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Understanding wind power

« Wind fundamentals
« Power vs wind equations
« Basic turbine aerodynamics
« Power control: Pitch, Yaw, Break
« Basic equipment
o Generator
o Gear-box
o Iransformer

Literature (Available as eBooks at Liu library)

1. Wind Power Integration: Connection and System Operational Aspects
2nd ed, Brendan Fox et al, IET 2014 (Chapter 3)

2. Grd Integration of Wind Energy: Onshore and Offshore Conversion
Systems, Third Edition, Siegfried Heier, John Wiley & Sons © 2014

(Chapter 2. more details)
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' Fundamental Equation of Wind Power

— Wind Power depends on:
« amount of air (volume)
» speed of air (velocity)
« mass of air (density)
flowing through the area of interest (flux)

— Kinetic Energy definition:

« KE=%*m*v?

: o . dm
— Power is KE per unit time: m=—— mass flux
1 dm , dt
L J P - /2 . E . v

— Fluid mechanics gives mass flow rate
(density * volume flux):

dam 4

dt pra-vy
— Thus: * Power ~ cube of velocity
P, = 1/2 p-A-v8 ) « Power ~ air density

* Power ~ rotor swept area A= 1rr?
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' Efficiency in Extracting Wind Power

Betz Limit & Power Coefficient:

» Power Coefficient, Cp, is the ratio of power extracted by the turbine
to the total contained in the wind resource Cp = P;/P,,

» Turbine power output
Pr="%"p*A*v3*Cp

* The Betz Limit is the maximal possible Cp = 16/27

» 59% efficiency is the BEST a conventional wind turbine can do in
extracting power from the wind




The Betz limit

A
A .*‘% ‘
W _‘*--.l’ 4
Vi -
v
Pair(vl) —

Max turbine power when wind
slowed down to a third of the
free wind speed

Continuity of volume flow [kg/s]:

m = pA1v, = pAv= pA,v,

Captured power from air flow:

Pturbine = air(v,)~ Pair(vz) — Cp' Paiy

2
S PA1V; - V]

1 2
2 Pair(vz) = 5;0‘42”2 " Uy

v
Max C, at: v, = =
P 3

16
= Cpmax = ﬁ = 0.59
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Blade efficiency, Cp

Maximum efficiency in windturbines

In practice:
Modern wind turbines reach about 80% of the Betz limit.

Betz theoretic curve
0.6 60 T——————7———

P \ | Betz limit
\\ 5 P _—"[Ideal efficiency High-speed |
0.5 \ / two-blade
| m———
\ = 7< \
\ Q / Modern
g 7 three-blade
\ K ) | \ | '/
£ American Darrieus rotor r —V b
02 \ o 20 multiblade D
[e] -~
\ | 3 \
0.1 \\ 10
0.0 0 T |\ T T T T T T D 1
arrieus
0.0 0.2 0.4 0.6 0.8 1.0 0 1 > 3 4 5 6 7 8

valv Tip-speed ratio
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Tip speed ratio

Rotational speed of blades
* Revolutions per minute: n [rpm]

+ Angular speed: w = 21— [/
Tip speed increases with the
radius

Veip = WR [M/S]
Wind speed, v, [M/s]
Tip speed ratio

* Tip speed to wind speed ratio

(= wR
TSR=1=—"2 "

Vw Uy

- .
" O S O S
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' Lift and Drag Forces

How Wind Power Wo[ s Turbine Aerodynamics

Airfoil
motion

WIND
FLOW

Youtube film illustrating aerodynamics



https://www.youtube.com/watch?v=p5k2LhKBSgQ

Blade aerodynamics

Side view of the turbine
Wind in from the left, v,,
Blade moving downwards, wR

Apparent wind, U
Angle of attack, a

Wind

U=+v,2+ (wR)? =

=v, 1+ (22)’

 F,: Lift force

* F4: Drag force

* F,.: Rotational force
* Fq: Thrust force
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Angle of attack

The lift force is proportional to C, and the

A t wind
PP drag force to Cy
A: leading edge S —— TN
B: trailing edge = e E= \3
L: chord line (a straight line between e | Siall due ¢
the leading and trailing edges) al g oualduelo
a: the angle of attack between the 121 ; Tigwisgparalion
apparent wind and the chord line. '
Fin Force
——C,

80

™~ Ve pressure N

Apparentwind @ TT=—————7

—_—
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Maximum power point

1. Captured power depends on lift force

2. Lift force depends on angle of attack

3. Angle of attack depends on tip-speed ratio
MPP given by Cp vs Lambda curve, Cp(A1)

A

V (free wind velocity) g
(Y- | S ——
g
wR
A=—

vW
S

1
Piurbine = CP(/D c Pyjr = CP(A) 'EPAVB

i=oRV

Keep A constant to maximize power!
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Wind energy distribution

Wind Energy Content Distribution
« Available energy 1000

depends strongly 900 elliK i)
: " "~ o ———— Cut out speed 14 M/s
on site conditions £ g _HH
Lo .23 |
!_“g?ferhmean wind < 700 —=sinlnln B Wind Speed Distribution [~
:n 0 t._s ore g 600 HHHHH @ Wind Energy Distributionf~
ocations - I
= 500 HHHHHH
« Land, forests and = w00
mountains have a @ ‘
braking impact on % T
i £ 200 HtHHHHE
wind = I
* LIl A
0 -I-I N ALl
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Wind Speed (Metres/Second)

Wind energy distribution shifts to higher
wind speed since P~v3
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Power control

The electrical and mechanical system has an economical
rating limit related to wind energy distribution

« Above this point, power is limited

« Below this point, power is maximized

Power (kilowatts)

% Rated output speed Cut-out speed
Rated output power ~+ L
Cut-in speed
35 14 25

Steady wind speed (metres/second)

Typical wind turbine power output with steady wind speed.

Typical numbers
* Mean annual site wind speed
vV, =8 m/s
» cut-in wind speed
5m/s =0.6 v,
» rated wind speed
12-14 m/s = 1.5-1.75v,,
* shut-down wind speed
25m/s =3 v,
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' Power Curve of Wind Turbine

1600
1400
1200
1000

Power [I

Capacity Factor (CF):
» The fraction of the year the turbine generator is operating at
rated (peak) power

Capacity Factor = Average Output / Peak Output = 30%

Power Curve of 1500 kW Turbine

30

4 \
A\
Nameplate
Capacity
5 10 15 20 25
WInd Speed at Hub Height [nvs]

Wind Energy (MWatt Hours)

1000
900
800
700
600
500
400
300

200 1
100 1

CF is based on both the characteristics of the turbine and the
site characteristics (typically 0.3 or above for a good site)

Wind Energy Content Distribution

Cut in speed 3-5 M/s

——— Cut out speed 14 M/s

O Wind Speed Distribution [

@ Wind Energy Distribution

1 3 5§ 7 9 11 13 15 17 19 21 23 25 271 29
Wind Speed (Metres/Second)
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Example: Maximum power
tracking through varlable speed

Tb ff

Awind turbine is rated P=5 MW,
A=11300 m2 (R=60 m), p=1.225 kg/m3 g0/
a) Compute the tip speed ratio, power toozz
coefficient and generated power Q sl
when v,=12 m/s and n=10 rpm. 2 ons}
b) The wind speed has decreased to os \
v, =6 m/s. Find the tip speed ratio I
that maximizes the generated Tip-speed ratio, lambda

power and compute the speed in
rom that results in this optimal tip
speed ratio. Compute the
generated power at this operating
point.
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Example: Maximum power
tracking through variable speed

5MW wind turbine 60m blade at constant speed no pitch

a) A=piR’=m-60=11310m" “
21N 2T /\
Wy = 601 = 1.05rad/s ol )
R = . |
A= T 504 c =
U1 = 6 Y:5
Cp1 = 0.42 :Z Al a
P1 = 05,014?)%0191 =5MW © oL X6
Y: 0.625
b) vy =06m/s ot~
)\1 - >\1 -20 5 10 15 2I0 25 30
)\ v Wind speed: v [m/s]
Wy = 22 = 0.52
60

ngzwg-%:&rpm

Cp2 = Cpy = 0.42
Py = 0.5pAv3Cpe = 0.63MW
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Aerodynamic power control

Pitch regulation: The blades are physically rotated about their
longitudinal axis.

Stall regulation: The angle of the blades is fixed but the
aerodynamic performance is designed so that they stall at high
wind speeds.

Assisted-stall regulation: The blades are rotated slowly about
their longitudinal axis but the main control mechanism is stall.

Yaw control: The nacelle is rotated about the tower to yaw the
rotor out of the wind. This technique is not commonly used.

LINKOPING
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Pitch regulation

Power is reduced by

turning blades into the

wind (Furling)

* 3: angle to rotor
plane

* [:angle to the wind

Blade pitch angle &
Rotor \{\\\Plane of rotation

o S

wind p

A

-t
N

o o
Lo @ -
T

Output power [p.u.}

o
S
T

J. i 1 1
0 5 10 15 20 25
Wind speed [m/s]
T I

» 9: angle to rotor plane

-
o
T

Pitch angle [deg]
o

(3]
T

(=

| a I 1
10 15 20 25
Wind speed [m/s]

o
ar
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Turbine characteristics

wR 9-
: angle to rotor plane
TSR =1 =— 9 P
vW 0.5 T T T T T
pitch=0deg
0.45 | pitch=4deg
pitch=8deg
0.4 r pitch=12deg
pitch=16deg
8_ 035 pitch=20deg
- pitch=24deg
v Fad Fq S 03r pitch=28deg
i > Q
TP £ 025
Fr - ©
(O]
£ 02t
2
>
» = 015+
0.1}
v 0.05
0
2 4 6 8 10 12

Tip-speed ratio, lambda
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Example: Pitch regulation for
power limitation

Continuation of the previous example where R=60 m
and the produced power at vi=12 m/s, n=10 rpm, A1 =
5.2 and cp,=0.42 is P=5 MW.

Compute the required pitch angle to produce SMW at
v3=24 m/s and n=10 rpm.
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Example: Pitch regulation for

power limitation

U3 = 24771/8 0.45

ny = 10rpm 0.4

2mTns3 809

— = 1.05rad/s 3 oal
W3 60 / ge

_Z%z %E 0.25

Ag = 2T — 96 .
V3 g )

_I:%S 15

Chs = = 0.052 0.1+

P37 0.5pA03 o

0

Pitch angle of 28 degrees required
to fulfill both tip speed ratio = 2.6
and power coefficient to 0.052.

m— pitch=0deg

pitch=8deg

pitch=16deg

pitch=24deg

pitch=4deg | |
pitch=12deg | |

pitch=20deg | |

pitch=28deg |

1
2 4 6 8 10 12

Tip-speed ratio, lambda
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The synchronous

Excitation
Current
- 17,
Vi L

Excitation

generator

Stator Coil Outputs
| 120° |

V1200 |, 120°
It A B /z
AN .

Voltage

(XX

3-phase supply

@ Voltage
“ 'V
C
Three Stator windings 120 apart f _ p nS
L ==
260
Frequency [HZ] 50
No of poles 2 4 6 8 12 24 36 48
Rotational speed [rpm] 3000 1500 1000 750 500 250 167 125
Rotational speed [rpm] 10
No of poles 2 12 24 36 48 96 192 384
Frequency [Hz] 0.2 1.0 2.0 3 4 8 16 32
23
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Wind turbine generator

Generator output

50 Hz 3-phase
« 600-900V
* 6-pole synchronous generator

rotor speed: C Gearbox 2:.12?:8?
e n, =25 = 8959 _ 1000 rpm NS

p/2 3

* Wind turbine rotor speed: 10 rpm| [Horizontal
« Gearbox ratio: 100 axis rotor pendan
* Planetary 2-stage tower
 Transformer: .

600-900 V:10-36 kV —h
— (-

Power factor |

correction c o Turbine
_ Anti-parallel transformer
capacitors . ’ ransformer
thyristor soft
starter

Figure 3.16 Schematic of fixed speed wind turbine
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Technical specifications GE Renewable Energy

OPERATING DATA

Wind Turbine:

Class I-B IEC-61400-1 / IEC-61400-3

Rated power 6.0 MW (net after

transformer)

Cut-in wind speed 3 m/s [
Cut-out wind speed: E s

(10 minutes average) 25 m/s

Grid frequency 50 / 60 Hz o *
RoTOR Haliade

Rotor diameter 150.95 m

Blade length 73.5m
Rotor swept area 17,860 m? -
Rotor speed range 4 - 11.5 rpm

Tip speed 90.8 m/s High yield offshore wind turbine

GENERATOR

Type Direct Drive Permanent Magnet
Rated voltage 900 V per phase
Number of phases 3x 3

Protection class IPP55

—W‘Ifcm— = ™ Single or
CONVERTER DC "« 2 — A%-psl':]e’;spley
Type Back to back 3-phase AC/AC Smoothing and
Output voltage 900 V Filter Circuit
TOWER Dguz;n;er

Type Tubular steel
Hub height 100 m (or site-specific)
Standard color RAL 7035

POWER CONTROL SYSTEM
Type Variable speed and independent
pitch control by blade

LINKOPING
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The V150-4.2 MW™ IECIIIB/IECS

V150-4.2 MW™

V150-4.2 MW™ is the industry’s highest producing onshore

low wind turbine

View the 4 MW Brochure >

Vas(as

i N
Technical Specifications
OPERATIONAL DATA GEARBOX
Rated power 4000kW  Type two planetary stages and one helical stage
Cut-inwind speed 3m/s TOWER
Cut-outwind speed 225m/s  Hub heights Site and country specific
Re cut-in wind speed 20m/s  NACELLE DIMENSIONS
Wind class IECIIB  Height for transport 3.4m
Standard operating temperature range from-20°C*to +45°Cwithde-rating  Heajght installed {incl. CoolerTop®) 59m
above 30°C Length 128m
SOUND POWER Width 4om
Maximum 104.9dB =
Sound Optimised modes dependent on site and country :UB DIMENSr::NSm -
Max. transport heig 8m
ROTOR
Rotor diameter 150m Max. transport width 38m
"\'~;p’ ares 17671 m2  Maxtransport length 5.5m
owept 1/, im-
Airbrake full blade feathering with 3 pitch cylinders BLAE:: DIMENSIONS 737
ELECTRICAL ‘L‘1Ganxgchord /4.; m
Frequency >0/60Hz Max. weight per unit for transportation 70 metric tonnes
Converter full scale

LINKOPING
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SIEMENS
lha,wu“yforufv_

‘

- _ e
79.8 meters |

- -
154 meters
SWT60158 | SWT70-156 | SWI80-154
IEC Class 1A 1B 1B
Nominal power 6,000 kW 7,000 kW 8,000 kw
Rotor diameter 154 m
Blade length 75m
Swept area 18,600 m*
Hub height Site specific
Power regulation Pitch regulated, variable speed

SCUCERCICV I W | The standard for

: The Siemens Offshore Direct Drive platform -
SynCh ronous : incorporating three decades of engineering.
generator

LINKOPING
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Wind directiol

wind.energy.gov
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wind.energy.gov

Wind vane
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Wind farm

Example turbine spacing in a wind farm with a South Westerly prevailing

: . wind direction
To avoid aerodynamic

interference between
turbines sufficient

spacing is required /.\ ‘ﬁ\ ’ﬂ\ 1\
- \J Fa— x 6D

0

-
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