitchangle
(B). Withagiven pitch angle, theefficiency coefficient
C_ hasamaximum valuefor acertain tip speedratio
(A). Itisthusobviousthat to maximizetheefficiency of
theturbine, we should ableto follow the wind speed.
Thefluctuating nature of thewind makesthevariable
speed turbineanontrivial object to control. Butitisre-
quiredto achievehigh efficiency and at the sametime

Wind Speed V

Wind Turbine and

h 4

Generator

Active and Reactive Power

139

—== Qurrent Ressarch Pepser

have asmooth power output. So, under these condi-

tionsfor limiting the output power thevariablesto con-

trol arethedectro dynamica torqueandthepitchangle.

Thiswork basically based on two purposes:.

(1) Modding of awind turbinewherepitchangleisa
control varigble.

(2) At the high wind speed the pitch controller will
automatically activeto maintain the output power
attherated level.

Here, we used the specificationsof VESTAS V52 wind

turbinemode for design purposeof VSWT model.

STRUCTURE OFAVSWT

A wind turbinemust run at acertain speed relative
to the current wind speed which isdefined by the op-
timal tip-speed ratio, in order to produce maximum
power. For a constant speed concept, it is not pos-
sibleto get maximum efficiency dueto losseswhich
depends on exact design of theturbineand variations
of wind speed at the site. An active pitch controller,
which adjustspitch angel instantaneoudy tothevaria-
tions of wind speed, isan option to increase the effi-
ciency of that kind of constant speed wind turbine.
Unfortunately, itisnot possibleto utilize this advan-
tage because of thetoo small bandwidth of that active
pitch controller system. By introducing a variable
speed operation, it ispossibleto continuously adapt
therotationa speed to the current wind speed, so that
idedlly, the maximum obtainable power iscontinuoudy
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produced by thewind turbine. Because of this, pitch-

adj usting variable-speed wind turbines have become

the dominating type of yearly installed wind turbines
inrecent years. Thereare usually two controllersfor
the variable-speed wind turbines which are cross-

coupled each other, shown asinFigure 1.

When wind speed become low below the rated
va ue, the speed controller can continuoudy adjust the
speed of therotor to maintainthetip speed ratio con-
dant a thelevel which givesthemaximum power coef-
ficient, and thentheefficiency of theturbinewill besig-
nificantly increased. Pitch angleregulationisrequiredin
conditions abovethe rated wind speed when therota-
tional speediskept constant. Small changesin pitch
anglecan haveadramatic effect onthe power output®
191, So, the pitch angle control isrequired to—

e Maintain the maximum output power whenwind
speed below the rated val ue by adjusting the pitch
angleatitsoptimumvalue.

e Providing avery effectivemeansof regulating the
aerodynamic power aboverated wind speed.
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e Minimizethefatigueloadsof theturbinemechani-
ca component.

POWER CAPTUREAND CHARACTERISTICS
OFVSWT

Wind turbineproducese ectricity by usngthenatu-
ral power of thewindto driveagenerator. Thewindis
aclean sustainablefuel source, it doesn’t create emis-
sionsand will never run out asit isconstantly replen-
ished by energy from the sun. Although thereare many
different configurationsof wind turbinesystemsthey dl
work inthesameway. Theavailable power originates
fromthemassflow of themovingair, referredto asthe
wind speed. Thetransformation to mechanical torque
isdone by aero dynamical forces acting on therotor
blades, the actuator disc. Thewind turbine shaft then
transports the power to the generator which is con-
nected to theelectrical grid. Usuadly thereisagear box
between thed owly rotating turbine shaft and themore
rapidly rotating generator shaft!*y,

Dtive-train Geénerator

1—:

Figure2: Power extraction block of aVSWT

From aphysicd point of view, the static character-
isticsof awind turbinerotor can be described by the
relationshi ps between thetota power inthewind and
themechanical power of thewindturbine. Theserela-
tionshipsarereadily described starting with theincom-
ingwindin therotor swept area. It can be shown that
thekineticenergy of acylinder of air of radiusR travel -
ing withwind speed V  correspondsto atotal wind
power wind P, withintherotor swept areaof thewind
turbine. Thispower inthewind can be expressed as

P, =2 (R*)C, (A B)(V,,)’ @

Where, p isthe density of air; R isthe rotor radius, C_isthe
Power coefficient; V, isthe wind speed
Andtheexpression for power coefficientisgiven by,

=21
C,= 0.5(%— 0.4p — S]e’“

@

1 0.035
Where, Ai = A+0088 B +1 ; B isthepitchangleof blade;

A isthetip speed ratio

Itisnot possibleto extract al thekinetic energy of the
wind, sincethiswould mean that theair would stand
till directly behind thewind turbine. Thewind speedis
only reduced by thewind turbine, whichthusextractsa
fraction of the power inthewind. Thisfractionisdeter-
mined by the power efficiency co-efficient, C , of the
windturbine. Themechanica power, P__, of thewind
turbineistherefore, obtain by thefollowing equation

P .n=C.xP, ©)

However, itistheoretical ly possibleto extract approxi-
mately 59% of thekinetic energy of thewind. Thisis
known asBdtz’s limit. Optimum C_vaueliesbetween
0.52-0.55 for modern three-bladed wind turbineswhen

measured at the hub of theturbine*2.
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It isclear from aphysical point of view that the
power, P that isextracted from thewind will de-
pend on rotational speed, wind speed and bladeangle,
B. Therefore, P, andhenceaso C must beexpected
to befunctionsof these quantities. That is,

P e = Fomenn (@0 V.o B) 4
From the s mple geometric considerations, whichig-
norethewind turbulence created by the bladetip show
that theangle of incidence ¢ isdetermined by thein-
comingwind speedV, andthespeed of theblade. The
bladetipismoving with speed V. , equal to o, . R.
Thisisillustrated in Figure 3.

tip? turb

- .
7 Ve =V, TV,

Figure 3: Bladeelement velocitiesat blade cr oss-section.

Another commonly used termin the aerodynamics
of thewind turbinesisthetip-speed ratio, A, which is
defined by:

o,,,R
A= v, ®)
The highest values of C, aretypically obtained for A
valuesintherange around 8-9. This means that the
anglebetweentherelative air speed-as seen fromthe
blade tip-and the most rotor planeis rather a sharp
angle. Therefore, the angle of incidence ¢ can becal-
culated as:

1 v
=tan!| = |=tan | —¥— 6
(P (k) (mturbR) ( )

It ispossibleto adjust the pitch angle B of the entire
blade through aservo mechanism.

If the blade is turned, the angle of attack a be-
tweenthebladeand relativewindV  will be changed
accordingly. Sotheenergy extraction will depend on
theangleof attack o between themoving rotor blades
and therelativewind speedV  asseenfromthemov-
ing blades. It followsthat, C, can beexpressed asa
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function of A and p.

Co=fer AB) )
C, isahighly non-linear power function of A and B.
Now, if the) - C, curveisKnown for aspecific wind
turbinewithaturbinerotor radiusR it iseasy to con-
struct the curve of Cp against therotational speed for
anywindspeedV . Therefore, theoptimal operationa
point of thewindturbineat agivenwind speedwindV
isdetermined by tracking the rotor speed to the point
- Thentheoptimal turbinerotor speed become
LAl €
R

Thusany changein therotor speed or thewind speed
induces changein thetip speed ratio leading to power
coefficient variation. In thisway, the generated power
is affected. Figure 4 shows a group of typical Cp -A
curveswhere optimum val ues of tip speed ratio, xopt,

correspond to the maximum power coefficient, Cprmx.

(oturb =

05

044..

03.
fxy
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01-

Pitch angle [degree)

Tip spaed ratio

Figure4: Power coefficient characteristicscurve

The optimal rotational speed for aspecificwind
speed d so dependson theturbineradius, R, whichin-
creaseswith therated power of theturbine. Therefore,
thelargerated power of thewind turbinethelower the
optimal rotational speed. These basic aerodynamic
equationsof thewind turbines providean understand-
ing that fixed-speed wind turbineshaveto be designed
inorder for therotational speedto matchthemost likely
wind speed in the area of installation. In the case of
variable-speed wind turbines, the rotational speed of
thewind turbineisadjusted over awiderangeof wind
speeds so that the tip-speed ratio A is maintained at
A Therefore, C_ reaches its maximum and conse-
quently, themechanica power output fromavariable-
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speed wind turbinewill be higher than that of asimilar
fixed-speed wind turbine over awider range of wind
speeds. At higher wind speeds, the mechani cal power
iskept at therated level of thewind turbineby pitching
theturbineblades. Therearetwo possibilitiesfor doing
this-either out of thewind or up against thewind:

(1) Whenthebladesareturned out of thewind, thelift
onthebladesisgradually reduced. Thisiscalled
pitch control and requiresardatively largechange
inpitch angleto reduce power significantly.

(2) If the blades are turned up against the wind, the
turbine bladeswill stall and thusautomaticaly re-
ducethelift on theturbine blades. Thiseffectis
obtainedwithardativey smdl changeinpitchangle
Thisiscaled stall control and requiresamore ac-
curate control of the pitch anglebecauseof thehigh
angular sengitivity.

Thetypical power control regionsof wind turbineare

showninFigure5. Theturbine starts operating when

Available power

Power & in the wind
S Power curve of the

wind turbine
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thewind speed exceeds cut-in wind speed. The power
captured by theturbineincreases with the wind speed
increasing. At the set point of wind speed, the generat-
ing power reachestherated power of theturbine. If the
wind speed continuesto rise, thegenerator output power
remainsconstant a thedesignlimit. Dueto safety con-
Sideration, theturbineis shut down at speeds exceed-
ing cut-out wind speed.

Thetypical power control operation of VSWT
can bedivided into threeregionswhich are shownin
Figure5.

R-1.[V,,, toV ] Areawhereturbineoperating at
variable speed with an optimd rotor speed giving maxi-
mum ratio whenwind speed isbetween the cut-in speed
and therated speed:

R-2:[V toV ] Operating at rated rotor, but below
therated power.

R-3:[V toV_, 4 Turbinerunning at full rated
power and rated speed. Pitch controller active.

Rotor S pead
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Figure5: Operation regionsof wind turbine

AERODYNAMIC POWER CONTROL
STRATEGY OFVSWT

At highwind speedsitisnecessary tolimit theinput
power to theturbine, i.e., aerodynamic power control.
Therearethree major ways of performing the aerody-
namic power contral, i.e. by stall, pitch or active stall
control. Stall control impliesthat thebladesaredesigned
to stall in high wind speedsand no pitch mechanismis
thusrequired.

Pitch control isthe most common method of con-
trolling the aerodynamic power generated by aturbine
rotor, for newer large wind turbines. In this method,
thereisamechanismto physicdly turnthebladesaround

their longitudinal axes. Atlow wind speed acontrol sys-
temwill usethisfeatureto maximize energy extracted
from thewind™®®. Intheareaof highwind speed, the
desired operation isto keep therotor speed and espe-
cialy thegenerated power asclose aspossibleto the
nominal. To reduce the surplus energy, we using the
blades pitching asamain power control inthisarea™.
The pitch angle controller isonly active after region 3.
when the blade pitch angleischanged in order tore-
duce C. Using the expression of C. thepitch angle
need to limit the power extracted from thewind tothe
rated power of theVVSWT can becalculated for each
wind speed theoreticaly. Furthermore, it should betaken
into account that the pitch anglecan’t change immedi-
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ady, but only afiniteratefor thelargerotationd inertia
of theblade and the desireto save money ontheblade
drives. In this controller a pitch angle scheduling is
used®™. Accordingto different wind speed point, fixed
pitchangleisgiven. Therearetwo advantagesfor using
thisscheduling. Oneof themissaving thetimeand de-
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viceto calculatethe pitch anglefor every wind speed
and another oneis, gives enough timemakethepitch
regulation system to reach itsdestination. The block
diagram of thiscontroller isshownin Figure6. A Pl
controller correctsthe error between the actual pitch
angleand thereference.

Wind
Speed # Actuator . — ‘ w
i -
Disc 1 r
[—) IS
Beta Tema:(
—» Actuator Wmax
| —
A+

-

Pitch cantroller

=

Iy
~L
'y

Figure6: Pitch control scheme.

MODELINGAND SIMULATION
RESULT OFVSWT

Inthis paper, for modeling of VSWT weused the
specificationsof VESTAS-V 52 wind turbinewith con-
sidering all necessary basi ¢ assumptions of wind tur-
binemodding. The parameter vaduesof VESTAS- V52
model aregiveninTABLE 1.

TABLE 1: Thespecificationsof V52 wind turbing.

Rotor diameter 52m

Area swept 2,124m?

Number of blades 3

Power regulation Pitch\optimal speed
Air brake Full blade pitch
Cut-in wind speed am\s

Nominal wind speed 16m\s

Cut-out wind speed 25m\s

Nominal output 850kw

By using MATLAB/SIMULINK, a VSWT
model hasbeen designed in this paper whichisshown
infigure7.

Infigure8, theoverdl VSWT controlling mode by
pitch controller has been designed. During the higher
wind speed thetorque or power can easily belimited
toitsrated value (W) by adjusting the pitch angle 8
whichiscontrolled by betaactuator. When the power
output becomestoo high, it requested the blade pitch
mechanism toimmediately turn the bladesdightly out
of thewind. When thewind speed isless strong, the
bladesareturned back into the most effective position.

For VESTASV52VSWT model, aflow chartis
showninFigure9todraw theC_ Vs curvewith dif-
ferent value of pitch angle and the power coefficient
surface those are shown in Figure 10 and Figure 11
respectively.

Thesmulation resultsobtained from thedesigned
VSWT modd aregivenin TABLE 2 (for variouswind
Speed).

From simulationresult, we observed that, at rated
wind speed pitch angle (B) is zero i.e. pitch controller
remainsinactive. But whentheVSWT running above
rated wind speed, the Pl controller sending informa-
tion to the betaactuator to changethe pitch angle. By
changing thepitch angle, the power coefficient reduced
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Figure8: Wind turbinemodel with pitch controller
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Figure9: Flow chart for VESTAS V52 VSWT model
simulation

TABLE 2: Smulation result

Wind speed Pitch angle c Power
(m/s) (degree) i (pu)
16(rated) 0 0.1195 1
17 6.22 0.1138 1
19 12.98 0.11 1

to maintain the output power at rated valuewhichin-
dicatesthat the designed control systemfor VSWT
performswell.

CONCLUSION

At high wind speed region thefatigue damage of
the mechanical partsof the wind turbine can be oc-
curred due to high level of output power. To over-
comethisproblem, apitch controllingmodd for VSWT
was established inthis paper. By using pitch control-
ler the output power has been limited at high wind
speed and wind turbine can operate safely. Thesimu-
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Figure11: Power coefficient surface

lation results has been shown that at the wind speed
above the rated speed of the turbine the pitch con-
troller automatically activate and limiting the output
power by increasing the pitch angle. In this paper, a
step input was used to simulate VSWT model. By
using real wind field datafor the simulations, abetter
accuracy for themode will beachieved.
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