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LO4: Describe, analyze, and design wind turbine
power systems




LO4:Describe, analyze, and design wind turbine power systems.

Sub-outcome 1: Calculate the amount of available wind
power 1n terms of the wind speed and air density.

Sub-outcome 2: Evaluate wind turbine technology
including vertical and horizontal turbines.

Sub-outcome 3: Analyze wind power and rotor efficiency
and calculate the maximum power.

Sub-outcome 4: Describe and compare direct drive and
gear drive wind turbine systems.

Sub-outcome 5: Identify the proper generator types for
wind energy applications.



* Sub-outcome 6: Explain fixed and variable
speed wind turbine and speed control
techniques

* Sub-outcome 7: Explain the principles of
operation of an 1nduction generator and
generator drives for wind power applications.

* Sub-outcome 8: Illustrate the stages of energy
conversion and power grid 1nterfacing
components using a block diagram.



Introduction

* Wind power utilization involves conversion of wind energy
into more useful forms, usually electricity.

* Wind 1s a clean renewable source of energy and 1s a large
untapped energy resource.
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Introduction cont.
Wind energy: sail boats along the Nile River in Egypt

200 B.C., simple windmills in China were pumping water
Ancient Civilization in the Near East .

— 600 AC: Vertical-Axis Wind-Mill: sails connected to a vertical
shaft connected to a grinding stone for milling grains

1100 Wind mills were used in Europe to mill grains

1300 Post Mill Introduced in Northern Europe. The Dutch refined
the windmill and adapted it for draining lakes in the Rhine River
Delta and for 1rrigation.

Wind in 19th century in US: horizontal-axis wind turbine used for
water-pumping and wind-mills found throughout rural America

1888: Charles Brush builds first large-size wind electricity
generation turbine (17 m diameter wind rose configuration, 12 kW
generator)

In 1940: The Smith- Putnam machine was rated at 1.25 megawatts



ADVANTAGES of Wind Energy

Technology is available as Easy to install

The wind is free and with modern technology it can be
captured efficiently.

Green energy, once the wind turbine is built the energy it
produces does not cause green house gases or other
pollutants.

Although wind turbines can be very tall each takes up only
a small plot of land. This means that the land below can
still be used. This is especially the case in agricultural
areas as farming can still continue growing plants.

Remote areas that are not connected to the electricity
power grid can use wind turbines to produce their own

supply.



DISADVANTAGEAS of Wind Energy

* The strength of the wind is not constant and it varies from
zero to storm force. This means that wind turbines do not
produce the same amount of electricity all the time. There
will be times when they produce no electricity at all.

* Wind turbines are noisy.

* Large wind farms are needed to provide entire communities
with enough electricity.

ENVIRONMENT IMPACTS
Noise Pollution

* Noise pollution is one of the biggest disadvantages of a wind turbine.

Wildlife Impact

 The force of the blades high up in the air may not seem powerful to you,
yet they are more than capable of harming wildlife.
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General Applications of Wind Energy

Electricity generation (the main objective)

Battery charging

Compressed air production

Direct mechanical applications - grain grinding and water
pumping

Direct heat applications- producing heat from solid or fluid
friction

Small applications in Farms, businesses, municipalities,

and schools & universities



Wind Power Global Capacity

Gigawatis
500 World Total
Annual additions 433 Gigawatts
400 Capacity 370
318
283
300 538
198
200 159
121
94
100 59 74
0
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Source: RENEWABLES 2016 GLOBAL STATUS REPORT



Wind Power Global Capacity

Total Installed Capacity 2012-2016 [MW]

540'000 *

486’661

435'258

371’317

318'914 11,0%
11,8%
282'866 _ | B .
17,2%
16,4%
12,7%
2012 2013 2014 2015 2016 2017
* Prognosis
Total installed capacity: Includes all installed wind capacity, connected and not-connected to the grid. © WWEA
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Wind Power Global Capacity

Continental Sharesin New Capacity 2016 [%]

© WWEA

WAsia MEurope mNorth America mlLatin America = Oceania & Pacific Africa

Source: RENEWABLES 2016 GLOBAL STATUS REPORT
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Wind Power Capacity -Top 10 Countries

Wind Power Capacity and Additions, Top 10 Countries, 2015

Gigawatts
150 +30.8
M Addedin 2015
120 2014 total
90
+8.6
60
+=5.7
=
30 +26 +0
— +:1
+15 +11 +03 +28
— —_—
0
China United Germany India Spain United Canada France Italy Brazil
States Kingdom

Additions are net of repowering/decommissioning.

REN21 Renewables 2016 Global Status Report

REN21:550
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Sub-outcome 1 : Calculate Power from Wind Energy
How is wind created?

* Wind energy comes from a series of energy transformations from
solar energy (radiation) to wind energy (kinetic).

* About 2% of the solar energy absorbed by the earth goes into wind.

* Solar radiation is absorbed by the surface of the earth and heats it
unevenly. s Turbine Aerodynamics



http://www.google.ae/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=E3Y4zIj0UCjyZM&tbnid=0yoD6g08ZJC4bM:&ved=0CAUQjRw&url=http://science.howstuffworks.com/environmental/green-science/wind-power3.htm&ei=3ItzUZ6bC4f_rAe0yYCIBA&bvm=bv.45512109,d.bmk&psig=AFQjCNEIYqHTCIpG3w_EoQGMSw9uSm2oqA&ust=1366613102601899

How is wind created?

Wind is the vertical and horizontal

air currents induced by the

differential heating of the earth’s | Mam air coos
surface and earth’s rotation. S—-

Solar radiation is absorbed by the ™

alr

surface of the earth and heats it = "ses
unevenly.

Land heats up faster than water BE—

does, but also loses heat faster
These differences in air

temperature across the globe can
create wind!
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Power from wind enerqgy

Lift
The Lift Force is perpendicular to the direction of e
motion. We want to make this force BIG. @
The Drag Force is parallel to the direction of motion. i
We want to make this force small.

Liift
#

Chard Line
- Drag

'--l._. = i - = _,—_--
Relative Wind - ' )

https://www.voutube.com/watch?v=qSWm nprfgE
http://www.yvoutube.com/watch?v=0Kx3q; oRCc¢
http:// www.youtube.com/watch?v=s[LXZkn2 W-1k
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https://www.youtube.com/watch?v=qSWm_nprfqE
http://www.youtube.com/watch?v=0Kx3qj_oRCc
http://www.youtube.com/watch?v=sLXZkn2W-lk

Power from wind enerqgy

This pressure is high in the bottom and negative (vacuum) in the top, the
combined effect causes lifting force on the cross section (called airfoil). The
values of these pressures change with the angle with which the airfoil touches
the air as shown in the figure to the side which changes the lift force and the
opposing force which is called the drag force.

At high angles of attack, the flow separates from the airfoil and the lift force falls

/ Fressu-c zelcw
/ f-oestrea n static
£ PIgss.re
{
™~
\'w

down and the drag force becomes very high

Freestream P.recuro

Tesstream st e
IESSElE

Prass_re profie aro_nd a rfzil

https:// www.youtube.com/watch?v=gSWm nprfqE
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https://www.youtube.com/watch?v=qSWm_nprfqE

Power from wind enerqgy

Rotation \

—_—

_>

= 7 )

Principles of Wind Turbine Aerodynamic Lift

airstream

World largest wind turbine 8MW (in 2013)

http://www.youtube.com/watch?v=MjghT8RF dk
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http://www.youtube.com/watch?v=MjqhT8RF_dk

Power from wind enerqgy

* Wind turbines work by converting the kinetic energy in the wind
first into rotational kinetic energy in the turbine and then electrical
energy.

* To calculate the power extracted from wind, calculate kinetic
energy, KE where:

KE = Ymv? of air passing through the rotor of the wind turbine.

* To do that we need to measure the mass of air travelling through
the area of circle swept out by rotor blades in time At

19


http://www.windpowerwiki.dk/index.php?title=File:Turbtubx.gif

Power from wind enerqgy

At time 7= 0, the mass of

air 1s just about to pass Time t=0;
through the hoop, but Az

later, the mass of air has

passed through the hoop.

The mass of this piece of ™% - - - -
air 1s the product of its :
density p, area A, and '\,
length v - At

hoop
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Power from wind enerqgy

From this you can find the mass...

1mass = density- volume
= pAVAt
p is the density of the air (1.2 kg/m? for standard
temperature and pressure)
v 1s the velocity of the air

At 1s the length of time for a unit of air to pass through the
loop.

A 1s the area swept by the blades, not the blade area.

21



Power from wind enerqgy

Therefore the kinetic energy, KE, 1s found to be:

KE = 1 my’ = l,0/1Atv3’
2 2

while the power of the wind passing through our hoop 1s:

3
The input power P, = AL = 1 pAAty = 1 pAV’
At 2 At 2

* But turbines can’t extract all of the kinetic energy of
the wind. Why not?

* [f this was the case the air would stop as soon as it
passed through the blades and no other wind would be
able to pass through.
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Power from wind enerqgy

Betz recognized when he wrote in 1920 that maximum energy can be extracted from
the wind if it is slowed down to one-third of its original speed. This is the only way
in which theoretically 16/27 or 59.3% of the wind’s potential energy is usable.
Today this theory is called Betz’ Law in honour of the man who made the
discovery.

° Betz Limit: 59.3% of the theoretical is the maximum amount
extractable by a wind energy conversion device.

* According to Betz Law you cannot capture more than 59.3%
(2/3) of wind’s energy (Betz, 1919).

* Maximum ratio of PP, =2/3 is found at v,/v; = 1/3.

* Ideally you want the turbine to slow the wind down by 2/3 of its
original speed.
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Power from wind enerqgy

Betz Law for energy transfer in wind turbines

Conversion to Hectricity
05 of the 52.3% of the
Input Wind Enargy
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Power from wind energy

P/P, vs. v,/v,

0.7
_— 7,,@‘4,___——-———'/ max at v,/v, =0.33
' where P/P is 0.593
0.5
0.4
0.3
0.2
0.1 -

0 HEBEEEREEEERRAREREREREE T TT1 IBEEEEEEEEEEEEEEEEEEEEEREREEEATEE
-0.1 —g—w tod o 2o FToldo oS oRcoIT—

This plot agrees with Betz’s conclusions that the maximum power
output of the turbine, P, is 59.3% of the power input and this power
occurs when v, (wind speed after leaving the turbine) 1s 1/3 of v,

(wind speed at the turbine inlet) 25



Power from wind energy

Wind turbines are not 100% eftficient:

power = efficiency - max power extracted

. ]
The turbine power F, =C, x Pa = — A4V C
2 pP

Where C), 1s detined as the ratio of actual power
developed by the rotor to the theoretical power
available 1n the wind.

C—Pt
P_Pa
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Power from wind energy

where d1s the diameter of the circle covered by
the rotor.

27



Example 1:

Use the following data to determine the turbine wind power:
Blade length, /=52 m

Wind speed, v =12 m/s

Air density, p = 1.23 kg/n?’

Power Coefficient, C,=04

Solution:
Inserting the value for blade length as the radius of the swept area:

[=r=52m
A=nr?
= 7x52°
= 8495m”?
. . 1
turbine power is Py = pAv3C,

1
=3 X 1.23 X 8495 x 123 x 0.4 = 3.6MW



Power from wind energy
* Local wind speed 1s also an important
factor since:
power o (wind speed)’
power o (blade diameter)?

* The local wind speed should be, on
average, at least 7 m/s at 25 m above the
earth’s surface in order to make harnessing
wind from 1t worthwhile.
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* The power produced by a wind turbine depends on:
" rotor area
= air density

= wind speed

* The theoretical maximum power efficiency of any
design of wind turbine 1s €,=0.593. However, a good
system C), lies between 0.4~0.5

* Doubling of the wind speed results 1n an 8 fold increase
in power (Power~v?). High density air results in more
power (altitude and temperature)

* A slight increase in blade length, increases the area
greaﬂy 30



Sub-outcome 2 : Evaluate wind turbine technology
including vertical and horizontal turbines

* Wind turbines are machines to extract wind energy and
converting it to useful mechanical energy

* Wind turbines of different arrangements and
configurations are used to extract energy from the wind.

Savonius VAWT Modern HAWT Giromill/Darrieus VAWT o



Wind Turbines Classification

Fotor
i I__ Fotor [~ armseter &

Cearbox

Horizontal Axis Yertical Axis
Wirtd Teerbrine Configurations
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Wind Turbines Classification

* Turbine can be classified according to:

— Shaft Axis direction

* Vertical Axis Wind Turbines (Darrieus and Savonius)
* Horizontal Axis Wind Turbines (most common and highest efficiency)

— Number of blades
— Blades diameter
— Wind speed

— Location Height

Below 50kW - (d<12m) Small scale wind turbine
S0kW<P<750kW - (d<40m) Medium scale wind turbine
P>750kW - (d>40m) Large scale wind turbine
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Classification of Wind Turbines

(

- )

Darrieus Savonius
Horizontal axis wind turbines

Vertical axis wind turbines

(The rotor shaft is horizontal) (The rotor shaft is vertical)

Horizontal axis WT and Darrieus WT are called lift machines
while Savonius WT is called drag Machine 34



Horizontal Axis Wind Turbines (HAWT)

Have the main shaft is horizontal
Have the main rotor shaft and

=K ! 1
electrical generator at the top of a 1 AL 3 =Dl =
tower, and i e + jj  Coning

’ o |da Angle | Angle
. . . . . otor I
Require pointing into the wind to Diameter g rézacleug Slr;:cture :
.. . I nclosing the
maximize power production and o il Power Train : i
. . \
may be pointed out of the wind tayg !‘/ Angle Rotation '
. . . — | & — =0

stop it for maintenance or at high— | 1™~ . \l - - Gl

. \ Rolor
winds to prevent blade damage Blades

. o Tower
Have the highest efficiency among T:eter v
ey . inge Hub
all types, hence it is thg most = alor
common for commercial use eoari
roun
Installation and maintenance are Z _ Eg;';;gﬁ“‘ Lift
; ; Ground
demanding as all equipment and } Clearance ;
machines are on a the top of a :
high tower T Foundatlion
Upwind Downwind
Turbine Turbine 3



Vertical-Axis Wind Turbines (VAWTSs)

Are a type of wind turbine where
the main rotor shaft is set vertically
and

The main components are located
at the base of the turbine.

It is always facing the wind direction

They don’t need ordination to be
facing the wind as the wind
direction changes.

Much less efficient compared to
horizontal axis wind turbine

Relatively easy installation and
maintenance as all equipment and
machines are on the ground

" - Upper Beanng
o
- S, —— Upper Hub
Central Colunmn
Cahles

Rotor
Height
Rotor J
' Dhiameter 4 Lower Huhb
Lower Bearing
Tensioner “\,.\ Support Stand
X b Power Train
X
Clearance Equipment Station

2 ! |
II'— Crround f Cable o Rotor

Level Foundation Foundation
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Power available from wind energy

Rated output power and rated output wind speed

As the wind speed rises above the cut-in speed, the level of electrical output power rises
rapidly. However, typically somewhere between 12 and 17 meters per second, the power
output reaches the limit that the electrical generator 1s capable of.

This limit to the generator output is called the rated power output and the wind speed at
which it is reached is called the rated output wind speed.

At higher wind speeds, the design of the turbine is arranged to limit the power to this
maximum level and there is no further rise in the output power. How this is done varies from
design to design but typically with large turbines, it is done by adjusting the blade angles so
as to keep the power at the constant level.

Cut-out speed

As the speed increases above the rated output wind speed, the forces on the turbine structure
continue to rise and, at some point, there 1s a risk of damage to the rotor. As a result, a
braking system is employed to bring the rotor to a standstill. This speed at which the rotor is
stopped at high wind speed is called the cut-out speed and is usually around 25 meters per
second.



Wind Turbine Components

Nacelle

A turbine 1s composed of a
foundation, a tower,
a nacelle and a rotor
consisting of blades.

Tower

Foundation

38




Horizontal Axis Wind Turbine Components

/




Wind Turbine Components

e Anemometer:

— Measures the wind speed and
transmits wind speed data to
the controller.

e Blades:

— Lifts and rotates when wind is
blown over them, causing the
rotor to spin. Most turbines
have either two or three blades.

 Brake:

— Stops the rotor mechanically,

electrically, or hydraulically,
In emergencies.

40



Wind Turbine Components

e (Controller:

— Starts up the machine at wind
speeds of about 8 to 16 miles per il
hour (mph) (3.5 -7 m/s) and shuts | ‘
off the machine at about 55 mph. |
Turbines do not operate at wind |
speeds above about 55 mph (25 ,
m/s) because the blades may be Ch
damaged by the high winds. |

* Gear box: 9
— Connects the low-speed shaft
(rotor shaft) to the high-speed

shaft (generator shaft) and

increases the rotational speeds
from about 30-60 RPM, to about

/
Wind direction

1,000-1,800 RPM; this is the
rotational speed required by most
generators to produce electricity.

41



Wind Turbine Components

Generator:

— Produces 60/50-cycle AC
electricity; it 1s usually an
off-the-shelf induction
generator.

High-speed shaft:

— Drives the generator.

Low-speed shatft:

— Turns the low-speed shaft at
about 30-60 rpm.

Rotor:

— Blades and hub together
form the rotor.

42



Wind Turbine Components

 Nacelle:

— Sits at the top of the tower
and contains the gear box,
shafts, generator, controller,
and brake. Some nacelles are
large enough for a helicopter
to land on.

e Pitch:

— Turns (or pitches) blades
(about the blade longitudinal
axis) out of the wind to
control the rotor speed, and
to keep the rotor from

turning 1n winds that are too
high or too low to produce
electricity.

43



Wind Turbine Components

* Tower:

— Made from tubular steel
concrete, or steel lattice.
Supports the structure of
the turbine. Because wind
speed increases with
height, taller towers
enable turbines to capture
more energy and generate
more electricity.

 Wind direction:

— Determines the design of
the turbine.

* Upwind turbines—blades
face into the wind

 downwind turbines — blades
face away.

/
Wind direction

Downwind rotor Upwind rotor

The rotor is on the The rotor is on the upwind
downwind side side of the tower.
of the tower.

Wind direction Wind direction




Wind Turbine Components

e Wind vane:

— Measures wind direction
and communicates with the |/
yaw drive to orient the
turbine properly with
respect to the wind.

* Yaw drive: 9

— Orients upwind turbines to
keep them facing the wind b
when the direction w,,,“,,,go,, v
changes. Downwind
turbines don't require a
yaw drive because the wind
manually blows the rotor

away from it.

* Yaw motor:
— Powers the yaw drive.

45



Number of Blades : One

* Rotor must move more rapidly to
capture same amount of wind

 Blades easier to install because
entire rotor can be assembled on
ground

* Captures 10% less energy than two
blade design

Number of Blades : Two

* Advantages & disadvantages
similar to one blade

* Higher efficiency than one
blade design

* Capture 5% less energy than
three blade designs




Number Of Blades : Three

e Slower rotation

— 5% more efficient than
two blades and 10%
more than one blade

— Increases gearbox &
transmission costs

— More aesthetic
(favorable to see by
public)

— Run at lower speeds that
one and two blades so
the produce less noise,
fewer bird strikes




Turbines Classification types- Blades Diameter

> Since the rotor area increases #m

with the square of the rotor 7 m
diameter, a turbine which is &4 m
twice as large will receive 22 = o r 1500 K
four times as much energy. e
44 m
» To be considered a good 4om

location for wind energy, an area *™
needs to have average annual
wind speeds of at least 12 miles
per hour (5m/s)

B 1298 e WIRID PO ER,. o 2
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Favorable Wind Farm Locations

Strong winds

\ \
A
4 Iy

,‘ 1]

=

Convergence of wind over
a ridge or mountain

‘/f\ Wind turbine

Mountain

R 4
Offshore, shores & ,
“Bird’s-eye
costal areas view”

Mountain



Site selection

‘ . Ny
W > I S

Some important features are:

1.High average wind speed with low turbulent levels
2.No tall obstructions.

turbine hub heights are approximately 1 to 1.4 times the rotor diameter
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QATAR

Wind energy possibility in UAE

Mean speed M/S
1.67 -3
_301-39
- ) i
3.5 4.]_7-. Dubai o Sharjah
418 -5.28

Arabian Gulf OAbuDhabl
y’

® Al Ghuwaifat

UAE

Average monthly wind speed of 4.18 to 5.28 [m/s]

T ——

OMAN
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Blade Composition

Wood

— Strong, light weight, cheap,
abundant, flexible

— Popular on do-it yourself turbines
* Solid plank
* Laminates
* Composites

e Steel

— Heavy & expensive

* Aluminum
— Lighter-weight and easy to work with a 2
— Expensive 3
— Subject to metal fatigue



Blade Construction: Fiberglass

* Lightweight, strong,
inexpensive, good fatigue
characteristics

e Variety of manufacturing
processes
— Cloth over frame
— Pultrusion
— Filament winding to produce
spars
* Most modern large turbines
use fiberglass




Sub-outcome 3 Analyze wind power and rotor efficiency and calculate
the maximum power.

Wind Power Rotor Gearbox Generator

Power conversion

and control Power transmission
Figure 1: Mechanical components of wind turbine.

Power converter Transformer Supply Grid

Generator Power conversion Power conversion Power transmission
and control

Figure 2 : Electrical components of wind turbine. 54



BT el
Power from wind energy

Taking into consideration the generator
efficiency NV, and gear (transmission) efficiency
N,, The produced power (~,) will be

})p:E'Ng‘Ntr })t:%pv3d2c

1
P :E.p.A.v3.Cp.Ng.Nn, P =P.xn,xn,

P

e Remember we have Power available from
wind (P_), Turbine Power (P) and Power
produced (~,)
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Tip-Speed Ratio (TSR)

Tip-Speed Ratio A is the ratio of the speed of the rotating blade
tip to the speed of the wind.

rotational speed (rpm)x zxD
60

Blade tip speed

blade tip speed =

TSR =1 =
wind speed

where Dis the diameter of the turbine.

 |fthe TSR Ais above 1, that means there is /iftinvolved to
make the blades spin faster than the wind speed. If the TSR is
below 1, there is a lot of drag going on!

 Modern wind turbines have higher TSR A values like 5.



Example 2: A wind turbine has a blade circle diameter
of 35 m and 1s operating with a wind speed of /5 m/.
If the energy conversion efficiency 1s 90% and the
density of air is /.2 kg/m’, calculate the average
power output of the turbine.

D=35m v=15

T 2 3
Pp =§.p.D RV .Cp.Ng.Ntr

= 2 x1.2x(35%)x15° % 0.5%0.9

8
=876.7kW (take C, =0.5)



Example 3: At a wind speed of /5 m/s, blade radius /0 m,
rotating at 60 rpm. Find the speed ratio.

60<x3.14<x(2>=<10)
60x<15

A = 4.2

Example 4: At a wind speed of /5 m/s, blade radius 20 m,
rotating at 60 rpm. Find the speed ratio.

. 60x3.14<(2x<20)
60x<x15

A .4

(dimensionless as it is speed/speed)



Example 5: The rated wind speed of a turbine 1s /2 n/s.
The turbine has a rotor diameter of 66 meters and a
rotation speed ranging between /3.9and 20.8 rpm.

What 1s the blade tip speed?

What 1s the tip speed ratio?

13.9<x3.14=<66

— =48 m/ s
/,L_Bladetip Speed_48_4
Wind Speed 12
BTS, — 20.8x<x3.14 <66 75 ) s
60
1—72—6

=15 =



Power available from wind energy

Power (kilowatts)
A 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.

Cut-in speed

At very low wind speeds, there 1s insufficient torque exerted by the wind on the turbine
blades to make them rotate. However, as the speed increases, the wind turbine will begin
to rotate and generate electrical power. The speed at which the turbine first starts to
rotate and generate power is called the cut-in speed and is typically between 3 and 4

meters per second.
60



Sub-outcome 4: Describe and compare direct drive and gear
drive wind turbine systems

1. Example of a system with gearbox Rotor blade gu Exaglﬂ‘e of a system without gearbox
Output: 2.0 Megawatt \ tput: 5.0 Megawatt
Rotor diameter: 80 metre | Rotor diameter: 114 metre
Tower height: approx 80 metre Anemometer / Tower height: approx 124 metre
Speed: & - 19 revolutions g::?nga’:ic) (wind meter) /| Speed: 8 - 13 revolutions per minute
per minute y
, [
“ | Rotor blade (wind ml‘
_ Control electronics bearing
Rotor blade
- Generator
cooling system

——— Generator - Control

electronics
Rotor blade

bearing

. Azimuth motor
Rotor shaft /

rotates the whole
nacelle in the wind

~—— Brake

Brake - locks the
locks the rotor during
rotor during . : ot maintenance
maintenance 4 Azimuth motor work or storm
work or storm rotates the whole
nacelle in the wind
s Electrical blade adjustment -
In pitch-controlied systems the angle
of attack" (rotor pitch angle) can be
changed to achieve a constant, uniform
rotational speed at different wind speeds. \
\
|
The wind turbine is connected to the grid via an intermediate Tower - ‘e
direct current circuit. The alternating current generated by the made of concrete
generator is first converted into direct current and is then converted or steel
back into alternating current with the correct frequency and
vonm This enables variable-speed operation of the wind turbine
and the mechanical stresses are minimised, w
Agentur fir
Erneuerbare
Knergien



Wind Turbine Classification: Drive

1. Gear-drive turbine

Rotor shaft is connected to
the generator shaft through
a gearbox

Squirrel
Rotor cage
induction

— generator

2- Direct drive turbine

Rotor shaft is connected
directly to the generator shaft
(no gearbox)

Less complicated but much
more expensive

Rotor

Direct drive
chronous
generator
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Gearbox

Low Speed Gear

Definition

Lower speed
shaft

— A gearbox is the system of gears that
transmits mechanical power from a prime
mover such as a turbine rotor to a useful
output device (generator).

Higher
— It connects the low speed shaft of the rotor Shett

to the high speed shaft of the generator

High Speed Gear

may be 30
rom to 50 rpm It connects the low
speed shaft of the rotor to the
high sped shaft of the generator

may be around
1000 rpm to 1800 rpm

— May need multiple stages to
achieve the speed ratio

Planetary Gearbox °°



Direct Drive & Gear Drive

In traditional gearbox-operated wind turbines, the blades spin a shaft that 1s
connected through a gearbox to the generator. The gearbox converts the
turning speed of the blades 15 to 20 rpm for a 1 MW turbine into about
1,800 rpm that the generator needs to generate electricity.

The multiple wheels and bearings in a gearbox suffer tremendous stress
because of wind turbulence and any defect in a single component can bring
the turbine to a halt. This makes the gearbox the highest-maintenance part
of a turbine. Gearboxes in offshore turbines, which face faster wind speeds,
are even more vulnerable than those in onshore turbines.

Removing the gearbox from the wind turbine eliminates the technically
most complicated part of the machine, therefore improving reliability. But
the downside to using direct drive instead of a gearbox system has been
twofold: cost and weight.

Until recently, a wind turbine system that incorporated a gearbox was less
expensive than a wind turbine that did not because of the cost savings that
came from having a higher-speed generator.



Sub-outcome 5 : Identify the proper generator types for wind
energy applications

Electrical : Mechanical
system Electric system
e i Machine T n
> Motor
Energy flow

Generator <

*An electrical machine 1s a link between an electrical
system and a mechanical system.

*Conversion from mechanical to electrical: generator

Conversion from electrical to mechanical: motor
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DC
machine

/

Electrical
Machines

N

AC
machine

Synchronous
machine

N

Induction
machine

*Machines are called AC machines (generators or
motors) if the electrical system is AC.

*DC machines if the electrical system is DC.




Coupling

Electrical ; Mechanical
system magnetic system
- fields
e 1 1, n

Two electromagnetic phenomena in the electric machines:

When a conductor moves in a magnetic field, voltage is
induced in the conductor (generator).

When a current-carrying conductor is placed in a magnetic
field, the conductor experiences a mechanical force (motor).



Electric Machines
Basic Structure

The structure of an electric
machine has two major
components, stator and rotor,
separated by the air gap.

» Stator:
Does not move and normally is
the outer frame of the machine.

* Rotor:
|s free to move and normally is
the inner part of the machine.

Both rotor and stator are made of

. ferromagnetic materials.



The following types of electrical generators are commonly
used in wind power generating systems:

* The direct current ( DC ) generators
* The alternating current ( AC ) synchronous generators
* The alternating current ( AC ) induction generators

e Synchronous generators and induction generators are
commonly used in larger wind turbine applications.

« Smaller and home made wind turbines tend to use a low
speed DC generator or Dynamo as they are small, cheap
and a lot easier to connect up.
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AC & DC Current

» Alternating Current * Direct Current
— Large-scale generators — Batteries, Photovoltaics, fuel
produce AC cells, small DC generators
— Follows sine wave with N — Charge in ONE direction
cycles per second — Negative, Positive terminals

— 1, 2, 3-phases
— US:120V, 60 Hz
— Europe: 240V, 50Hz



The Basic Generator

Stator lreld

Rotor field (rotating) /\

Slip rings ﬁ -
and brushes M i
g AC output
il N
Field J !

excitotion
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Synchronous Generator

Principle of Operation

1) From an external source, the field 3) The rotating magnetic field

T : : produced by the field current
winding is supplied with a DC induces voltages in the outer

current -> excitation. stator (armature) winding. The
2) Rotor (field) winding is frequency of these voltages is in

mechanically turned (rotated) at Z\égcegronism with the rotor
synchronous speed. '

Phase-a

Rotor

Stator

. Dy
Prime

Mover ] '
Tover = \ \! :
Phase-c 13 ‘_\ S Ph b
3 ase-
Water Wheel, \ \ _,,

Gas Turbine. L Nt
Steam Turbine. ... —
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Three Phase AC System

The waveform of a three-phase ac generator

Vit)

Three phase voltage is developed using the same principles as the
development of single phase voltage.

Three (3) coils are required positioned 120 electrical degrees apart.

A rotating magnetic field induces voltage in the coils which when
aggregated produce the familiar three phase voltage pattern.
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Excitation

* An electric generator (or electric motor) that uses field coils rather
than permanent magnets requires a current to be present in the
field coils for the device to be able to work.

* If the field coils are not powered, the rotor in a generator can spin
without producing any usable electrical energy.

* The exciter is the "backbone" of the generator control system. It is
the power source that supplies the DC magnetizing current to the
field windings of a synchronous generator thereby ultimately
inducing ac voltage and current in the generator armature.

Two common approaches are used to supply a DC current to the field
circuits on the rotating rotor:

* Supply the DC power from an external DC source to the rotor by
means of slip rings and brushes (Brush exciter)

* Supply the DC power from a special DC power source mounted
directly on the shaft of the machine (Brushless exciter) 74



Brush Exciter

e Slip rings are metal rings
completely encircling the shaft of a
machine but insulated from it.

* One end of a DC rotor winding is
connected to each of the two slip
rings on the machine’s shaft.

e Graphite-like carbon brushes
connected to DC terminals ride on
each slip ring supplying DC voltage
to field windings regardless the
position or speed of the rotor.
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Prime Mover

A prime mover is required to drive the generator.

The source of mechanical energy (prime mover)
maybe

— a reciprocating or turbine steam engine,

— a water falling through a turbine or waterwheel,

— an internal combustion engine,

— a wind turbine,

— a hand crank,

— or any other source of mechanical energy.

http://www.youtube.com/watch?v=HLNugJwBRow



http://www.youtube.com/watch?v=HLNugJwBRow

Sub-outcome 6 Explain fixed and variable speed wind turbine
and speed control techniques

Wind Turbine Classification: Rotor (and Generator) Speed

1. Fixed speed wind turbine (Essentially gear drive)

* Ina fixed speed wind turbine, the wind turbine rotor is
connected to the generator through a gearbox. The power
extracted from the wind is limited in high wind speeds using
the stall effect.

 The part that has a fixed speed is the generator. The electricity
grid (through the generator) would hold the speed constant

2. Variable speed Turbine- (Essentially direct drive)

* Variable speed operation can only be achieved by decoupling
electrical grid frequency and mechanical rotor frequency
using power electronic converters combined with advanced

control systems.
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Operation of a horizontal axis wind turbine

\ Pitch

A

Z

Wind
direction |

Yaw drive

Yaw motor
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Operation of a horizontal axis wind turbine

The low speed shaft rotates at about 30~60 rpm.

High speed shaft drives the generator 1200~1500 rpm.
Controller stops the system and shuts off the machine beyond
large wind speeds, because the generator could overheat.

Most turbines have a disk brake which can be actuated
mechanically, hydraulically or electrically in emergencies.

The anemometer transmits the measured wind speeds to the
controller.

The generator is normally an induction generator, produces
50~60 Hz Ac electricity.

Wind wane measures wind direction and communicates with the
yaw drive to orient the wind turbine with respect to the wind
direction.

Towers are made from tubular steel.

Taller towers capture more power and generated more electricity.
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Control of Wind Turbine

'L Mechamcal Interface

Wind S
— f \I Gear Box CouplingGenerator  Converter E:mﬂ;
i ' i A < —, Uu 1ty G
e i1 b =
I s=| T
| II L A& Y
— Ly
iz | %
= E H
HE il g
B2 =
:E",E-*
Rotor Health i F[ Controller
| Monitoring Unit Pitch Control }‘ ”i GG

Wind Speed

80



Control of Wind Turbine

* Modern utility-scale wind turbines typically have up to
three main types of actuators:

Yaw, generator and blade pitch motor
* A yaw motor, which turns the wind turbine to align it with
the wind, 1s nearly always included on large turbines,
resulting 1n active yaw control
* Most large turbines yaw at rates of less than 1 deg/s.
*Small turbines are often either designed with the rotor
downwind of the tower or designed with a fan-like tail
* Power limitation can be achieved by pitching the blades or
by yawing the turbine out of the wind, both of which can
reduce the aerodynamic torque below what is theoretically
available from an increase 1n wind speed.



Control of Wind Turbine

* Most modern utility-scale wind turbines have three blades
and thus three pitch motors.

* Three-bladed turbines tend to experience more symmetrical
loading, but the cost of the third blade can be substantial.
*The pitch rate 1s restricted to approximately 5 deg/sec.

* In commercial wind turbines, pitch control 1s frequently
performed using a proportional-integral-derivative

(PID) collective pitch control

* Typical maximum pitch rates range from 18 deg/s for
600kW research turbines down to 8 deg/s for 5 MW turbines.
* Fixed-pitch turbines typically limit power by entering the
acrodynamic stall regime above rated wind speed.
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Sub-outcome 7 : Principles of operation of an induction generator

Uses the principle of induction motor
(electromagnetic induction) to produce
powetr. Turbine

Electric power is produced when the —3

generator rotor is turned faster than

synchronous frequency.

A prime mover (turbine) drives rotor above ___,
synchronous speed (speed of rotating

magnetic field). —* | Dmve ——
Wind T train Stator

Opposing rotor flux (from magnets) cuts the
stator coils, an active current flows in stator

coils. Fitch Control

Power captured by the wind turbine is
converted into electrical power by the
induction generator and is transmitted to
the grid by the stator winding.

Induction
(rererator

http://www.youtube.com/watch?v=HWrNzUCibkk

Three-phase
Gnd


http://www.youtube.com/watch?v=HWrNzUCjbkk

Sub-outcome 8 : Illustrate the stages of energy conversion and
power grid interfacing components using a block diagram

Substation increases voltage for
transmission over long distances
] @ Transmission to the gnd

Rotating generator converts
wind energy 1o electricdy

Transformer increases voltage
for transmission to substation

All Other
Gonoration Sources



Grid-connected wind turbine systems

___— TURBINE

NATIONAL GRID
TAKEOR .
WIND igl-l- \
GRID CONNECTED REQUIRED
EXAMPLE SET UP |
|IIIII
FUSEBOARD I'.I
A // | h 4 A r
5 //' | i \J\'H . "‘_"' .
CONTROLLER /- R ~ A
S h
,./ INVERTER METER

DETAIL VIEW HOUSE

J

Cable duct

| S

86



Stand-alone (isolated / off-grid) wind
turbine systems

Generator Controller

DC Load

wind AC

drive
train

Battery

DC
/ AC

:> B 020202 consumer AC Load

Optional




Sub-outcome 9: Design, simulate, implement and test a small wind
turbine system.

Power available from wind energy

Powttl.a?rert
outpu
A
Rated power
______________ |
Pa V3 |
I
- 5 l
| Cut-in |
| wind speed | Cut-out
1 wind speed
|'
0 X 2 & - 2 ’_
R Y , Rated Vope  wind
R speed
wind speed e

v, =Rated speed
Ve =Cut off speed

v =Cutin speed .



Example 6: P=—pvd'C,

A wind turbine operates under the following conditior
Wind speed = 8.6 m/s P =P x N, X1,
Rotor coetticient of performance C,"= 0.4
Blade length (take it as rotor radius) r =2 m

Angular speed= 175 rpm 1= @R
Density of air = 1.23 kg/n?’ v
Transmission efficiency of N,=0.95
Generator efficiency N,= 0.7 P d x RPM
@R =
Determine: 60

a) The blades tip speed in m/s

b) The Tip Speed ratio A

c) Swept rotor area "A" in m?

d) The available power, the wind turbine power and the produced power
e) The electricity generated in in 1 hour [kKWh]

f) The electricity generated in 24 hours in [kWh] assuming wind speed 1s

constant over 24 hours
89



Example 7:

a) The blades tip speed

175=<3.14 =< (4)

— 36.63 2/ s

BTS =
60
b) The Tip Speed ratio
A= 36.63 =4.26
3.6

c) The rotor swept area

4 7D? _ 3.14 < 42

4 4

—=12.56 m?>



Example 8:

d) The available power
P = %.p.A.\P. = %(1.23).(12.56).(8.6)3 = 4913W = 4.913kW

The wind turbine power

P= %.p.A.v%cp = %(l.23).(12.56).(8.6)3.(0.4) = 4913%0.4W =1.965kW

The produced power

1 1
P = E.p.A.v3.Cp N,.N, = 5(1 23).(12.56).(8.6)*.(0.4).(0.7).(0.95) =
=1.965%0.7x0.95kW =1.307kW

e) The electricity generated in 1 hour = 1.307kWx1hr=1.307 kWh
f) The electricity generated in 24 hour = 24 x 1.307= 31.37 kWh



Example 9:

We are given the following data:
Blade length, / = 52 m

Wind speed, v = 12 m/sec
Air density, o0 = 1.23 kgﬁm3
Power Coefficient, C, = 0.4

Calculate the wind turbine power output (Ans. 3.6MW)
1
P = = v wd 2 C b
Example 10: Conduct a review on available wind generators in the
market and understand the data/parameters used in industry.
Sample Answer

https://www.energy.siemens.com/hg/pool/hg/power-generation/renewables/wind-
power/6 MW Brochure Jan.2012.pdf
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https://www.energy.siemens.com/hq/pool/hq/power-generation/renewables/wind-power/6_MW_Brochure_Jan.2012.pdf

