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Abstract

In this paper, a functional structure of a wind rggeconversion system is introduced, before making
comparison between the two typical wind turbinerapjeg schemes in operation, namely constant-speed
wind turbine and variable-speed wind turbine. Ididn, the modeling and dynamic behavior of a able
speed wind turbine with pitch control capabilityeisplained in detail and the turbine performance/es

are simulated in the MATLAB/simulink.
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1. Introduction

One way of addressing the rising energy demandgyeowing environmental concerns, is to harnessrgree
sources of power. Among these, tapping wind enwiify wind turbines appears to be the most promising
source of renewable energy. Wind energy conversystems are used to capture the energy availalie in
wind to convert into electrical energy. A schematiagram of a wind energy conversion system is
presented in the next section along with a detadledcription of wind turbine and its modeling. The
functionality of other system components is alsecdssed briefly. In the last section, simulatiosures,
obtained for the variable speed wind turbine, aesented to give a better understanding of the wind
turbine dynamics.

2. Functional Structure of Wind Turbine

A wind energy conversion system is a complex systemhich knowledge from a wide array of fields
comprising of aerodynamics, mechanical, civil ahectical engineering come together. The principle
components of a modern wind turbine are the tother,rotor and the nacelle, which accommodates the
transmission mechanisms and the generator. The tundhe captures the wind’s kinetic energy in the
rotor consisting of two or more blades mechanicalbupled to an electrical generator. The main
component of the mechanical assembly is the geawtloixh transforms the slower rotational speedhef
wind turbine to higher rotational speeds on thecteleal generator side. The rotation of the elealri
generator’'s shaft driven by the wind turbine getesraelectricity, whose output is maintained as per
specifications, by employing suitable control amgbervising techniques. Besides monitoring the dutpu
these control systems also include protection syste protect the overall system.

Two distinctly different design configurations aesailable for a wind turbine, the horizontal axis
configuration and the vertical axis configuratidie vertical axis machine has the shape of an egteh
and is often called the Darrieus rotor after itgeimor. However, most modern turbines use horizantis
design [1]. In this paper the dynamic model of a@zamtal axis turbine is developed and simulatethiz
MATLAB/Simulink, based on the turbine performaneees.

The functional structure of a typical wind energyeersion system is as shown in Figure 1:
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Figure 1. Power Transfer in a Wind Energy Converte

3. Wind Turbine M odeling

As noted above, a wind energy conversion systesc@mplex system converting wind energy to rotaion
energy and then to electrical energy. The outputgoar torque of a wind turbine is determined byesal
factors like wind velocity, size and shape of thebine, etc. A dynamic model of the wind turbine,
involving these parameters, is needed to understia@doehavior of a wind turbine over its region of
operation. By studying its modeling, it is possitiecontrol a wind turbine’s performance to meetaired
operational characteristic. In the following pages will look at different performance charactegstand
variables that play an important role in wind poweneration, by deriving the speed and power osati
The control principles of the wind turbine are atsscussed in this section.

3.1 Inputs and Outputs of a Wind Turbine
The inputs and output variables of wind turbine barbroken into the following:
1. The independent input quantitind speeddetermines the energy input to the wind turbine.

2. Machine-specific input quantities, arising partanly from rotor geometry and arrangement (i.e.,
different configurations like horizontal axis ormtieal axis turbines, area of the blades, etc.).

3. Turbine speed, rotor blade tilt, and rotor bladetpangle, arising from the transmission system of
the wind energy conversion system.

4. Turbine output quantities, namely Power or Drivegt@, which may be controlled by varying the
above three input quantities.

3.2. Power Extraction from the Air Stream

With the identification of the wind turbine’s inpaind output variables, now it is possible to deriwve
expression relating these two values. The reldiigtaveen the power and wind speed is derived aswisll

[1]:
The kinetic energy in air of massmoving with spee® is given by the following:
Kinetic energy=¥2m.\* Joules

1)
The power in moving air flow is the flow rate dfktic energy per second.
Power=%: - (nass flow rate per second}.v

@)

The actual power extracted by the rotor bladekasdifference between the upstream and the dovemstre
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wind powers. Therefore, equations (2) results in;

= 2. (mass flow rate per second). (V* — V)
3

Where:
P is the Mechanical Power extracted by the rotowatts.
V is the upstream wind velocity at the entrancéhefrbtor blades in m/s
V, is the downstream wind velocity at the exit of thtor blades in m/s
Let p be the air density in (kg/ JrandA is the area swept by the rotor blades if)(en, the mass flow
rate of air through the rotating blades is givermujtiplying the air density with the average veipc

Mass flow rate = p[A gﬂ
2

(4)

From [3] and [4], the mechanical power extracted

P= l{p @[V ;V"H(V V)

©)

After algebraic rearrangement of the terms we have:

by the rotor is given by:

1
P=_pAN’T,
(6)

Where:

(&)

p
2 is the fraction of the upstream wind power, whigktaptured by the rotor

C

blades and has a theoretical maximum value of 0t58.also referred as tipwer coefficient of the rotor
or the rotor efficiency In practical designs, the maximum achievaBlgis between 0.4 and 0.5 for

high-speed, two-blade turbines and between 0.2Dahtbr slow-speed turbines with more blades [1].

From equation (VI), we see that the power absonpdiod operating conditions of a turbine are deteechi
by the effective area of the rotor blades, windesip@nd wind flow conditions at the rotor. Thug thutput
power of the turbine can be varied by effectiveaard by changing the flow conditions at the reimtem,
which forms the basis of control of wind energy wension system.

3.3. Tip Speed Ratio

The tip speed rati, defined as the ratio of the linear speed atitheftthe blade to the free stream wind
speed and is given by the following expression41]-
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TSR= A =—
V
7)
Where:

R is the rotor blade radius in meters
@ |s the rotor angular speed in rad/sec.

TSRis related to the wind turbine operating point éxtracting maximum power. The maximum rotor
efficiencyCpis achieved at a particulip speed ratio TSRwvhich is specific to the aerodynamic design of
a given turbine. The rotor must turn at high-spaetigh wind, and at low-speed at low wind, to képp
speed ratio TSRonstant at the optimum level at all times. Thgdathetip speed ratio TSRhe faster is
the rotation of the wind turbine rotor at a givemevspeed. High (rotational) speed turbines aréepmed

for efficient electricity generation. From [7], far particular value of wind spedd turbines with large
blade radius result in low rotational speed , and vice versa. For operation over a wide rasfgeind
speeds, wind turbines with high tip speed ratiespgeferred [3].

3.4. Typical Wind Turbine Operating Systems

There are mainly two kinds of wind energy conversgstems in operatiofixed-speed or constant speed
wind turbineswhich operate at a nearly constant speed, predeted by the generator design and gearbox
ratio, andvariable speed wind turbines

The overall operating strategy determines how Hr@us components are controlled. For exampleass p
of the overall control strategy, the rotor torqae de controlled to maximize energy capture, ahpingle
control can help control the power output at highdwspeedskixed-speed stall-regulated turbinbave no
options for control input. In these turbines thebine blades are designed with fixed pitch to ofgereear
the optimaltip speed ratio TSRt a specific wind speed. As wind speed increasedpo does the angle of
attack, and an increasingly large part of the hlathting at the blade root, enters the stalloegesulting

in the reduced rotor efficiency and limitation betpower output. A variation of the stall regulateshcept
involves operating the wind turbine at two distinconstant operating speeds, by either changing the
number of poles of the electrical generator or ditegn the gear ratio. The principal advantage ofl sta
control is its simplicity, but there are significatisadvantages; for instance, the stall regulatied turbine
will not be able to capture wind energy in an éffit manner at wind speeds other than that it $égded
for. Fixed-speed pitch-regulatedirbines typically use pitch regulation for stapg-and, and after start-up
only to control the power above the rated wind dpafethe turbine. Variable speed wind turbines ¢gtly
use generator torque control for optimization ofvpo output. They use pitch control to control thepot
power, only above their rated wind speed. Withalale speed, there will be 20-30% increase in tleeggn
capture compared to the fixed-speed operation.

Typical curves for a constant speed and varialdedpvind turbine are as shown in the Figure 2.
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Figure 2. Typical curves for a constant speed| staitrolled (dotted) and variable speed pitch cafed
(solid) wind turbine.

In a constant speed, stall-controlled wind turkitme turbine output power peaks somewhat higher than
rated limit, then decreases until the cut-out spee@ached. This feature provides an element sfipa
power output regulation, ensuring that the generiatanot overloaded as the wind speed reaches above
nominal values. With variable speed operation altffothe energy capture is more, the cost of vaiabl
speed control is added to the overall system chss tradeoff between the energy increase and cost
increase has to be optimized in the system design.

The advantages of fixed-speed wind turbines aretttey are; simple and robust, inexpensive eledtric
system, electrically efficient, fewer parts, hehogh reliability, no frequency conversion, hencecoorent
harmonies and lower capital cost. The disadvantaggsde; aerodynamically less efficient, mechahica
stress and noisy. For a variable speed wind turkime advantages are; less mechanical stress,rhighe
energy capture, aerodynamically efficient, low gient torque, mechanical damping not needed simze t
electrical system could provide the damping andyrhronization problems since stiff electrical irols

can reduce voltage sags. The disadvantages arlricy less efficient, expensive and sometimes
involves complex control strategies.

A typical variable speed pitch-regulated wind taebiis as shown in Figure 3. Many parameters that
characterize a variable-speed wind turbine arestinfcor example:

1. The turbine power coefficient curve, the nomindbrespeed, and the rotor diameter determine the
nominal wind speed for a wind turbine of a givemial power.

2. The allowable amount of rotor over speeding andabed power determines the parameters of the
pitch controller.

3. The rotor inertia determines the turbine cut-indvepeed.
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Figure 3. Typical pitch-regulated variable-speedadnurbine.

Variable speed pitch-regulated wind turbines haxe methods for affecting the turbine operatiomnedy
speed changes and blade pitch changes. In otmes,téne control strategies employed in the operatio
variable speed wind turbine system are:

1. Power optimization strateggmployed when the speed is below the rated wieed, to optimize
the energy capture by maintaining the optimum tjeesl ratio. This can be achieved by
maintaining a constant speed corresponding to ptienam tip speed ratio. If the speed is changed
by controlling the electrical load, the generatdlt tne overloaded for wind speeds above nominal
value. To avoid such scenario, methods like genetatque control are used to control the speed.

2. Power limitation strategyused above the rated wind speed of the turbinkmio the output
power to the rated power by changing the bladehpitc reduce the aerodynamic efficiency,
thereby reducing the wind turbine power to accdpthdvels.

The regions of the above mentioned control strategf a variable speed wind turbine system arbasrs
in the Figure 4:
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Figure 4.Variable Speed Pitch Controlled wind tneboperation

As mentioned in the previous subsection, pitch mletr controls the wind flow around the wind tumbi
blade, thereby controlling the toque exerted onttltbine shaft. If the wind speed is less thanrtted
wind speed of the wind turbine, the pitch anglkept constant at its optimum value. It should beeddhat
the pitch angle can change at a finite rate, whiely be quite low due to the size of the rotor bdadée
maximum rate of change of the pitch angle is indhder of 3 to 10 degrees/second. In this contralle
slight over-speeding of the rotor above its nomiredlie can be allowed without causing problemstiier
wind turbine structure [6], [8].
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The pitch angle controller used in this paper, @ypl Pl controller as shown below [7], [9]-[11]:

Pitch Angle
Max
~ [
" |
N P-l Pitch Angle
e ed —>{ | S i
Pn :zurﬂd \__/ error signa || Control Rate Limiter[ Biten
T. 7 T Angle
— —
P ref Pitch Angle
p.u Optimum

Figure 5. Pitch Angle controller

As long as the wind turbine output power is lowwart the rated power of the wind turbine, the esignal

is negative and pitch angle is kept at its optimuatue. But once the wind turbine output power ersee
the rated poweP,, the error signal is positive and the pitch argdianges to a new value, at a finite rate,
thereby reducing the effective area of the bladwiltimg in the reduced power output. Inputs to Eie
controller are in per-unit and the parametersterdontroller are obtained from reference [11].

3.5. Performance Curves
The performance of variable speed pitch-regulatedi iurbines is determined by the characteristives

bl

relating the power coefficienCp, tip speed ratiofTSRand pitch angle). Groups of C,- A curves
obtained by measurement or by computation can laés@pproximated in closed form by non linear
functions, which can be shown as:

c, =c,(c, -c,o-C,0" -C, )W)

(8)
Where:

1
6 Is the pitch angle and A is 2the tip speed ratio

The values chosen foﬁ:1 to Cs and /]‘ in this paper are:

1_ 1 0035
A A+0089 6&+1
116 21

=" C. =22
2 6
C, =05 A C,=04 C,=0 C,=5 A
According to the characteristics chosen, the cdiefitsC; to G should be modified to obtain a close
simulation of the machine in consideration. Théedénces between the curves of various wind tusbare
small and can be neglected in dynamic simulati@hslf [6], a comparison was made between the power
curves of two commercial wind turbines using thaegal numerical approximation similar to equati8h (

3.6. Simulation Results

In this section, the simulations results of a Magaspeed pitch controlled wind turbine model aespnted.

All the simulations were carried out using MATLAB®#RUlink. The dynamics of the wind turbine model

can be represented with the help of a flow charghewn in Figure 6 followed by a brief descriptfithe
16
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simulated model:

@
A I O rtine |‘—| Gearbox I—ﬁ
f\ from SEIG
[ AT |

yind | : i
- win { Tip Speed Ratio | Pref
. .

IPexfoxman:e C'.u'.'e*<— Pitch Angle

Controller
! v
I Power Coeff. C |
- - P wit (W atts) |
T I

I T wixt (n-m) |

l |
I T awve (n-m) I

|—— To SEIG

Figure 6. Simulated model of the variable speechpieguleted wind turbine.

The inputs for the wind turbine model are, windesheair density, radius of the wind turbine, medbain
speed of the rotor referred to the wind turbineesadd power reference for the pitch angle controllbe
output is the drive torqué& drive which drives the electrical generator. The windbitwe calculates the tip
speed ratio from the input values and estimatesahee of power coefficient from the performanceves.
The pitch angle controller maintains the valuehef blade pitch at optimum value until the powepotiof
the wind turbine exceeds the reference power input.

The performance curves used in this paper (frondgj as shown below:

Cp-TSR Curves
T

Power Coefficient, Cp
=]

15 des

o1 L \ PR r N L e N r \r PR 1
o 2 - -] s 10 12 14 1s 18 20
Tip Speed Ratio

Figure 7 G, - 4 characteristics (blade pitch anglas the parameter)

From the above set of curves (Figure 7), we caemksthat when pitch angle is equal to 2 degréestip

speed ratio has a wide range and a maxin@nvalue of 0.35, suitable for wind turbines desigitied
operate over a wide range of wind speeds. Witmarease in the pitch angle, the range¢ipfpeed ratio
TSRand the maximum value of power coefficient deceeamsiderably.

The parameters used for the simulation are asvslio
17
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Rated power of the wind turbine = 370 kW.
Radius of the wind turbine blade = 20 m.
Gearbox turns ratio = 1:20.

Air density = 1 kg/ m

Figure 8 shows the wind turbine output power of shreulated model for different wind velocities.chn
be observed that the output power is kept consthigher wind velocities, even though the winine
has the potential to produce more power; this pdimgt is used and to prevent the over speedinthef
rotor and to protect the electrical system.

Wind turbine power output

400 T T T T
< 300t .
5‘ //
Z /
£ 200} 1
(=}
z /
S 100} 1
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//
0 — il L 1 L
0 5 10 15 20 25

Wind velocity in m/s

Figure 8. Output power of the wind turbine for difént wind veocity

For the following simulation results, the wind tumb starts with an initial wind velocity of 11m/¢ a
no-load, and load was applied on the machine=80 seconds. At=15 seconds there was a step input
change in the wind velocity reaching a final vabfel4 m/s. In both cases the power reference resdain
the same (370 kW). The simulation results obtafieethe above mentioned conditions are as follows:

Wind turbine spead variations
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Figure 9. Wind turbine rotor speed variations witind.
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Figure 10. Tip speed ratio of the wind turbine

From Figures 9 and 10 we can see the changes itiptispeed ratio corresponding to the changesen th
rotor speed for different wind and load conditiomuring no-load operation, the wind turbine is not
connected to the load and therefore rotates fraaljer the influence of wind attaining high angular
velocities. From [7], which gives the relation betm the tip speed ratio and angular velocity ofviired
turbine, it can be concluded that higher anguldoartes result in higher tip speed ratios. In tbése asip
speed ratio TSReaches a value greater than 18, the value gidhwer coefficient obtained from the set of
performance curves is almost zero. As the rotorgrawefficient value is zero, the energy captungdhle
rotor blades is also zero. Therefore, the torqueted on the generator shaft also equals to zero.

As load is applied on the wind energy conversicsteay, the speed of the electrical generator drdpshw
reduces the speed of the wind turbine (as theyawpled through a gear box, Figure 9). This drop in
angular speed of the wind turbine reduces the vafitip speed ratio TSResulting in a higher value of the
power coefficient as can be observed from the povesfficient curves (Figure 7). Since rotor power
coefficient is now a positive, non-zero, the robdades extract energy form the wind resulting imeo
output power.

Figure 11 shows the changes in the power coefficiéth changes in the tip speed ratio. From Figliie
can be seen that, on the right hand side (aftehieg the peak value) of th&p Vs /. curves, with increase
in the value oftip speed ratio TSRhe value ofCp decreases. It also shows that lower wind velcitie
(highertip speed ratio TSRsee [7] result in high power coefficient, andhiegwind velocities (lowetip
speed ratio TSRresult in lower power coefficient values, so thia wind turbine output does not exceed
its rated power.
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Figure 11. Variation of power coefficient with wind
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Figure 12. Pitch angle controlled response to timel\wpeed change

Observe that the pitch angle is kept constant bypitth controller at an optimal value of 2 degr@égure
12) until the wind turbine reaches above the noiminiad speed (13.5 m/s), where it has the capahidit
produce more power than the rated power of theesysin this region pitch control alters the pitdttloe
blade, at a finite rate, thereby changing the @irfround the blades resulting in the reducedieffiry of
wind turbine rotor. Also, from Figure 7 we see théth increase in the pitch angle the rangeipfspeed
ratio TSRwhich produces a positive value for rotor poweeftioient reduces sharply.
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Figure 13. Wind turbine output variation with chasgn wind speed
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Figure 14. Wind turbine torque variation with wind

From Figures 12 and 13 we see that the outputeofaiind turbine is about 220kW at 11 m/s and has the
ability to supply more than rated power of 370 ki\L4 m/s. As explained above, the wind turbine ottp
power is limited to the rated power by the pitcitcoller.
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The driving torque produced by the wind turbinebserved in Figure 14, varies based on the inpumtdw
and load conditions. When the system is not loabeddriving torque produced the wind turbine isozer
since the energy captured by the rotor is zero.Mibad is applied @10 seconds, we can see a rise in the
value of the torque produced by the wind turbinéthVel step increase in wind velocity (to 14 m/&g t
torque increases from its previous value, and dedia higher toque to the electrical generatoqU®iseen
here is obtained by dividing the power extractednfthe wind by the angular velocity of the rotoddhen
referring it on to the generator side.

4. Conclusion

In this paper a variable speed wind energy conerrsystem has been presented. Emphasis has been lai
on the wind turbine part of the total system. A pamison was made between the two typical existimglw
turbine systems after a brief introduction of eaystem. A variable speed wind turbine model was
simulated based on the power coefficient curves fEsponse of the simulated model was observed with
dynamic load and changing wind conditions. It wasesved with the help of the simulation resultgt th
the power limitation strategy can be successfulfprced by using a pitch controller.
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