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International Energy Agency

Implement Agreement for Co-operation in the
Research, Development and Deployment of Wind
Turbine Systems: IEA Wind

The IEA international collaboration on energy technology and RD&D is organized under
the legal structure of Implementing Agreements, in which Governments, or their delegated
agents, participate as Contracting Parties and undertake Tasks identified in specific Annexes.

The IEA’s Wind Implementing Agreement began in 1977, and is now called the
Implementing Agreement for Co-operation in the Research, Development, and Deployment of
Wind Energy Systems (IEA Wind). At present, 24 contracting parties from 20 countries, the
European Commission, and the European Wind Energy Association (EWEA) participate in
IEA Wind. Australia, Austria, Canada, Denmark, the European Commission, EWEA, Finland,
Germany, Greece, Ireland, Italy (two contracting parties), Japan, the Republic of Korea,
Mexico, the Netherlands, Norway (two contracting parties), Portugal, Spain, Sweden,
Switzerland, the United Kingdom, and the United States are now members.

The development and maturing of wind energy technology over the past 30 years has been
facilitated through vigorous national programs of research, development, demonstration, and
financial incentives. In this process, IEA Wind has played a role by providing a flexible
framework for cost-effective joint research projects and information exchange.

The mission of the IEA Wind Agreement continues to be to encourage and support the
technological development and global deployment of wind energy technology. To do this, the
contracting parties exchange information on their continuing and planned activities and
participate in IEA Wind Tasks regarding cooperative research, development, and
demonstration of wind systems.

Task 11 of the IEA Wind Agreement, Base Technology Information Exchange, has the
objective to promote and disseminate knowledge through cooperative activities and
information exchange on R&D topics of common interest to the Task members. These
cooperative activities have been part of the Wind Implementing Agreement since 1978.

Task 11 is an important instrument of IEA Wind. It can react flexibly on new technical and
scientific developments and information needs. It brings the latest knowledge to wind energy
players in the member countries and collects information and recommendations for the work
of the IEA Wind Agreement. Task 11 is also an important catalyst for starting new tasks
within IEA Wind.
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IEA Wind TASK 11: BASE TECHNOLOGY INFORMATION

EXCHANGE

The objective of this Task is to promote disseminating knowledge through cooperative
activities and information exchange on R&D topics of common interest. Four meetings on
different topics are arranged every year, gathering active researchers and experts. These
cooperative activities have been part of the Agreement since 1978.

Two Subtasks

The task includes two subtasks. The
objective of the first subtask is to develop
recommended practices for wind turbine
testing and evaluation by assembling an
Experts Group for each topic needing
recommended practices. For example, the
Experts Group on  wind  speed
measurements published the document
titled “Wind Speed Measurement and Use
of Cup Anemometry”. A document dealing
with Sodar measurements are presently
under development.

The objective of the second subtask is to
conduct topical expert meetings in research
areas identified by the IEA R&D Wind
Executive Committee. The Executive
Committee designates topics in research
areas of current interest, which requires an
exchange of information. So far, Topical
Expert Meetings are arranged four times a
year.

Documentation

Since these activities were initiated in
1978, more than 60 volumes of
proceedings have been published. In the
series of Recommended Practices 11
documents were published and five of
these have revised editions.

All documents produced under Task 11
and published by the Operating Agent are
available to citizens of member countries
participating in this Task.

Operating Agent

CENER

Félix Avia Aranda

Urb. La Florida. C/ Somera 7-9, 12
C.P.: 28023 - Madrid — Spain
Phone: +34 91417 5042
E-mail:favia@cener.com

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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Denmark Risg National Laboratory - DTU

European Commission  European Commission

Finland Technical Research Centre of Finland - \ERErgy

Germany Bundesministerium fir Unwelt , Naturschutd Reaktorsicherheit -BMU
Ireland Sustainable Energy Ireland - SEI

Italy Ricerca sul Sistema Energetico - RSE S.p.A.

Japan National Institute of Advanced Industriakeice and Technology AIST

Republic of Korea

POHANG University of Science daretthnology - POSTECH
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Instituto de Investigaciones ElectricasEIE
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CIEMAT
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Switzerland Swiss Federal Office of Energy - SFOE

United Kingdom

Uk Dept for Bussines, EnterpriseRé&gulatory Reform - BERR

United States

The U.S Department of Energy -DOE
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INTRODUCTORY NOTE

Prepared by Tetsuya Kogaki.
National Institute of Advanced Industrial Science and Technology (AIST)

a) Background

The world’s total installed wind generation capacity reached 158.5 GW at the end of 2009, with
over 38 GW coming online in 2009 alone, representing a 31.7% annual growth rate of the
market. These figures show that there is huge and growing global demand for emissions-free
wind power, which can be installed quickly, virtually anywhere in the world [1]. The rapid pace
of wind power development worldwide has been supported by economic incentive programs
such as Feed-in Tariffs and production tax credits along with supportive policies such as the
renewable portfolio standard (RPS) program. However, from the technological standpoint, the
continuing development and revision of international standards for wind turbine generation
technologies brought about by the IEC 61400 series can also be seen as a major contributor to
the rapid growth of wind energy worldwide. For example, wind turbines are classified according
to extreme wind speeds and turbulence categories in IEC 61400-1 [2], a document that
establishes safety requirements for wind power generation systems. This not only sets safe
design requirements, but also allows manufacturers to inexpensively mass-produce and distribute
standard wind turbines around the world.

Another aspect of the recent worldwide wind energy market is that the newcomers in wind
energy development such as China and India have become a major driving force. Many countries
in areas other than Europe and North America, such as Asia, Africa, the Middle East, Latin
America and Oceania are now also promoting wind power generation projects. Over the last
several decades, as can be seen from the records of global cyclone tracks (e.g., [3], [4]), tropical
cyclones have disproportionately attacked East Asia, South East Asia, Oceania, South and
Middle America. There are many complex terrains in southern Europe, such as Spain and
Greece, the northern part of Italy, East Asia, Middle and South America such as Mexico. High
levels of turbulence are anticipated in these areas. It is clear that the wind energy market is now
expanding from former areas, where mild wind conditions are expected, to areas where there is a
risk of much severer wind conditions.

The question now arises: can the current IEC 61400-1 standards for wind turbine design, which
were compiled assuming moderate wind conditions, still apply to areas that have tropical cyclone
attacks and/or high turbulence caused by complex terrain? Japan has a good deal of experience
of problems related to typhoons and high turbulence levels. A statistical investigation of failures
of wind turbine generator systems conducted in Japan has revealed the most significant causes of
failure to be strong winds associated with typhoons and lightning. On the other hand, proving
that high turbulence is the main cause of failure is more difficult than for other types of damage;
however, in some cases, high turbulence caused by complex terrain has been clearly the main
cause of wind turbine failure. When severe wind conditions are anticipated, Class S wind
turbines are needed. However, in the current wind turbine market, there are almost no turbines
designed according to Class S design requirements that can cope with the severe wind conditions

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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characteristic of tropical cyclones and complex terrain. The severe wind conditions caused by
tropical cyclones and complex terrain may have to be treated as standard wind conditions in the
next edition of IEC 61400-1, to permit the expansion of the wind energy market while at the
same time securing the safety and reliability of wind turbine generation systems at reasonable
cost.

At the IEC TC88 meeting held in Boulder, USA, last March, revisions to IEC 61400-1 were
proposed, and the resumption of MTOL activities was decided. The wind conditions
characteristic of tropical cyclones, complex terrain and wakes are included in the agenda for
revisions of IEC 61400-1. The specific drawing up of the requirements of wind conditions will
be discussed at IEC TC88 MTO01, which will begin soon; however, severe wind conditions have
not been fully taken into account, since they are still at the R&D stage. Discussing and sharing
information on unclear wind conditions at the Topical Expert Meeting of IEA Wind Task 11 is
therefore of great importance, since it is expected to deliver safer and more reliable next-
generation wind turbine design.

b) Topics to be addressed

The main objective is to hold a meeting to discuss and gather information on:

e Severe wind conditions caused by complex terrain, wake effects, and tropical cyclones
such as typhoons and hurricanes
- High turbulence, high angle of flow inclination, extreme wind speeds, extreme

direction changes, etc.

e Impact of severe wind conditions on wind turbine design
- Fatigue loads and ultimate loads

e Advanced simulation techniques of tropical cyclones, complex terrain and wake effects

e Statistical analysis of extreme wind conditions

e Advanced assessment techniques for site-specific wind conditions

e Definition of complex terrain and terrain complexity indicators

e Definition and marketability of new wind turbine classes, new turbulence categories and
new wind models to cover severe wind conditions

c) Expected outcomes

One of the goals of the meeting will be to gather existing knowledge on the subject and come up
with suggestions and recommendations on how to proceed with future developments. Based on
the above, a document will be compiled, containing:

e Presentations by participants

e A compilation of the most recent information on the topic
e Main conclusions reached in the discussion session

e Definitions IEA Wind RD&D’s future role in this issue

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
VI
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d) Agenda

Tuesday, December 14™

9:00 Registration. Collection of presentations and final Agenda

9:30 Introduction by Host
Dr. Kadoguchi, Deputy Director of ETRI, AIST

10:00 Introduction by AIE Task 11 Operating Agent. Recognition of Participants
Mpr. Felix Avia, Operating Agent Task 11 IEAWind R&D

10:20 Introduction of Attendees.

10:30 Presentation of Introductory Note
Dr. Tetsuya Kogaki. (AIST)

1% Session Individual Presentations:

11:00 Statistical analysis of wind turbine failures. Marketability of new wind turbine classes
Hikaru Matsumiya, HIKARUWIND Lab. Ltd. JAPAN

11:30 Turbulence characteristics in domestic sites in relation to IEC-61400 NTM model
Sannosuke Tanigaki Wind Energy Corporation. JAPAN

e/2:00 Lunch

2" Session Individual Presentations:

13:30 Experimental study of wake effects for complex terrain - Advanced simulation techniques
of tropical cyclones, complex terrain and wake effects
Junsuke Murata. Mie University. JAPAN

14:00 Simulation of Thunderstorm downburst inflow fields and their influence on wind turbine
loads
Lance Manuel. University of Texas at Austin. USA

14:30 Numerical simulation of typhoon winds with a mesoscale model
Teruo Ohsawa. Kobe University. JAPAN

15:00 Analysis of SODAR Measurements over Complex Terrain in JAPAN.
Hiroshi Kubo, ITOCHU Techno-Solutions Corporation. JAPAN

16:00 Adjourn

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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18:30 - 20:00 Dinner (Splitting the bill. About 5,000 JPY)

Wednesday, December 15"

3" Session Individual Presentations

09:30 Impact of severe wind conditions for wind turbine design
Hiroshi Imamura. WEIT. JAPAN

10:00 CFD simulations of wake effect in large wind farms
Stefan Ivanell . Gotland University. SWEDEN

10:30 Brief Introduction of China Extreme Wind Conditions Survey and research
Yu Zhang, China General Certification Center

11:00 Modelling turbulent typhoon time series
Michael Schmidt and Tanja Muecke. Univ. of Oldenburg. For Wind. GERMANY

11:30 Typhoon protection system for wind turbines
Niels Kjaer Launtsen and Morten Sloth. VESTAS. Denmark

e/2:00 Lunch

13:30 Estimation of Extreme Wind Speed by using Monte Carlo Simulation of Tropical Cyclone
Atsushi Yamaguchi. University of Tokyo. JAPAN

14:00 Wind Turbine Loads in Simulated Stable and Neutral Boundary Later Flow Fields
Lance Manuel. University of Texas at Austin. USA

14:30 Discussion

15:15 Summary of Meeting

15:30 Short Technical Tour (the University of Tokyo)

17:00 End of the meeting

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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Thursday, December 16™

Optional Technical Tour

13:00 Meeting at the gate of the University of Tokyo "Todaiguchi® in front of the Komaba-
Todaimae station of Keio Inokashira line

13:00 - 14:30 Bus from the Univ. of Tokyo to Mitsubishi Heavy Industries Yokohama Machinery
Works

14:30 - 17:00 Visit at Mitsubishi Heavy Industries WT manufacturing facility and MWT-102-2.4
demonstration wind turbine

17:00 - 18:30 Bus to the Univ. of Tokyo

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
www.ieawind.org
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TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"

IEA WIND Task 11 Topical Expert Meeting on Wind Conditions for Wind Turbine Design
December 14-15, 2010 (The University of Tokyo)

Introductory Note
TEM #64 on
“Wind Conditions

for Wind Turbine Design”

Tetsuya KOGAKI

National Institute of
Advanced Industrial Science and Technology (AIST)

st sermere or ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)

L AIST

Background

Severe wind conditions caused by tropical cyclones and complex
terrains are not fully reflected in the current IEC 61400-1 Ed.3.

» Tropical cyclones

tropical cyclones are not treated as the standard wind conditions in the current IEC
document.

“The particular external conditions defined for classes I, Il and Il are neither intended to
cover offshore conditions nor wind conditions experienced in tropical cyclones such as
hurricanes, cyclones and typhoons. Such conditions may require wind turbine class S
design.” - IEC 61400-1 Ed.3 (2005), 6.2 Wind turbine classes, p.22.

» Complex terrain

An increasing number of WTs are installed in the complex terrains including hills and
mountains, where the turbulence intensity of the inflow could exceed the requirement for
the turbulence category A.

MATIOMAL BeTIFUTE. or ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST: 2

IEA WIND ENERGY -Task 11: Base Technology Information Exchange
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L AIST

Worldwide Tropical Cyclones, 1985-2005

o e NN P i

Source: Created using User:jdorje/Tracks by Nilfanion on 2006-08-05.
http://en.wikipedia.org/wiki/File:Global_tropical_cyclone_tracks-edit2.jpg

The Pacific Ocean west of the International Date Line sees more tropical cyclones than any other basin, while there is
almost no activity in the Atlantic Ocean south of the Equator.

wanous savrure or ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST: 3

L AIST

Tropical Cyclones, 1945 - 2006

Saffir-Simpson Hurricane Scale:

tropical tropical
depression storm

hurricane hurricane
category 3 [categony 4

Author: Citynoise, Source: http://en.wikipedia.org/wiki/File: Tropical_cyclones_1945_2006_wikicolor.png.
Data from the Joint Typhoon Warning Center and the U.S. National Oceanographic and Atmospheric Administration.
Colors based on Template talk:Storm colour.

wanous savrure or ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST: 4

IEA WIND ENERGY -Task 11: Base Technology Information Exchange

2



TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"

Energy M

arket
= __

N

Trend of Wind

Souts ﬂw 7’““’ ~ . i i it
Codes and standard of severe wind conditions caused by tropical cyclones
and complex terrain for wind turbine design will be needed in order to expand

the wind energy market, and in order to secure reliability and safety of wind
turbine generation systems.

[ — RIAL AND LAIST: 5

Severe wind conditions by tropical cyclones = ==AIST
and complex terrain

Japan is model case of WT sites with
- tropical cyclones,
- and complex terrain.

[ tropical cyclones ]

Measurement
site

Japan has a lot of experience of troubles, and
R&D results/data related to tropical cyclones and
complex terrain.

L Sodrce: Asahi Daily NewS™

[ — RIAL AND LAIST: 6

IEA WIND ENERGY -Task 11: Base Technology Information Exchange
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a2 AIST

Miyako Island Typhoon Disaster in 2003

;zé‘_\ ot -
o

}/ Typhoon class
- Il : Tropical cyclone (Class 2)
[ Typhoon (Class 3))
: Typhoon (Class 4)
[ : Violent typhoon (Class 5)

liyako Island
All 7 turbines are destroyed.

Sovernment-started research
Lovernment-staftea researci

(for Construction Act)

s

Track of Typhoon
No. 14 (2003)

- /w. =
& rJ"i / . d =, ° 1

Typhoon Maemi (No.14 Sep. 2003) made an epoch in Japan

Al - TS e [
Courtesy of MHI amouss seeune or RIAL AND (ST 7
WT Failure in Miyako ZTAIST

by Typhoon Maemi(No.14) in Sept.2003
@

Karimata District

Fell Down (No.3, Micon 400kW)
Damaged (No.4, Micon 400kW)

Fell Down (No.5, Micon 400kW

Blade Broken (No.6, Enercon 600kW)

Nanamata District
Blade Broken (No.1, Vestas 600kW)
Fell Down (No.2, Enercon 500kW)

Shirobe District
Blade Broken (Vestas 600kW)
Courtesy of MHI wanouas armure or RIAL AND (AIST: 8

IEA WIND ENERGY -Task 11: Base Technology Information Exchange 4
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ade broken
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Source: Asahi Daily News

| Courtesy of MHI

Statistical Investigation of Failures of WTGS™ "

Most significant cause of failure/breakdown
“ Environmental causes”

Actual Failure/Breakdown Causes

« Strong wind (e.g. Typhoon)
e [[E— « Lightning

30.8% causes

35.7%

System failure /mnd turd)  Turbulence
1.1% internal failure'
29.8%

(Failures caused by the turbulence may be

Human fecors difficult to be concluded?)
. 50
45 BFY2004
<FY2004 = FY2006> § 40 ‘ WFY2005
< DIFY2006
35
5]
g 30
g
Environmental g 20
g 15
3 10
flind tur® S 5
ternal failur3
System failure ZeSX 0 o ol c| o] o g @ s | 5 o
0.8% = ol |5 2| 8|2 E] cgl 2121 8)| 2
k] ] g 2 Sl &8l <] s
2l S| 2| 8| 8|82 e gg 2|25
Human factors =5l 2| 2 2l 2] 8 =3 23 5| & g
B 2l=|¢ 2 52 2| g8
27| 2 3|8 3 EES I =
S ol = & 51 ©
o
<FY2004 - FY2007> o 8 Wind turbine %ers
Environmental causes internal failure eason unclear

* from the Report of “Committee for Increase in Availability/Capacity Factor of Wind Turbine Generator System
and Failure/Breakdown Investigation of Wind Turbine Generator System Subcommittee” by NEDO

Courtesy of NEDO [ — INDUSTRIAL AND OGY (AIST: 10

IEA WIND ENERGY -Task 11: Base Technology Information Exchange
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L AIST

National R&D Project in Japan - #1

Project for Establishing Wind Power Guidelines for Japan (FY2005-2007)
Achievements and outcomes

» Simultaneous wind and load measurements
» Extreme wind speed map
» Database on extreme wind speed

» Guidelines for
Assessment of site specific conditions
Criteria for choice of machines “suitable for the site”

* efc.

Courtesy of NEDO [ — o INDUSTRIAL AND DGY (AIST! 11

L AIST

National R&D Project in Japan - #1

Project for Establishing Wind Power Guidelines for Japan (FY2005-2007)
* Simultaneous wind and load measurements

4 sites for Typhoon observation w
Muroto-city Sashiki-cho
i A Typhoon observation
1 = h ®Turbulence observation

Miyakojima-city

Nakatane-cho
x 4

1

INDUSTRIAL AND OGY (AIST: 12

IEA WIND ENERGY -Task 11: Base Technology Information Exchange
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National R&D Project in Japan - #1

Project for Establishing Wind Power Guidelines for Japan (FY2005-2007)

ITEM steA NGB SiteC | SiteD | SileE | SiteF | SiteG | IEC(A)
Terrain complexity Small | Large | Medium | Large | Small | Medium Small Standard
Height of evaluation 60m | 30.5m 68m 37m 65m 35.3m 35m Hub Height
Reference wind speed, 66m/s | 79m/s | 37-53m/s | 73m/s | 42m/s | 51-72m/s | (83m/s) Som/s
Vrer A A ¢ A ° A (4)
Annual average wind
speed, Vye ° ° o ° o o o 10m/s
Turbulence intensity, 0.18 0.18 0.18 0.21 0.22 0.23 0.22
' 0.16
lret ¢ ¢ ¢ ¢ ¢ A A
Flow inclination angle 6.6 7 104 16 0 21 14 8
[deg] ° ¢ ° ° ° ° (]
Wind share power law A ° ° . ° ° ° 0.2
exponent, a
Evaluation: e within IEC(IA), ¢ partially exceed IEC 4 mostly exceed IEC
Courtesy of NEDO amOAL perEUTE OF INDUSTRIAL AND OGY (AIST! 13
=z AIST

National R&D Project in Japan - #1

Project for Establishing Wind Power Guidelines for Japan (FY2005-2007)

Evaluation of site conditions Criteria for choice of machines “suitable for the site”
» Extreme wind speeds, V « Choice of WTG

 Turbulence intensity, I « Choice of site place

» Annual average wind speed, V. « Reconsideration of project

The extraction of the WTG setting site

The Meteorological observation
at the representative point
of the WG setting site ! l
!

Tne grasp of the wind condition on the of the Hub

|
i

Extreme wind speed : Vo', Turbulence intensity : ', Annual mean wind speed : Vae' i

i

‘The statistics handling of observation data There is an item
An extreme value statistical analysis at the weather agency more than the
standard value

Al items are equal to
orless than standard
value

“Comparison with

the technical standard
~Comparison with the
existing standard

Evaluation of ultimate load

Evaluation of fatigue load

Setthe value of the extreme ‘e the extreme vind speed and the
wind speed map for the turbulence intensity with an

e | o || o imni s [ croose ansutable WG for aloca vind conaition | |
l l Change of Site place, l — =
[ setting ot the wind conditon e 1, v | [Recarmderationol Business, ‘ Choice of suitable WTG ‘
Flow for Choice of suitable WTG Flow for evaluation of site condition
Courtesy of NEDO amOAL perEUTE OF INDUSTRIAL AND OGY (AIST! 14

IEA WIND ENERGY -Task 11: Base Technology Information Exchange

7



TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"

L AIST

National R&D Project in Japan - #2

Research and Development of Next-generation Wind Power Generation
Technology/Research and development of basic and applied technologies (FY2008-2012)

Scopes and up-to-date outcomes

< Evaluation of representative severe turbulence characteristics.
e Adraft revision of NTM (Normal Turbulence Model) .

e Evaluation of impact of the revised wind conditions.

» Evaluation of the ratio of V,i; 10 V,,e (V,e/Vae) @nd the ratio of the Vg, to
Vref (VeSO/Vref)-

< Evaluation procedures of extreme wind conditions by typhoon simulation
techniques .

wamoa wesrrure o INDUSTRIAL AND OGY (AIST: 15

National R&D Project in Japan - #2 =ast
A mass of measured wind speed data were analyzed in detail.
— A mass of wind speed data measured at total of 418 sites in Japan.
Measured wind speed data of 259 sites is adopted in this analysis (others were
excluded because expected capacity factor were low, and those are not suitable for
WTG project).

a mass of measurement sites is regarded as reflecting representative wind

characteristics in Japan.
50

I
\

45

40

35

3.0

e L L
oy oy )
B 3 s i . . .

Standard deviation of wind speed, o, [m/s]

00

567 8 91011121314151617181920 5678 91011121314151617 181920 5§67 89 1011121314151617181920
Wind Speed{m/s) Wind Speed{m/s} Wind Speed{m/s}
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L AIST

National R&D Project in Japan - #2

Research and Development of Next-generation Wind Power Generation
Technology/Research and development of basic and applied technologies (FY2008-2012)

Evaluation height: 60m Evaluation height: 80m
100% 100%
0% ——class o0% ——class [
80% JassT 80% JassT
0% —=—class 0% —=—class
s 60% —«—classil o 60% ——classIl
2 s0% 2 s0%
E 40% E 40%
30% Coverage of each Tubulence Category (Iref) 30% Coverage of each Tubulence Category (Iref)
20% calculated according to IEC61400-1Ed.3 Sec. 11 20% calculated according to IEC61400-1Ed.3 Sec.11
10% 10%
0% 0%
012 0.14 016 012 0.20 0.22 0.24 0.26 012 014 0.18 018 0.20 022 0.24 0.26
Iref Iref
1 1
class | [ 1% | 17% 22% 49% Direr=0.12 class] | 18% | 20% 25% 39% Dire=012
L L T L Olref=0.14 L L i L Olref=0.14
classI | 12% ‘ 19% | 29% | 41% Olref=0.16 classT 16% | 21% | % | 32% Olref=0.16
T T T T 0 S-Class T T T T 0 S-Class
classIl 14% ‘ 19% | 31% | 37% | classl 18% ‘ 23% | 33% | 26%
e Turbulence intensity at 25 — 50% of measurement sites exceeds category A
turbulence intensity in current IEC 61400-1 Ed.3.
wamoaz mesrrure e INDUSTRIAL AND OGY (AIST: 17

Estimation of V, by Typhoon Simulation €TC

Flow Chart of Typhoon Simulation

Typhoon information
(Track, Pressure, Wind Speed
2
Create Probability Distribution
(Genesis location, Track, etc.)

|
v

Simulate each Typhoon Condition

(Track, Pressure, Gradient wind)
v

Wind Conversion
(Gradient wind = surface wind)
(use NWP : LOCALS)
|

L ...
v
| V,s derived from Typhoon u

Input Data:
- Previous Typhoon Information (over 50 years)
Track ( latitude, Longitude),
Pressure of typhoon center, Maximum wind speed

- Elevation ( mesh interval : 1km))
- Land Use ( mesh interval : 1km )

Genesis Location .

(for 10000years)

onte Carlo Simulation

~

Courtesy of Itochu Techno-Solutions 18
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L AIST

PI’OpOS&| at IEC TC88 (march, 2010, Boulder)

Action
We would like to propose the national committees to take actions as follows:
a) Review the proposed scope and submit comments;

b) Review the membership of the previous MT, confirm existing experts and/or appoint new
experts for the maintenance team (MT 01);

¢) Resume the activities of the MTO1 including the discussion on the scope proposed in
this DC.

Scope for Revision of IEC 61400-1
1) Definition of new wind turbine classes and new turbulence categories.

2) An additional wind model suitable for tropical cyclones regions, which include, the ratio of
the reference wind speed to the annual average wind speed (V,/V,.) and the ratio of
the 3 second gust to the ten minute gust (Vg50/Vef)-

3) Annex for evaluation procedures of wind condition in the tropical cyclone regions and/or
in complex terrains

=> Japan will contribute to revision of wind conditions regarding
tropical cyclones and severe turbulence caused by complex
terrain based on a lot of experience in this field.

wamoa wesrrure o INDUSTRIAL AND OGY (AIST: 19

L AIST

IEA WIND TEM#64

* The resumption of MTO1 activities was decided.

» The wind conditions of tropical cyclones, complex terrain and
wakes are included in the agenda for revisions of IEC 61400-1.

» The specific drawing up of the requirements of wind conditions will
be discussed at IEC TC88 MTO01, which will begin soon;

» However, severe wind conditions have not been fully taken into
account, since they are still at the R&D stage

» Discussing and sharing information on unclear wind conditions at
the Topical Expert Meeting of IEA Wind Task 11 is therefore of
great importance, since it is expected to deliver safer and more
reliable next-generation wind turbine design.

wamoa wesrrure o INDUSTRIAL AND OGY (AIST: 20
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Thank you
for your attention!

The International Energy Agency
3 Implementing Agreement for Co-operation in the Research,
Development, and Deployment of Wind Energy Systems
iea wind

3% ) Dr. Matsumiya , IEA WIND Web site ( www.ieawind.org )

HATIOMAL WESTIFUTE OF RIAL AND OGY (AIST? 21
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IEA WIND Topical Expert Meeting on “Wind conditions for wind turbine design” 2010.DEC
Tokyo

WIND TURBINE FAILURES IN
COMPLEX TERRAIN

Hikaru Matsumiya', Sannosuke Tanigaki? and Tetsuya
Kogaki3

1)HIKARUWIND.LAB, Ltd.,
2) 4)Wind Energy Ltd.,
3)National Institute of Advanced Industrial Science and Technology

INTRODUCTION

2003.Nov: Japan
experienced very severe
own wind conditions
when Typhoon #14
attached Miyako Island
to destroy all the wind
turbines .

IEA WIND ENERGY -Task 11: Base Technology Information Exchange 13
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What's the problems?

Japan has severer wind, climate and topographical
conditions than most of the “wind turbine developed”
countries, in technically;

1.Typhoon wind conditions

2.High turbulent wind conditions
(due to complex terrain)

1.High probability of lightning attacks

The present report focuses on “high turbulence” to find out
how it appears in the wind turbines failures.

National Investigation

In 2004: METI/NEDO set up Committee of Availability
Improvement of Wind.

In 2007: Renamed as Investigation Committee of
Failures/Accidents of Wind Plants

The committee reports have been published every year
in Japanese.

Some results of 2009 Report was introduced in English
at the RE2009 conference entitled as “WIND TURBINE
FAILURES IN COMPLEX TERRAIN” (by H. Matsumiya, H. Kato,
T. Naka, H. Imamura, S. Tanigaki and T. Kogaki)

IEA WIND ENERGY -Task 11: Base Technology Information Exchange 14
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Method of NEDO'’s Investigation

Since 2004, NEDO'’s Failure Investigation Project has send
questionnaires to all wind power developers and the related
organizations to inquire all severe wind turbine
failures/accidents/troubles that longed more than 3 days
under out of serves. (Definition)

In 2009,

* Number of objected turbines was 1,517 with 1,861 MW.

» This corresponds to 329 wind power plants operated by
183 developers.

» The respondents were 54 % of wind turbines in capacity.

Recent Tendency of Failures

= Number of Units
1200 mmm= Number of Failures 0.250
=O— Failure Ratio (N/year/Unit)

] Q
¢ 1000 - 0.200
E
© 800 <
g - 0150 2
©

[%] 2
£ 600 - o
2 - 0100 2
[e] ©
S 400 - B
[
=
S w0 L 0.050

0 - 0.000

2004 2005 2006 2007 2008 2009
YEAR

Fig.1 History of the ratio of failure (=number/year/unit) (period from 2004 to 2009).

The year 2004 was the extra ordinal year of typhoons, when 10 typhoons landed Japan
while 4,3,4,0 and 1 in continued five years.

IEA WIND ENERGY -Task 11: Base Technology Information Exchange 15
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B Nature

O Turbine

O Human Error
B Grid Failure
O Unidentified

Classification Examples of causes

1. Nature Lightning, storm, turbulence,
icing, submergence, salt, etc.
2. Turbine Defective design, construction,

(Techanical) production, etc.

3. Human Error | Deficit of maintenance,
operation, etc.

4.  Grid Failure |Failure in electrical grid

5. Unidentified |Including under-inspection

Causes of Failures

Fig.2 Ratio of causes of failures (Period of 2004-2009)

3.1% 50

Natural Causes of Failures

45
40

W Storm 35

Estorm
B Turbulence
Others

®Lightning
Icing

®Landed Typhoons

HLightning 30

®Turbulence 25

20
15
10

OCold Climate
Bsubmergence

Oothers

Number of failures per year

2004 2005

(Period of 2004-2009)
NEDO 2009 REPORT:

by complex terrain shar&s% among natural causes.

2006 2007
YEAR

nature

2008 2009

Fig. 3 Ratio of natural causes of failures Fig. 4 Time history of failures caused by

» 32.2 % of the failures was caused by nature (if the unidentified causes are
distributed in similarity with that of the identified, the ratio may around 50 %).
» The most rerious causelightning attacks which shares by7 % (Figure 3).

» Storm shares byl0 %. Turbulence which is considered to be mostly induced

IEA WIND ENERGY -Task 11: Base Technology Information Exchange
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Topographical Classes and Failures

Table 1 Definition of Topographical Classification

Definition

Complex terrain with an average slop

Hills/Mountains

Classes greater than 10 %
Flat Inland Gnerally flat areas with a distance longer
Areas than 1 km from the closest coast linme

Coastal Areas

Areas with a distance closer than 1 km
from the coast linme

Islands except big main islands (Honshu,

Tz.able 2 Numbers of _Failues in Islands Hokkaido, Shikoku,Kyushu and Okinawa)
different Topographical Classes
Number of . |Number of . |Relative
I ) Ratio . Ratio .
Classification |Wwind Failures Ratio
% (A) % (B)
Farms (2009) (B/A)

Hills/Mountains 402 49.0% 65 44.2%]| 90.3%

Areas/Islands

Flat Inland Areas 67 8.2% 8 5.4% | 66.7%
ComplexCoastall 155 119006 19 |12.9%| 67.2%
Areas/Islands
Flat Coastal

194 23.6% 55 37.4%)| 158.3%

Failed Parts/Components (Fig.5)

0.2%

9.0%.50
00'5/01.2%

1.8%

11.6%

1.9%
1.7%

12.7% 5.1%

4.8%

8.4%

15.8%

= General

HBlade

= Hub

= Aerodynamic brake
® Mechanical brake
OPitch control system
® Main shaft/Bearing
W Gear box

M Generator

BYaw control system
W Anemometer

H Control system
OElectrical system

® Hydraulic system
HSensers

HBase

B Coupling

™ Grid connection system
Dothers

Failed parts/components/systems are shown. Failuresrifrol system are the
mog (15.8%), followed by those irlectrical system(12.7%), withpitch control
sydem (11.6%) and withblade (9.0%).

IEA WIND ENERGY -Task 11: Base Technology Information Exchange 17
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ISSUE OF COMPLEX TERRAIN

et and NTM Coverage
100% (based on Site Assessment Criteria in IECE1400-1Ed.3 s«:ﬂ.?]
Figure 6 Coverage ratio % T
of wind plant sites g = =T
P 2 =
within IEC standard §
[ .Y
L n w1 [AL) s o8 war s [ AL oo o o
— class | 015 0.22 035 048 061 073 0.82 051 095 097 0.98
classll | 018 0.24 037 0.54 088 0.80 088 083 096 m (X2}
classll o s o4y .80 nra oa3 0.90 nes oar nag oss

s

10%  20% 0%

0%  T0%

0%  90% 100%

class| | 18%

classll

classH 1%

@oaz
o014
ooie
o 5-Class

L

» Field Test Program had measured wind characteristics at 418 sites in the
period from 1995 to 2008.
» Are-analysis revealed that out of all wind plant sites, from 1/4 to 1/2 of them
might suffer from high turbulence intensity in IEC standard S-class.
» As shown in Figure 6, more than 26 to 39 % of the sites may out of IEC
standard classes depending on turbine class.

Failures in different Topographical Classes

140

ETIC

oTiB
HTIA

B Unknown

60

Number of failures
B
o

N
o

N

Islands

Hills/Mountains Inner flat lands Coastal areas

Fig.7 Number of failures at different type of topographies and sites’ turbulence inter
categories
@ Fig. 7 shows failure distribution among the topographies of sites. It beca
clearer that failures have occurred much more at hill/mountain sites and co4
areas than in inner flat lands and islands, which suggests high turbulence
possibly caused more failures.

sity

me
\stal
has
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Potential higher causes of Failures by
High Turbulence

€ An example of mechanical failure caused by turbulent flow. A turbine with a
capacity below 300kW at hilly site was found severely damaged withldtde
bearing and pitch control mechanismin April 2008 after 7 year of operation.
Fig. 8 shows the damaged blade and Fig. 9 shows the turbulence intensity (T
at the site.

)

V=25m/se

]
A percentile

IEC61400-1
(1999)
Class I

Wind speed m/s Category A

Fig. 8 Damaged blade bearing Fig 9 Turbulence intensity (TI)

CONCLUDING REMARKS

@ Out of all failures/damages, those caused by nature was 32.2 %, while technical

causes was 23.8 %. 40.1 % of the unidentified excluded, nature cause becpmes
54.2 % and technical causes 40.0 %.
€ Among natural failure causes, lightning is the highest (77.3 %), then storm (9.8
%) and turbulence (3.9 %). However, only around 20 % of the wind turbine

failures have been technically identified.
€ The database of Field Test Program has revealed that out of all wind plant gites,
from 1/4 to 1/2 of them might suffer from high turbulence intensity in IEC
standard S-class.
@ It is desirable that an independent institute will continue this investigation with

higher rights and duty of inquiry to identify technical causes of failures. All such

efforts would help develop tougher wind turbines that fit to harder Japanese wind
conditions, which is typical of severe wind conditions caused by complex terfain
and tropical cyclones.
@ This topic will be continued in various activities such as IEC standard, IEA
expert meeting, National Research of Next Generation Wind Turbine Technology.

AKNOWLEDGEMENT
The present work was supported by NEDO's Investigation Program on Failures/Accidents of Wind Turbines and plso a
part of this study is funded by METI/NEDO in Research and Development Project of Next Generation Wind Tufbine
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

Turbulence Characteristics
In Domestic Sites in Relation to
IEC-61400 NTM model

1Sannosuke TanigakTetsuya Kogaki3#Hikaru Matsumiya®Hiroshi Imamura

Iwind Energy Corporation
°National Institute of Advanced Industrial Science and Technology(AIST)
SInvited Researcher, AIST “HIKARUWIND.LAB.Ltd.
Swind Energy Institue of Tokyo.Inc.,

14,15 Dec. 2010

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

1. Objective

2. Wind Data

3. Distribution of Turbulence Characteristics
4. Coverage of NTM

5. Parameters of NTM equations

6. Suggestion on Amendment to 61400-1
Ed.3

7. Conclusion

14,15 Dec.2010 2
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

1. Objective

2. Wind Data

3. Distribution of Turbulence Characteristics
4. Coverage of NTM

5. Parameters of NTM equations

6. Suggestion on Amendment to 61400-1
Ed.3

7. Conclusion

14,15 Dec.2010 3

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

1.0bjective

® Turbulence of the wind is one of the major parameter for the
design of wind turbines, closely related to its fatigue life.

® |t is empiricaly known to increase linearly with wind speed.

O : Wind Speed Standard Deviation Tl : Turbulence
Intensity(= %°
+ 10min data . 0.4 - 10min data
-~ gmean ( emor bar=1a ) == Imean { eror bar=10 )
40 < o90q —sech -~ 180q
0.3
T z
E 300 2
- @
8 E
8 202
X s
: z
=
-
¥ 0.4
0.0 0.0

0 5 10 15 20 25 0 5 10 15 20 25 30 3¢
14,15 Dec.2010 Wind Speed (mys) Wind Speed (m/s 4
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

1.0bjective

® |[EC61400-1Ed.3 gives Normal Turbulence Model (NTM)
defined as linear function of wind speed :

Ogoq (V) =les - (0.75V+ 5.6 mws])
representative value
Orean (V) =l = (0.75V+ 3.75 ts])

O, (V)=lg - 1.44
where, I, IS mean turbulence intensity of NTM at 15m/s.

0.16 ( higher turbulene class; category A)
les = = 0.14 ( medium turbulene class ; category B)
0.12 (lower  turbulene class; category C)

14,15 Dec.2010 5

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

1.0bjective

® The model should have been determined so that they can
appropriately cover wind climate over the world.
But,: - - What is the reality?

® \We have investigated applicability of the model to Japanese
potential windfarm sites, with wind data accumulated in
NEDO.

NEDO:
New Energy and Industrial Technology Development Organization

This study was funded by NEDO under “Research and Developmegnt of
Next-generation Wind Power Generation Technology/Research | and

development of basic and applied technologies” project.

14,15 Dec.2010 6
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

1. Objective

2. Wind Data

3. Distribution of Turbulence Characteristics
4. Coverage of NTM

5. Parameters of NTM equations

6. Suggestion on Amendment to 61400-1
Ed.3

7. Conclusion

14,15 Dec.2010 7

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

2.Wind Data -NEDO Field Test Program

® NEDO has so far accumulated vast amount of wind data
widely covering over domestic potential windfarm
candidates.

Wind Power Generation Field Test Program
(Detailed survey of wind conditions)

campaign period : 1995 to 2008
number of measured sites : 586

measuring period : 1 year each

measuring height : varies (20m to 50m)

® Since measuring sites were selected through public
advertisement from windy locations for future candidate for
wind resource exploitment, statistical characteristics at
these sites are considered represent general feature of
Japanese wind farm sites.

14,15 Dec.2010 8
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

2.Wind Data -Data Selection

® 259 windy sites were selected for analysis out from
586 sites of FT program, according to the criteria that:

» measuring height = 30m agl
» capacity factor (theoretical) = 25%

- based on performance curve of 2MW
model wind turbine (hub height 80m), and
measured and extrapolated hub height wind
speed -

greater than 0.25

Count

00 01 02 03 04 05 06

Availability (2MW/HubHeight=80m)
14,15 Dec.2010 9

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”
2.Wind Data - Turbulence Intensity v.s. Availability

A gentle negative correlation in turbulence and availability.
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] . ]
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availability availability availability
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IEA R&D Wind Task XI - Topical Expert Meeting On

‘Wind Conditions for Wind Turbine Design”

2.Wind Data - Measured data

® \Wind data comprises 52,560 sets (1 year) of

» 10min average wind speed
» its standard deviation (turbulence)
» 10min average wind direction

measured at 30mgl - 50magl varying depending on the

site.
30magl ( 190sites )
40magl ( 31sites )
50magl ( 34sites )
Note:

Additionally to FT program sites ,4 sites (35magl 2sites, 45mag|
and 60m agl each 1 site) were included for the study.

14,15 Dec.2010 11

IEA R&D Wind Task XI - Topical Expert Meeting On

‘Wind Conditions for Wind Turbine Design”

2.Wind Data - Extrapolation to hub height

® For analysis, each measured 10min value was extrapolated
to the one at hub height* assuming that:

» Wind speed distiribution
follows power law with exponent of 0.2.

» Turbulence(wind speed standard deviation o)
stays constant with varying height.
*2 cases investigated : 60magl and 80magl|
""— — a30mio20m | W \

| |
W’% el h‘"t;“’

ri" ‘,“,ﬂf N '

04l
12105 12205 12305 12408 12505 12605

14,15 Dec.2010 date 12
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

1. Objective

2. Wind Data

3. Distribution of Turbulence Characteristics
4. Coverage of NTM

5. Parameters of NTM equations

6. Suggestion on Amendment to 61400-1
Ed.3

7. Conclusion

14,15 Dec.2010 13

IEA R&D Wind Task XI - Topical Expert Meeting On
“Wind Conditions for Wind Turbine Design”

3. Distribution of Turbulence Characteristics

Distribution of Turbulence Standard Deviation cx at 80magl
14

4.5

4.0

3.5

3.0

2.5

2.0 >

1.5 &

1.0
L

T
g e
SRR e

0.5

090q=0'mean+1. 280'(,

567 8 91011121314151617 181920 567 8 91011121314151617181920 567 8 9101112131415161718192C
Wind Speed{m/s) Wind Speed(m/s) Wind Speed(m/s)

» For 0,,ca, » NTM fairly well covers most of the sites, however,
for gy, , itis not the case!
> Fora,, NTM is far below observation!
It explains why the above happened.  Note that Ogq=0meant1.280; .

14,15 Dec.2010 14
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”
3. Distribution of Turbulence Characteristics

Other expression of g °

Coefficient of Variation Cov (0,/0can) - 80magl

Cov

3 456 7 8 910111213 141516 17 18 19 20 21 22 23 24 25
Wind Speed (m/s)

14,15 Dec.2010 15

IEA R&D Wind Task Xl - Topical Expert Meeting On
“Wind Conditions for Wind Turbine Design”
3. Distribution of Turbulence Characteristics
Three distribution pattern of o -
Note that uncertainty grows with increasing wind speed due to decreasing
data count.
~ = g
= L NTM:o,=1.44l |
i | ,,-;:"".'.1, e o |
o NTM @ 0,=1.44- |, = 0.23/0.20/0.17(cat.A/B/C)
Observation shows dependency on wind speed. 16
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IEA R&D Wind Task XI - Topical Expert Meeting On
“Wind Conditions for Wind Turbine Design”
3. Distribution of Turbulence Characteristics
50 —Frequency of lne.q(15) 1
_:g 1 Frequency | : g:
g 25 — Accumulated Frequency NTM Cat.A lo7 =
83 lef =0.16 YRR
gas {105 3
g20 04 3 @
g1 03 <%
£ 10 H 4 0.2
S o NTM
0.00 002 0.04 0.06 008 010 012 014 016 018 0.20 022 0.24 0.26 Imean(ls
Imean(15) )
50 —Frequency of ls,(15) 1 cat.A 0.16
:g [ Frequency ) g: cat.B 0.14
ESS — Accumulated Frequency 17 - Cat.C 012
30 06 2 3
g E:2
T o4 E 2
220 {104 E5
£15 103 EE I 90q(15)
210 102
£ s 1o catA  0.180
’ 0.00 0.02 0.04 0.06 0.08 040 012 014 016 018 020 0.22 t;_zjlﬁuzso cat.B 0.157
o T e T T cat.C 0.135
lsq(15)
7

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

1. Objective

2. Wind Data

3. Distribution of Turbulence Characteristics
4. Coverage of NTM

5. Parameters of NTM equations

6. Suggestion on Amendment to 61400-1
Ed.3

7. Conclusion

14,15 Dec.2010 18
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4. Coverage of NTM

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

Wind turbines shall be assessed for suitability to the planned site.
Two assessment procedure are prepared by IEC61400-1 Ed.3.

Sec.11.9 Assessment

by ref. to wind data

Sec.11.10 Assessment
by ref. to load/deflections

Easy to assess,
but tend to be too conservative.

Need complicated process,
but leads to reasonable result.

compare: compare:
Which is Which is
severer? severer?
wind conditions wind conditions load and load and
at the site assumed deflections deflections
for calculated calculated
design of the for during
wind turbine site wind design of the
conditions wind turbine
.

4. Coverage of NTM

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

Sec.11.9 Assessment by Reference to Wind Data

® |tems to be assessed : 0.4 - Imean{ error bar=17)
. ~-190
» Extreme Wind Speed —cat(.:IA Iref=0.16
> Wind Speed Distribution N / —cat.B Iref=0.14
» Turbulence Distribution Z 0.3 Range for Assessment
. ] Wind Turbine Class Il
® For turbulence, 90% quantile = : <>
: P IEC61400-1 Ed.3
value shall be compared with ¢ 0
NTM* at wind speed range of < ™
0.2V, ~ 0.4V, : E
- 10m/s ~ 20m/s (class I)
- 8.5m/s ~ 17m/s (class II) 0.1
- 7.5m/s ~ 15m/s (class III)
8.5m/s 17mls
(*) O =l (0.75Vyy, +5.6 [mis] ) 0.0
I =l (075 +5.6/ Vi) 0 5 10 15 20 25 30 35
Wind Speed (m/s)
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14,15 Dec.2010

IEA R&D Wind Task XI - Topical Expert Meeting On
“Wind Conditions for Wind Turbine Design”
4. Coverage of NTM - by Sec11.9 Procedure
H 80 magl Hub Height H l..sand NTM Coverage - 80mag|
(based on Site Assessment Criteria in IEC61400-1Ed.3 Sec.11.9)

100% R

S0 |

80% |-

g 0% |

F  60% [

g 50% |

o 40% | —+—class I

O 30% |[catC —»class 1l
20% classIl
10% |
0%

Irefo | 012 0.13 014 | 045 | 0.8 017 0.18 0.19 0.20 0.2 0.22
_a—classI | 016 0.22 0.35 0.46 0.61 0.73 0.82 0.91 0.95 0.97 0.98
_s_classI | 0.16 0.24 | 037 054 | 068 0.80 0.88 0.93 0.96 0.98 0.98

classll | 0.18 0.26 0.41 0.60 0.74 0.83 0.90 095 | 097 0.98 0.99
0%  10%  20%  30%  40%  50%  60%  70%  80%  90%  100%
class [ 15% ‘ 20% | 25% | 39% Olref=0.12
F : : — — : - Olref=0.14
classT 1@ . ZM. | | ‘31/., | | . ‘3244. | Dlref=016
classTl 18% ‘ 23% | 33% | 26% 0 S-Class
cat.C catB catA

21
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IEA R&D Wind Task XI - Topical Expert Meeting On
“Wind Conditions for Wind Turbine Design”
4. Coverage of NTM - by Sec11.9 Procedure
H 60 magl Hub Height H l..sand NTM Coverage - 60mag|
(based on Site Assessment Criteria in IEC61400-1Ed.3 Sec.11.9)
100%

80% |

80% |
g 0% |
I su F
g 5% r catB
8 40% | —+—class I

30% | [catC —+ class 1l

0% classIl

10% |

0%

Iref| 042 0.13 0.14 0.16 0.16 0.7 0.18 0.19 0.20 0.21 0.22
_s—classI | 0.1 0.17 0.28 0.39 0.51 0.64 0.75 0.82 0.90 0.94 0.97
_s classll | 042 0.19 0.31 0.44 0.59 0.7 0.81 0.89 0.95 0.96 0.98

classll | 0.14 0.21 0.33 0.47 0.63 0.76 0.83 0.90 0.95 0.97 0.98
0% 10%  20%  30%  40%  50%  60%  70%  80%  90%  100%

class [ 1% ‘ 17% | 22% | 49%
: ] i _ | : : : : Olref=0.12
classTl 12% | 19% | 29% | 1% Olref=0.14
E T T T T T " T T T Olref=0.16
classll 14% ‘ 19% | % | 37% O S-Class

catB catA

22
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

4. Coverage of NTM - by Sec11.9 Procedure

26%-39% (in case H,,,=80m)
37%-49% (in case H, ,,=60m)

of the sites are outside standard turbulence categories,
i.e. standard turbines are judged unsuitable for these sites,
when assessed by sec.11.9 procedure.

Iys and NTH Coverage - B0magl I and NTM Coverage - B0magl
[besed on Site Assessment Criteris in IECE1400-160.3 Sec11.9) [based on Site Axseasment Criteria in ECE1400-1Ed.3 Sec.11.5]

2|
b4
z

[ @ [a31 [ o3 [ o4 | oW | are | ol | o | om | ow | oW |

00 00
o | oo |
% "t ot
5 ™ | & |
g o | B enf
g wm | s mw |
3w + class | 3 e | [~ecins
L = class I O | + classl
s b classill 2% | classll
s | s
ade| 812 | 013 | 084 | 048 | O | 87 | oW | om | 0w | om | em Wwote| 12 | 083 | &0 | B8 | &4 | 047 | 000 | aw | &m | on | em
casel | O18 | 037 | 838 | o8 | 041 | 053 | 0 | &% | ows | o9 | em caasl | G911 | G0 | O3 | 030 | OF | 084 | 078 | ofz | &W | o | oW |
class | ol | oss @ (L] o o o classl | 012 an o [ o an on L 0w [ [
el | el
" "

88 | M | 64 | b@ | a74 | oW | am | a# | aw | o | oW

W% % A0 SR e TN B MR e W BN % Ak S B TOR BN W% e
el | " Il ] L ] n Sirefea 12 sl | AR | e | e | s =1

—ey i = = 2 — —
Direted 14

el e % ] s ok oieeas | 2t RS b 1 P [ s Irated 18
canl s | s | s I s Ly " l s I ™ DS Ches

14 [catit] [oaia] [Ecam T [cacB] [cata] [Scass
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

4. Coverage of NTM - by Sec11.9 Procedure

Then,
these sites require more sophisticated sec.11.10 procedure,
which can only be done by turbine manufacturer,
being a black-box procedure for other stake holders.

This is an onerous situation-

Is there any measure to mitigate this situation ?

14,15 Dec.2010 24
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

4. Coverage of NTM - by Sec11.9 Procedure

lo and NTM Coverage - 80magl
(based on Site Assessment Criteria in IECG140W3 Sec.11.9)

100% —
If we add a oo | v_____,_, »
80% |
new o el
turbulence § eou |
S 50%
category 3 % —s—class [
with © | " - classl
20% class
Iref=0'201 TM Coverage - 60magl
it WOUld be nent Criteria in IEC61400-1Ed.3 W.Q) b7 0.21 0.22
able to - 73 0.97 | 098
80 098 | 0.98
cover 90% 3 098 | 099

of the sites.

70% 80% 90%  100%

This is one | = Siretea 2

A Olref=0.14

solution, 022 | , ‘ 2% : Olref=0.16

bUt ) 0.97 | 26% O S-Class
ey

14,15 Dec.2010 25

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

. Objective

. Wind Data

. Distribution of Turbulence Characteristics
. Coverage of NTM

. Parameters of NTM equations

. Suggestion on Amendment to 61400-1 Ed.3

~N o o~ WON P

. Conclusion

14,15 Dec.2010 26
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

5. Parameters of NTM equations

NTM
® Ogq (V) =Omean(V) +1.2816 04(V) =l (0.75V+ 5.60 [mig] )
® 0.cn(V) =l (0.75V+ 3.75 [mig )
°g, (V)

=l X 144
can be expressed by general form as
belpw:

Oy = Iref (axxv+ I:)xx) & Ol = AxxV+ Bxx

a=0.75 & b=5.60 for Ogoq
a=0.75 & b=3.75 for O ean
a=0 & b=1.44 for o,

How are the value of these parameters distributed in the

14,15 Dec.2010 27

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”
5. Parameters of NTM equations

@ Constant [a,,] iN O ean O™ rer(@uxV 0y
)

NTM value :0.75
Observation :
0.95 (mode), 0.87(mean), 0.89(median)
0.89 (slope of Al ean(15) regression line)

Oyx = Axx VB

0.0

1 10 156 2

Wind Speed(mis)

Histogram : Sampling Plot :
4 Constant [a] in 6,,ean(V)=lmean(15)" {aV+b) 0.25 Constant [A] in 0,,..,(V)=A- V+B v.s. |..,(15)
40 | —o— NTM({cat.A/BIC) [A]=0.75
a5 | _ 020 || © g}g?gmzimd” b= 0.887 x
} :: . % o1s O IR?= 0,675
5 £
S £ o0 |
15 ¢ O
10 g
5 “ 80 magl Hub Height
gt ottt I 0.00 | 1 ] .
04050607080910111.2131415161.71.8 0.00 0.05 0.10 0.15 0.20
Constant [a] Imean(15)
28
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”
5. Parameters of NTM equations

® Constant [a,,] in ggg, O™ rer(@ux V0
)
NTM value :0.75

Oyx = Axx VT By

Observation
1.15 (mode), 1.08(mean), 1.10(median) :
. . 0s
1.08 (slope of A, -l hean(15) regression line) [
) Wll‘:: anead(n‘::s) ’
Histogram : Sampling Plot:
Constant [a] in Gagg(V)=lpean(15)" (aV4b) 0.25 Constant [A] in 0gge(V)=A- V+B V.5, Ip..n(15)
a0 | =1.083
%5 _ o e T:F:n.m:
30 | =
dgl 25 | E 015
320 | “ g
© sl s 040 | o =
ol 80 magl Hub Height R
o LU 0o I o | — #JE (FT(observed))
0.00 T ‘
0.405060.70.8091.01.1121.31.41.5161.71.8 0.00 0.05 040 015 0.20
Constant [al Imean(15)
20

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

5. Parameters of NTM equations

® Constant [a,,] in g, O lre(cV b
)
NTM valqe : 0.0 0. =A_ViB_.
Observation
0.15 (mode), 0.16(mean), 0.15(median)
0.15 (slope of Al ean(15) regression line) |
) Wll‘:: anead(n‘::s) ’
Histogram : Sampling Plot :
Constant [a] in 0(V)=|nean(15)- (aV4b) 0.08 Constant [A] in o (V)=A-V+B v.s. |;..,(15)
4 ’ —— NTM(cat.AIBIC) [A]=0
4 ¢ 007 1 o FT(observed) o
3Bt 0.06 | — ¥¥ (FT(cbserved)) a
0t < 005} L —
t 25 | =004 ¢
S 20 £ o003t
15 | 5 002t
1: I || 80 magl Hub Height
0 -ium}m 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.
01 00 01 02 03 04 05 08 0.02
Constant [a] Ineanl15)
20
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

5. Parameters of NTM equations: 0,,=l,.(a.V+b,)

Summing up-
Representative Values for [a] in 6= [,.{aV+D)

; Omean Ta0q Og
e O [ 60magl  80magl 60magl : 80magl | 60magl : 80magl
Mean 0.88 0.87 1.08 1.08 0.15 0.16
Medean 0.90 0.89 1.09 1.10 0.14 0.15
Mode 0.90 0.95 1.10 1.15 0.13 0.15
Increment 0.05 0.05 0.03
Slope of Regression Line [A] VS |yean(15) 089 : 089 . 109 : 1.08 : 015 | 015
NTM Setting 0.75 0.75 0.00
Representative Values for [b] in 6= I..{aV+b)
. Omean o Oy
LETEIEIIIE R 60maglu 'Ebmagl 60mag|998qﬂmagl 60magl : 80magl
Mean 1.72 1.94 4.50 4.64 2.06 217
Medean 1.56 1.62 3.90 4.02 1.92 2.03
Mode 0.80 1.20 2.50 3.50 1.60 1.80
Increment 0.40 0.50 0.20
Slope of Regression Line [A]vs |,..,(15) | 154 @ 163 404 = 425 @ 195 = 203
NTM Setting 3.75 5.60 1.44

14,15 Dec.2010 31

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

5. Parameters of NTM equations: 0,,=l,.(a.V+b,,)

The following new NTM expression would better represent
observation - .

Present NTM New NTM
Omean = 1 (0.75V + 375 [mis)  Oppean = I, (0.90V + 1.5 [vg))
Ogoq = lres(0.75V +5.6 [mi]) Ogpq =l (1.09V +4.05 [mig))
o, =l 144 mg Oy =1l,g(0.15V +2.0 [ms)

14,15 Dec.2010 32
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5. Parameters of NTM equations:

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”
c)—xx: I ref(axxV+ bxx)

6.0

5.0

3.0

T mean (Mis)

20

1.0

0.0

14,15 Dec.2010

40

— present NTM Iref=0.16
—— present NTM Iref=0.14
—— present NTM Iref=0.12
—newNTM Iref=0.16
——newNTM Iref=0.14
—newNTM Iref=0.12

Present: omean= lref (0.75V+3.75[m/s)
New : Omean= lref (0.90V+1.50mis])

Gm ean

4 6 8 10 12 14 16 18 20
Wind Speed(m/s)

6.0

5.0

40

3.0

T90q (mis)

20

1.0

0.0

—— present NTM Iref=0.16
—— present NTM Iref=0.14
| — present NTM Iref=0.12
—newNTM Iref=0.16
——newNTM Iref=0.14
—newNTM Iref=0.12

Og0q

Present: G0g= Iref (0.75V+5.60[mis)
New : 090qg= Iref (1.09V+4.05[mss])

2 4 6 8 10 12 14 16 18 20
Wind Speed(m/s)

33

5. Parameters of NTM equations:

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”
c)—xx: I ref(axxV+ bxx)

0.50

0.40

Imean
e
[
w

0.00

14,15 Dec.2010

IEA WIND ENERGY -Task 11: Base Technology Information Exchange

045 |

— present NTM Iref=0.16
—— present NTM Iref=0.14
—— present NTM Iref=0.12
—newNTM Iref=0.16
—newNTM Iref=0.14
— newNTM Iref=0.12

Imean

Present: Gmean= lref (0.75V+3.75mss])
[ New : Gmean= lref (0.90V+1.50[m/s))

2 4 6 8 10 12 14 16 18 20
Wind Speed(m/s)

0.50

0.45

0.40

|90q
I
]
[+,

—— present NTM Iref=0.16
—— present NTM Iref=0.14
—— present NTM Iref=0.12
—newNTM Iref=0.16
—newNTM Iref=0.14
—newNTM Iref=0.12

I90q

Present: ggog= Iref (0.75V+5.60[m/s)

[ New : 0%0g= lref (1.09V+4.05(mis])

2 4 6 8 10 12 14 16 18 20
Wind Speed(m/s)

34
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5. Parameters of NTM equations:

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”
c)—xx: I ref(axxV+ bxx)

5.0

1.0

0.0

14,15 Dec.2010

45
4.0 ¢
35 ¢
3.0 -
25
2.0
15 ¢

0.5 &

NEW NTM
5.0 1.6
Omean 45 r 14
4.0
1.2
35
30 | 1.0
25 | 0.8
20 | 0.6
1.5
0.4
1.0
05 | 0.2 =
0.0 0.0
10 15 20 5 10 15 20 5 10 15 20
Wind Speed(m/s) Wind Speed(m/s) Wind Speed(m/s)

35

IEA R&D Wind Task XI - Topical Expert Meeting On
“Wind Conditions for Wind Turbine Design”

14,15 Dec.2010

IEA WIND ENERGY -Task 11: Base Technology Information Exchange

Wind Speed(m/s)

5. Parameters of NTM equations: 0,,=l,.(a.V+b,)
Present NTM 80mag|
5.0 5.0 1.6
45 t{Omean 45 14
4.0 - 4.0
1.2
35
3.0 1.0 +
2.5 0.8 |
20 06 [ /7
1.5 C
0.4
1.0 7
05 | 0.2
N e e L e e N | e
5 10 15 20 5 10 15 20 5 10 15 20

Wind Speed(m/s) Wind Speed(m/s)

36
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”
5. Parameters of NTM equations: 0,,=l,.(a.V+b,,)

Coverage by the new NTM was calculated as
before- - - -

14,15 Dec.2010 37

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”
5. Parameters of NTM equations: 0,,=l,.(a.V+b,)

I and new NTM Coverage - 80magl 30 |
(based on Site Assessment Criteria in IEC61400-1Ed.3 Sec.11.9) m ag
100% —=—= Hub Height

90% [ Goog= lrer (1.09V+4.05 frus))|
80%

catA

S %

T 60%

9 5%

o 40% ——class [

O am —+class I
20% classIl
10%
0%

Iref—» 008 | 009 | 040 | 041 | 042 | 043 | 044 | 045 | 046 | 047 | 048

_s—class | 0.02 0.08 0.13 024 0.41 0.59 075 0.85 0.92 0.97 0.98
4 classl | 0.01 0.06 043 0.25 043 063 079 087 092 0.97 098
classll | 0.02 0.07 0.14 0.26 0.45 0.61 0.78 0.88 0.92 0.96 0.98

0% 10% 20% 30% 40% 60% 60% 70% 80% 90% 100%

class I q% ‘ T 3% ‘ | 7% | 8% || o042

Olref=0.14
class I 43% \ 36% IR ot 16
classTl 45% \ 4% | 1% [8% ]| oscues

With existing categorization(lref=0.12/0.14/0.16),
new NTM covers more than 90% of the sites!

38
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

5. Parameters of NTM equations: 0,,=l,.(a.V+b,,)

Ies and new NTM Coverage - 60magl 60 maal
0% (based on Site Assessment Criteria in IEC61400-1Ed.3 Sec.11.9) Hub H g ht
% ¥ u el
90% e 9
80% | Ga0g= et (1.09V+4.05 [mfﬁl)‘
& 0% cath
& 6%
o 8%
o 40% ——class [
O a0y —+class I
20% walC classIl

10%
0%

[ 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18
s class1 | 0.00 0.04 0.09 0.18 0.33 0.47 0.85 0.76 0.86 0.93 0.96
4 classT | 0.00 0.05 0.10 0.19 0.32 0.50 0.68 0.81 0.89 0.94 0.97

classll | 0.00 0.05 0.10 0.19 0.33 0.53 0.70 0.82 0.90 0.94 0.97

0% 10%  20%  30%  40%  50% 60%  70%  80%  90%  100%

class 1 e 32% ‘ | % | 14% Dlref=0.12

32% | 3% [ [ 1% Diref0.14
classl ° . i Olref=0.16
classTl 33% | 3% | 20% | 10% o S-Class

Similar result as 80magl Hub Height.

14,15 Dec.2010 39

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

5. Parameters of NTM equations: 0,,=l,.(a.V+b,)

Comparison: Present NTM and New NTM (80magl Hub Height)

l.sand NTM Coverage - 80magl
(based on Site Assessment Criteria in IEC61400-1Ed.3 Sec.11.9)

100% feat A= ——
90% FINTM cat.B :
80% |
g 0% ;
g 80% |
Z A o —=class I _present NTM
O 4% - ——classIl _present NTM
30% | —+—classIll _present NTM
o Z ——class] _newNTM
o T IHITNTM ——classII _newNTM
10% _ classll _new NTM
0% "".'""' | I I L L L L L
0.08 0.1 [0.42] [0.14] [ 0.16] 0.18 02 0.22

Iref
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

5. Parameters of NTM equations: 0,,=l,.(a.V+b,,)

Comparison: Present NTM and New NTM (60magl Hub

Height)
l.of and NTM Coverage - 60magl
(based on Site Assessment Criteria in IEC61400-1Ed.3 Sec.11.9)
100% — — —
80%
80% | e
g 70%
g 60% -
3 8% ¢ —=—class I _present NTM
Q 0% —+—class Il _present NTM
309 L —+—classIl _present NTM
. —+—classI _newNTM
20% r —+—classTl _new NTM
10% + classll _new NTM
0% &= ] I I

0.08 0.4 [0.42] [ 044] [0.16] 0.8 0.2 0.22

Iref

14,15 Dec.2010 41

i Coneions o et T Desig
1. Objective
2. Wind Data
3. Distribution of Turbulence Characteristics
4. Coverage of NTM
5. Parameters of NTM equations
6. Suggestion on the Amendment to 61400-1 Ed.3
7. Conclusion
22

IEA WIND ENERGY -Task 11: Base Technology Information Exchange

41



TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

6. Suggestion on the Amendment to 61400-1 Ed.3

Present 1 2 3 4
Oy =l 144 — ler* 3.0 lief (0.15V+0.75) I (0.15V+2.0)
Omean =hei(0.75V+3.75) « — — ler (0.9 V+1.5)

Ogoq =hei(0.75V+5.6) 1 (0.75V47.0) 14 (0.94V+4.7 ) I o (1.09V+4.05)

lef =0.12/0.14/0.16 Add No Change - -
0.18 (May add) — —
0.20

1 No change with NTM. New Turbulence categories added.
2,3 Change with o,. (Same g, value at 15m/s)
It involves change of gy, (NOte: Ogpq = Opean +1.2816 Oy).
(Lower turbulence categories may be added.)
4 Change NTM according to results of previous section.
This suggestion is feasible only if our observation be verified represent
worldwide wind climate.

14,15 Dec.2010 43

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

6. Suggestion on the Amendment to 61400-1 Ed.3

Comparison of present NTM and suggested amendment

Omean=lrer (0.90V+1.5)
0,=3.0" | O5=l;er (0.15V+0.75) 0,=I,; (0.15V+2.0) new l:0.18/0.20

Suggested Amendment 3
Turbulence

Suggested Amendment 2
Turbulence

Suggested Amendment 4
Turbulence

Suggested Amendment 1
Turbulence

o0 (Mis)

~— Suggested Amend.
= NTM

suggested Amendment 4|
Turbulence Intensity

Suggested Amendment 3
Turbulence Intensity

0 L] 10 15 20 25 0 ] 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 2
Wind Speed(m/s) Wind Speed(m/s) Wind Speed(mis) Wind Speed(mi/s)
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

6. Suggestion on the Amendment to 61400-1 Ed.3

Ratio of Turbulence Intensity(90% quantile) :

suggested amendment v.s. present NTM

—C—Ratio Suggested Amend.2/NTM

14 ——Ratio Suggested Amend.3/NTM
13 —%— Ratio Suggested Amend.4/NTM e
1.2
2
5 141
1
1.0
0.9 Note:
| The ratio is same with diffferent I,
0.8 | | |
0 5 10 15 20 25
Wind Speed(mi/s)
5
IEA R&D Wind Task Xl - Topical Expert Meeting On
“Wind Conditions for Wind Turbine Design”
1. Objective
2. Wind Data
3. Distribution of Turbulence Characteristics
4. Coverage of NTM
5. Parameters of NTM equations
6. Suggestion on Amendment to 61400-1 Ed.3
7. Conclusion
5
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

7. Conclusion

Wind data at 259 sites widely distributed in Japanese
potential wind farm sites were analyzed in view of

turbulence to assess suitability of turbulence model defined
by IEC61400-1Ed.3

14,15 Dec.2010

47

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

7. Conclusion

1.The following was observed:
(1) Linearity of o-V relationship is excellent.

(2) For o,,..,» most of the sites are well covered by standard
turbulence categories A, B and C.

(3) For gy, considerable portion of the sites are not covered by
standard turbulence categories.

(4) For o, there is big deviation between observation and NTM:
» Most of the sites lie far above NTM.

» Measurements in average show tendency of increase

with wind speed, whereas NTM assumes it stay constant
with wind speed.

(5) Slopes of observed o-V regression lines were in average
slightly greater than that of NTM.

14,15 Dec.2010
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

6. Conclusion

2. Assessment according to Sec.11.9 procedure revealed
that 26% to 49%, depending on wind turbine class and
hub height, of the sites are not covered by IECstandard
turbulence categories.

3. Suggestions were made on the amendment to IEC
turbulence model and categorization to harmonize
them with our observation.

14,15 Dec.2010 49

IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design”

Thank you for your attention!
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IEA R&D Wind Task XI
Topical Expert Meeting on “Wind Conditions for Wind Turbine Design”
December 14-15, 2010, Tokyo, JAPAN

Experimental Study of Wake Effects
for Complex Terrain
Mie University

Junsuke MURATA

Outline 1

ﬂlBackground
mQObjective
mExperimental Apparatus and Conditions

mExperimental Results
- Wind Speed Profile in Wake
- Turbulence Intensity Profile in Wake
- Wind Speed Fluctuation in Wake

mConclusions
mFuture Work
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Background 2

[+

m\Wind Farm on Complex Terrain
oRestriction of Land Utilization
—Distance between wind turbines: as short as possible...

oComplex Terrain
- High turbulence
- Difference in height
—Distance can be shorter than flat terrain and offshore?

Aoyama Kogen Wind Farm (Japan)

Objective 3

[+

mObjective of Work
oEstablishment of Wake Model on Complex Terrain
+ Acquisition of basic data to estimate wake effects
—Effects of Turbulence on wake

m\Vind Tunnel Experiment
+ Wind tunnel, Test wind turbine, Turbulence grids and hot wire probe

+ Measurement of wind speed profile in wake
—Different turbulence intensities in main flow

Wind Tunnel Test Wind Turbine
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Experimental Apparatus
oWind Tunnel
oTurbulence Grids

oTest Wind Turbine

Experimental Conditions

oMeasurement Points

oConditions
93 o
> -
é Experimental Apparatus 1/5 5
MIE
Wind Tunnel Nozzle || N\ _
6200
~
Positioning Device
Test Wind Turbine
o
s |\ o A g
Q X <
S I-Type Hot Wire Probe o
—
| |
Experimental Setup
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Experimental Apparatus 2/5

%

m\Wind Tunnel
- Circulation type wind tunnel
+ 3600mm diameter nozzle
+ 6200mm length open test section
+ 30m/s maximum wind speed

§

T

Circulation Type Wind Tunnel

"W

Experimental Apparatus 3/5

§

T

mTurbulence Grids
oGeneration of Different Turbulence Intensities in Main Flow
-+ Fine grid: Attached on wind tunnel nozzle
- Coarse grid: Attached at honeycomb section

Grid Pitch
R L [ i 'é‘

Grid Width

Grid Pitch

Parameters of Turbulence Grids

Fine Grid Coarse Grid
Grid Width 40mm 185mm
Grid Pitch 160mm 840mm
Coarse Grids Fine Grids Blockage Ratio | 0438 0.391
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W/

/’,ﬁ Experimental Apparatus 4/5 8
IS
mTurbulence Grids

+ Low Turbulence: without turbulence grid

+ Medium Turbulence: with coarse grid

+ High Turbulence: with fine and coarse grids

2

B [ [ ]

oTurbulence Intensity
o

—O— Low Turb.
—&— Medium Turb.[
O High Turb.

N
o
Lo

Tl =

U

main

o: Standard deviation of wind speed
Unmair Wind speed of main flow

15 \
10

|

Turbulence Intensity T/ [%]

—to figure out wind speed variance e

- Low Turb.: about 0.5% s I e —

- Medium Turb.: about 3% e

: ngh Turb 21% to 4% ’ 0 1000 2000 3000 4000 5000 6000

Longitudinal Position L [mm]
Turbulence Intensity in Main Flow

>~ .
é Experimental Apparatus 5/5 9
MIE

mTest Wind Turbine
- Two-bladed horizontal axis wind turbine
- Diameter: D=500 [mm] P
+ Long chord length blade 30mm
—to keep Re& performance :

+ Maximum performance: C,=0.33-0.34 '
—Optimal tip speed ratio: 3.3-3.5 :7{= i
—Optimal pitch angle: 4 degree

0.4

D=500[mm]

‘| Low turb. |

o

jff%% -
/

N 22mm
Yy
—o—p=0

Vi
//f ——p2

o p=4 [

o
w

Power Coefficient Cp
o [=}
P N

o]

0

071 2 3 4 5 6
Tip Speed Ratio A

Performance of Test Wind Turbine Test Wind Turbine
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é Experimental Conditions 1/2 10
M
mMeasurement Points
-~ . 750 _500,_500,_ 500 1000 1000 1500
40mm interval
—— y/D=2
[
: :
—
X
[
Test Wind Turbine g
(D=500[mm]) ]
LV y/D=-2
x/D=0 x/D=1 x/D=2 x/D=3 x/D=5 x/D=7 x/D=10
é Experimental Conditions 2/2 1
MIE

m\Vind Speed Measurement
- |-type hot wire probe
- Sampling frequency: 1kHz
- Sampling time: 16.384sec (16384 data) at one measurement point

mQOperation Conditions
+ Wind speed: U,,,=7 [m/s]
- Preset pitch angle: 4 degree optimal operation
- Rotational speed: 950rpm (15.8Hz, 41=3.4)
mNondimensional Parameters
- Nondimensional wind speed:

U. = U ioca Uioear LOcal wind speed with test wind turbine
N U’ ocar LOcCal wind speed without test wind turbine

local

+ Turbulence intensity:
Tl = g o' Standard deviation of wind speed
U ain Upnais Wind speed of main flow
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Experimental Results
oWind Speed Profile in Wake
oTurbulence Intensity Profile in Wake
oWind Speed Fluctuation in Wake
% Wind Speed Profile in Wake 1/2 13

m\Vind Speed Deficit
- Deficit area: symmetric expansion with distance from wind turbine
- Near wind turbine: small peak on y axis
—no energy extraction inside of blade root

Uy=1.0
2.0 2 2 —O— Low Turb. | —
E g E E —A— Medium Turb.
15 % § E 2 High Turb.
a
5. B D / J
]
57 L1 i :
©
g 0 4=
[}
S %
< -0.5
b Test Wind Turbine Yi
7 L !
. L 3 %
-2.0
2

3 5 7 10
Longitudinal Coordinate x'D

Wind Speed Profile in Wake
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Wind Speed Profile in Wake 2/2 14

mEffects of Turbulence on Wake
- Slightly higher wind speed and flatter profile with higher turbulence
—promoting entrainment of main flow and wake

2.0 —-O— Low Turb. -

E —&—  Medium Turb.
= High Turb.

B
1.0 % g
s BN /
il
%
k

1.5

Lateral Coordinate y/D
[ o
o ul o
a3
2
E N
= 1}
o
_|
c
=
>
@

Snconndnecotts ! £E B0ty

0 1 3 5 7 10
Longitudinal Coordinate x'D
Wind Speed Profile in Wake
é Turbulence Intensity Profile in Wake 1/2 15
MIEES

mHigh Turbulence Region in Wake
- Peaks at |y/D|=0.56: tip vortex
- Flatter profile with distance from wind turbine

TI=20%
20 : —-O— Low Turb.
% g —&— Medium Turb.

15 O HighTurb. [
o | T
= 10
=
& "&L %%%
s AN ]
5
o 0—9B=—
S o6 | W
S Test Ff? j} i}
© -1.0 \Wind Turbine % g E

-2.0 E g 8

0 1 2 3 5 7 10

Longitudinal Coordinate x/D
Turbulence Intensity Profile in Wake
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W/

/’4 Turbulence Intensity Profile in Wake 2/2 16

LnrvEs:

<

mEffects of Turbulence on Wake
- Peak value: about 20% almost same level
* Quicker flattening with higher turbulence intensity

TI=20%
20 ? —O— Low Turb.
% g —&— Medium Turb.

15 } % " High Turb. |
o 4 i
= 10
S
& “’% %?ﬁ
Fadmar AN i
S
o (I =
S o5 5
g " Test y?? i /
© -1.0 \Wind Turbine % g S $

-1.5 3

-2.0 E g

o 1 2 3 5 7 10
Longitudinal Coordinate x/D
Turbulence Intensity Profile in Wake

Wind Speed Fluctuation in Wake 17

mBin averaged wind speed fluctuation
oLow and Middle turbulence
+ Two cycle fluctuation
+ Opposite peaks at inner part (Jy/D|<0.5) and outer part (|y/D|>0.5)
—Approach and passage of tip vortices generated by two blades
oHigh turbulence
+ No cyclic fluctuation
—Tip vortex structure is scattered by turbulence

—0-yiD=-072 & y/D=-0.64 O y/D=-0.56 —0-yiD=-0.72 & yD=-0.64 ~0yD=-056 —0-yID=0.72 ¢ y/D=-0.64 T y/D=-0.56
—-y/D=-0.48 y/D=-0.40 —0-y/D=-0.48 y/D=-0.40 —0-y/D=-0.48 y/D=-0.40
15 15

peed Uy
=
3

g
o
o]

e T i Rt e e BRI S

Non-DimengonaI Wind S
(4]

> 0.5 0.5
Foooled”
Low Turb. Middle Turb. High Turb.
00 90 180 270 360 00 90 180 270 360 00 90 180 27‘0 364
Azimuth Angle ¥ ['] Azimuth Angle ¥ ['] Azimuth Angle ¥ [°]

Wind Speed Fluctuation in Wake at x’D=1.0
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Wind Tunnel Experiment -Conclusions- 18

Using a hot wire probe, wind speed profiles were measured in wake
generated by a wind turbine in various turbulence intensity conditions.
The following were clarified by these measurements.

1.Turbulence of main flow influences wind speed profile in wind turbine
wake. High turbulence intensities enable to entrainment of the main flow
and the wake, and to recover quickly the velocity in the wake.

2.The maximum values of turbulence intensity in the wake are generated
at near the blade tips and almost the same as in any turbulence condition.

3.The tip vortex structure is scattered by turbulence, and it isn’t preserved
with high turbulence.

Future Work 1/4 19

mProblems...
oEven "High Turbulence” condition
+ Turbulence intensity < 10% in wake observation area
— too low as complex terrain
oEffects of Other Parameters on Wake?
+ Turbulence scale
* Anisotropy

mFuture Work
oNew Turbulence Grids are needed
—Active Type Turbulence Grids
- Array of Small wings driven by servomotors
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-

>
é Future Work 2/4 20
MIE
mActive Type Turbulence Grids
oFor ¢8600 large wind tunnel
- Shafts: 56
- Small wings: 1568 (I e e e
- Servomotor: 112 e 1,_{
: il
- :
SR o] LET BT W I &1 H Dl
e
I B IE : |
: . o _%"* |
B - £ - I |
: : | al
e : q: — , : == | ]£
Attached Position Active Type Turbulence Grids (Overall View)
>
é Future Work 3/4 21
MIE
mActive Type Turbulence Grids
oFor ¢8600 large wind tunnel
- Shafts: 56 T TR
- Small wings: 1568 l“f“ = = :
- Servomotor: 112 e T T T T }THT? Lt
(M SEwnnEnEnEe; HZoosoz0o. 0l Bl i ;[
W4 S SushShSh Sn s ML I
Px¢24 E’“ wr =
derrd L %
EaEm——
0 [l E
KL - g{
e —;.

i ey S

1]l 15
Fy

5

|

40 | 40 - e
108 \3>:¢>8 i ~—-—$-—— =

Small Wing Active Type Turbulence Grids (Quarter Part)
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Future Work 4/4 22

mProgress
oFinish assembling — Checking of operations
* Rotating speed
- Operation pattern
—Control turbulence intensity, turbulence scale and anisotropy?

W/

g Future Work 4/4 23
=
mProgress
oFinish assembling — Checking of operations
+ Rotating speed
- Operation pattern
—Control turbulence intensity, turbulence scale and anisotropy?

2

Thank you for your kind attention!
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Wind Turbine Loads during
Simulated Thunderstorm Downbursts

Hieu Huy Nguyen (PhD student, University of Texas at Austin)
Lance Manuel (Professor, University of Texas at Austin)

IEA R&D Wind Task XI - Topical Expert Meeting
Wind Conditions for Wind Turbine Design
Tokyo, Japan - December 14-15, 2010

Motivation and Objectives
|

Motivation

Thunderstorms are common intense short-duration atmospheric
(transient) events

The design standard (IEC 61400-1) for wind turbines does not explicitly
address load cases associated with thunderstorm downburst-related
velocity fields

Objectives

O to describe a deterministic-stochastic hybrid model for simulation of
thunderstorm microburst-related wind velocity fields

O to compute loads on a utility-scale winds using the simulated

thunderstorm downburst flow fields (with some control logic
assumptions)

2/43
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Nature of Thunderstorm Downbursts
]

**Thunderstorms: Produced at the base of
convective clouds (often accompanied by
lightning and thunder)

They can produce both tornadoes and
downbursts

+**A downburst: A strong downdraft which A cumulonimbus cloud with anvil top

includes an outburst of damaging winds at or

near the ground (Fujita, 1985).

O MACROBURST: A large downburst with
outburst winds extending in excess of 4
km (2.5 miles) in horizontal dimension. .
Max. winds as high as 60 m/s

e MICROBURST: Extends 4 km (2.5
miles) or less in horizontal dimension
- - MICROBURST TORNADO
Max. winds as high as 75 m/s (Fujita, 1985)

3/43

Nature of Thunderstorm Downbursts
T 4km
Midair Microburst
1km
+0
4km
Touchdown
HIGH WINDS
G 1km
4 km
Surface Microburst
HIGH WINDS
725 1km .
& The curl phase soon after a microburst
The three stages of a descending |mpact'ed the surface -
microburst (Fujita, 1985 ) (Courtesy: NOAA Photo Lib.)
4/43
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Andrews AFB Microburst on Aug. 1, 1983
at z = 5 m (Fuijita, 1985)

Y
67 m/s (150 mph)

FRONT-SIDE PEAK WIND |
30+ KT ——+ { : |

L Re---]I2KTS
|

| l 1knot = 0.514 m/s = 1.15 mph
1 ! |—,—| — S

SACK-SIDE PEAK WIND
80— | 84KTS--1-

ST

— - o —
=3
=
50— — N — —
S 25m/s
. I 5“
20 " ‘
A |
2 20 E] 6 5 4 3 2 " D M OR O7T 06 W 04 D3 02 0 .?:lk 59 58
£ 15 a8 &, 2387812 s 2 T 15 g & 5 13 evzr
I A A Y = 2 AN NN NN ANENENRNEN
Ty ! | 1 |
37 sz 23
Time increases from right to left
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Simulation of Downburst Wind Field & Turbine Loads

Downburst parameters: - " " "
Ut 2 Power Spectral Density, |1 Full-Field Wind Velocity

rmax» Tmax? “max? Coherence Function |! U,V,W
Utrans’ P(t) -

Analytical Stochastic System Structural
Properties Dynamics Aerodynamic
(Blade, Tower, Time-Domain Loads
Platform, etc.) Solver

Full-Field Wind Velocity
uU,v, W

1
1
1
1
1
1
1
1
1
1
: Non-turbulent Turbulent
I Wind field Wind field
1
1
1
1
1
1
1
1
1

[ Downburst Simulation ]

Control Logic
(Pitch control,
Yaw control, etc.

Response
Time Series

[ Turbine Response Simulation ]

6/43
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Downburst: Hybrid Model

+ The wind velocity field can be described as the sum of two components:

U(X}ylzlt) = Um(x7ylz}t) + U(X’y’z’t)

where
U(x,y,zt) = total wind velocity field
Un(x,y,2, 1) = non-turbulent wind velocity field
u(x, y, z, t) = turbulent wind velocity field

++ A hybrid model

1. The mean winds are caused by large-scale flow and thus may be considered
to be deterministic

2. The fluctuations are induced by small-scale turbulence and thus are
considered as modeled by a stochastic process.

7/43

Downburst: Non-turbulent

Several models to describe the non-turbulent wind field have been proposed and
improved upon.

They include:

*+*Oseguera and Bowles, 1988
+ Vicroy, 1992

+* Wood, 1998

+ Holmes, 1999

+» Chen and Letchford, 2003
¢ Chay et al., 2005

«» Chen and Letchford, 2007

8/43
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Downburst: Oseguera and Bowles, 1988
I ——
% Model represents an axisymmetric stagnation point flow and is based on velocity
profiles from the Terminal Area Simulation System (TASS) study. It satisfies the mass
continuity equation in cylindrical coordinates.

% The radial (U,) and vertical (U,) velocities:
ARL ol
Ur(I’,Z) :T[l—e (r/R) ](e z2lz* —e z/g)
r

U,(r,2) = -Ae /R [a(e‘z’z* —1)—(2*)(9‘2’2* —1)]
where
U/(r,z) = radial wind velocity component
U,(r,z) = vertical wind velocity component
r =radial coordinate from the center of the downburst
R = the characteristic radius of the downburst shaft
z* = characteristic height out of the boundary layer
£= characteristic height in the boundary layer
A=intensity scaling factor

9/43
Downburst: Oseguera and Bowles ,1988
Comparison of Wind Vertical Profiles
2
s\
v N\
= N\
o N\
%' 1 \\ —Laboratory
0,8 —NIMROD
0,6 \\ —OB Model
0,2
0
0 0,2 0,4 0,6 0,8 1 1,2
Ur/Ur.max
NIMROD: Northern lllinois Meteorological Research On Downburst in 1978
10/43
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Downburst: Vicroy, 1992
|

% A modification of the OB 1988 model.
Uses new shape functions to more accurately represent observed wind profiles.

2=(rI1)%

U,(r,2)= izr [ - eq(z/zm]e[ 2a

U,(r,2) = —/]{Zm [eq(z/zm) —1]—&[602(2/;“) _1]} 1_l[rj2a J%}
z . 5 >

r

m

where
U/(r,z) = radial wind velocity component
U,(r,z) = vertical wind velocity component
r,, = radius at which U, ,,,, occurs
z,,=height at which U, occurs
a, ¢,, and ¢, are model constants;
a=2,¢ =-0.15,and ¢, = -3.2175.

Ais an intensity scaling factor

11/43
Downburst: Vicroy,1992
Comparison of Wind Horizontal Profiles
1,2
. IN~
X 0,8
©
L. ) N\
506 \ —OB Model
S /// \\ —JAWS
04 // \\ —Vicroy Model
"/ A%
0
0 0,5 1 1,5 2 2,5 3
r/rmax
JAWS: The Joint Airport Weather Studies (JAWS) Project, 1980
12/43
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Downburst: Vicroy,1992

Comparison of Wind Vertical Profiles

, \
SR N\
.\ AN

\\ —NIMROD

3 —JAWS

, “ —Vicroy Model
1 ‘__—>

0

0 0,2 0,4 0,6 0,8 T 1,2

Ur/Ur.max

z/z.max
i

NIMROD: Northern Illinois Meteorological Research On Downburst in 1978
JAWS: The Joint Airport Weather Studies (JAWS) Project, 1980

13/43

Downburst: Wood et al., 1998

“ An empirical model describing the development of a velocity profile over a flat board
(resulting from a static continuous impinging jet)

% The vertical wind profile is given by:

U(z):Um( Z ] [1—erf[0.70 Z ﬂ
T s

0 Z,,.0> = height at which U(z,,,,,) = 0.5U

where

max

¢ Only valid once the wall jet stabilized beyond ~1.5 jet diameters.
% Note: there is no explicit radial dependence in this model

14/43
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Downburst: Wood et al., 1998

Comparison of Wind Vertical Profiles

8
N\
7
s\ N\
N N\
Z \ —NIMROD
S~ —IAWS
2 W\ —Vicroy Model
2 \ —Wood Model
1
0 4
0 0,2 0,4 0,6 0,8 1 1,2
Ur/Ur.max

z/z.max

Given the range of z,,_, is 50-100 m AGL, the Vicroy model seems to estimate wind profiles over
the height of a wind turbine (20-160 m) reasonably well.

15/43

Downburst: Other Models
|
% Other models and refinements to existing models were developed

Holmes and Oliver (1999)
Chen and Letchford (2003)
Chay et al (2005)

Chen and Letchford (2007).

+ Not all are suited for wind turbine loads computations.

“ We will describe the Chay et al (2005) model which we employed n this study.

16/43
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Downburst: Chay et al., 2005

« Chay et al. modified earlier models by including the storm intensity M(t), storm’s
translational velocity, U, and radial distance where the U, ., occurs as a function of
time, r.,(t).

Un(x, Y, 2.) =U, (%, ¥, 2.8) +U ]

2-(r /1%
o [es@m) —gotera ] [0
U, (xy.z1) rmad [7

r.(t) €% —e%
c(2/2) 17— C(2/7,) _ 207 | 2=(r /(@)
UZ(X, y,zt) :_rl(t)ur,m Zn [€ 1 Cz[e 1 1_1 o e[ 2a }
ccle* —e%] 2{ 1, (t)
where

U
Ugrans = Storm’s translational velocity

= maximum radial velocity

r.max

z,,= elevation at which U, ., occurs;

r.max

r,,(t)=time-dependent radial distance at which U, ,,, occurs;

M(t) = storm intensity.

17/43

Why the Chay et al (2005) Model for Downbursts?
|

% Itis based on the OBV models
(which were in good agreement with NIMROD and JAWS data)

** Incorporates improvements from other models:

= From Holmes
includes Storm translation speed

= From Chen and Letchford
uses the hybrid model idea with a time-dependent intensity function.

+ Simple and comprehensive for wind turbine loads calculations (that involve time-
domain structural and aerodynamic loads analyses)

“*Model includes both radial (U,) and vertical (U,) wind components that are needed for
wind turbine simulations.

“#*Reasonably accurate over expected heights of most utility-scale wind turbines.

18/43
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Downburst: Turbulent - ARMA method (Time Domain)
|

« Samaras E, Shinozuka, 1985
P 9

u(t) => Aut-iat) +> B y(t-iat)
i=1 i=1

Storm Characterlstlcs] I Spatial coherence |

Power spectrum l PSD S; (f Utrans) coh;(Ar,f,Uyrans)

| Cross-correlation ]

l Cross-correlation matrix | Ck(t)

[ Coefficient matrices ] A, B

u(x,y,z,t)

P (Gaussian noise) ]

Correlated Gaussian Process l

19/43

Downburst: Turbulent = Veers method (Freq. Domain)
|

+ Veers, P.S. (March 1988)

[ Storm Characteristics ]

Power Spectra Coherence Functions
Si(flUtrans) COhij(ArrfrUtrans)
l Spectral Matrix I l S;(H l

I Transformation Matrix ] H(f)

[ Cholesky Decomposition ]

[ X (Gaussian noise) ]

I Fluctuations l l T(f) l
Inverse FFT

Correlated Gaussian Process | [u(x, Y, Z, t)]

20/43
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Turbine Response Simulation — FAST (NREL)
1
< Combined modal and multi-body dynamics
formulation.
< Three-bladed turbines:
9 rigid bodies (earth, support platform,
nacelle,...)
5 flexible bodies (tower, three blades,
and drive shaft)

% 24 DOFs:
support platform motions (6), tower motions
(4), nacelle yaw motion (1), variable rotor G
speed (1), etc. o m —

“Flexible Tower and Blades: e

o Tower: Four mode shapes B

o Blades: Two flapwise, one edgewise modes.

Flapwise dl
Edgewise |7 <
ik — ]
e Racond Mode

Defiection 21/43

Towar Holght

Layout of a conventional, upwind,
three-bladed turbine (Jonkman, 2005)

Problem Description

Xo AY

Storm Track

e S S S e
Storm Touchdown = = Yo
Point e ' 63m
/ X
longitudinal wind Uu=u,+u /]

J V =V, + v' lateral wind

@Il @ (1) No Yaw Control

(2) Full Yaw Control
Rotor plane
(zero yaw error)

Plan View showing Thunderstorm Downburst
and Wind Turbine

22/43
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Changing Wind Direction in a Downburst

O<a<45°
Rotor plane

Ulrans

45°<a <90°

__________ \ = Ugans  Rotor plane

Um

% U,
90°<a < 180°
Rotor plane

Utrans

Rotor plane

0 = wind direction

23/43

Thunderstorm Downburst: An example
|

Storm Parameters:

1.Intensity build-up in 6 min; exponential decay after
+
n@ =46

16

ez t>6

t<6
tis time in minutes

2.Maximum radial velocity, U, ., = 47 m/s

3.Storm translational (environmental) velocity at hub height, U, = 12 m/s

4.Radial distance at which U, ,,,, occurs;

r,=1,000(m)+ 1 m/s xt(s)

5. Elevation at which U, ., occurs; z,, = 90 m

24/43
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Non-turbulent Wind Profiles - Vertical

Different times Different distances

500

Height (m)
N N w
3

o
o

Height (m)
N N w
3

1 § | W |
— @t =5 min — @r = 4680 m
4501 — @t = 6 min 450} — @r=5680 m
400 @t =7 min 400 @r=6680m
350 350
00 00 FAR NEARER

NEAREST

150 150
100 100
50 50
0 ; 0 ;
0 20 40 60 0 20 40 60
Radial Wind Velocity (m/s) Radial Wind Velocity (m/s)
At distance = 5,680 m from touchdown At time = 6 min
25/43
Wind Profiles - Downburst vs. NBL Winds
1
Horizontal Winds Vertical Winds
500 X 500 T
= Downburst profile = Downburst profile
450 = NBL profile I 450 = NBL profile I
400 400
350 350
€ 300 € 300
£ 250 £ 250
Rl Rl
T 200 £ 200
150 150
100 100
50 50
0 ‘ ; ] ; ;
0 20 40 60 -15 -10 5 0 5
Horizontal Wind Velocity (m/s) Vertical Wind Velocity (m/s)
Downburst profiles are at distance = 5,680 m and t = 6 min
26/43
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Non-turbulent Wind Profiles Along Storm Track

4320 m 1360

Touchdownl Center lunmax
05m

Storm snapshot
att =360 sec

«»» Storm location from
touch down:

12 X360 =4320m

Elevation (km)
o
L)

«+ Radius to max winds,
r,,=1000 + 360 X 1
m 3 04

=1360 m
Z, =90 mI
0

0 6 8 10
Distance from touchdown (km)

t = 360 sec (6 min) |

27/43

Non-turbulent Wind Profiles at z = 90 m

4320 m 1360
Touchdownl Centerl lumax

Storm snapshot B0

att =360 sec 50

40
«»* Storm location from

touch down: 30

12 X360 =4320m =

- - 10
¢+ Radius to max winds,
r,=1000+360 X1

=1360m

t = 360 sec (6 min) |

28/43
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Non-turbulent Velocity Field Visualization

Velocity Field @t = 0 sec (Unit: m/s)
0.5

5 60
0.4
0.3
0.2
0.1
00 2 4 6 8§ 10 12

z (km)

0

x (k)

Evolution of the non-turbulent velocity field
in a vertical plane through the storm track

29/43

Non-turbulent Velocity Field Visualization

Velocity Field @t = 0 sec (Unit: m/s)
4

2
2
4
o 2 4 6 8 10 12

x (k)

y (km)
(=]

Evolution of the non-turbulent velocity field
in a horizontal plane @ height = 90 m

30/43
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Properties/Dimensions

Power Rating

Control
Drivetrain
Rotor Diameter
Hub height

Rated Tip Speed
Rotor Mass

Nacelle Mass
Tower Mass

Rotor Orientation, Configuration

Cut-In, Rated, Cut-Out Speeds
Cut-In and Rated Rotor Speeds

Overhang, Shaft Tilt, Precone

NREL 5-MW Baseline Wind Turbine Model

Values

5 MW

Upwind, 3 Blades

Variable Speed, Collective Pitch
High Speed, Multi-Stage Gearbox
126 m

9om

3m/s, 11.4 m/s, 25 m/s

6.9 rpm, 12.1 rpm

8om/s

5m,5°,2.5°

110,000 kg

240,000 kg

347,460 kg

l

Specifications are
based largely
on the REpower 5M

m

REpower 5.0 MW Turbine.

(Photo: REpower Systems AG)
31/43

Turbine Response: Grid Discretization for Inflow
|
- 14x10m=140m 14x10m=140m
Wind
jr'?' '#'?'?'?'#'?'?'#'#'?'?ﬁ? ‘f'#'f'Y'#'#'Y'Y'#'Y'?'Y'#'Y'?
y-+-+-+-+-+-j-+-+-+-+-+-+-+-~? I R T e o o
¢ o & : - O
¢ 44 bodeeo et | B
& 44 $4A -4 [ X
ettt et tttts  bfebaretafereta g
LS5 S S G S G [ G S S i e s ¢ e R Q7 i Sh g S =) 3
0 S G G S G e A 0 S G 0 S SIS G SRR v e (A% 0 G (10 i
[ERShananShan: | IRERSRGRGE Gk ot [ SRaRh S d R | \1 .\'*???"?'*.?"*?
IRGhenenshen | RERIRERER SRR S SR | RN F e BN
IShoRSRahdhas | IRShanohanahant ISR e e en e e RS 0 O & o B e
o e e RER SR ohan o an *"?"‘?‘:.?q,i‘?" A |3
S S S S £ [ [ e o e ISRSRShENGRa R Sash 1ot o o)
600 G S G S G | 1 S G S e e S (S G S S - - s g e s
b-b bbb —;—6—«&—#—#—&—«5 (SR SN SR SR S N BN —«z&—#—«'r PSR Sy
X y
Side View Front View
140 x 140 x 140 m grid (153 grid points)
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Turbine Response Simulation: One scenario
|

Storm’s Initial Locations w.r.t turbine system:

Xg = -6km, y, = 1 km (as shown)

e - y 5
= o Utrans Storm track :
! |:' i ________________________ e ——— 1
| S U Yo = 1 km :
: ' 63m |
i X i
! X = -6 km Rotor plane :

Assumption: No initial yaw error; and storm moves in the
direction of the ambient environmental wind, U, .-

33/43
Wind Velocities, Direction at Hub (z = 90 m)
-
© | Neutral Boundary Layer Turbulence |
50 —U-comp
2 4o)  V-comp ‘ Zero-mean wind direction ‘
< W-comp
z 1
8 20
(3]
> 10
2 oy
s -10
—200 160 260 360 460 560 660 760 860 960 1000
Time (seconds)
| Microburst Winds |
60 T 180
| Ucomp _
> 150 &
E 40 S
E‘ 30 120 S
E%:: 20 90 ‘g
10 (a)
2 ok eo =
2 10 30 =2
-20 T S
0 100 200 300 400 500 600 700 800 900 1000
Time (seconds)
Thunderstorm downbursts are transients
34/43
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Bending Moments at Root of Blade 1

40

| Neutral Boundary Layer Turbulence |

‘ — NBL Wind Response‘
E 30 ,
z
=
o 208 B
>
2
8 10
e

. . . . . . . . .
% 100 200 300 400 500 600 700 800 900 1000
Time (seconds)
0 Microburst Winds |
—— Microburst Reponse
E 3ol B
z .
= No Pitch Control
S 201 No Yaw Control
= t=341 sec.
S 10 ,
x
0

. . . . .
0 100 200 300 400 500 6
Time (seconds)

I I I I
00 700 800 900 1000

Simulation stops at t = 341 sec
35/43
Bending Moments at Root of Blade 1
|
20
— with Pitch Control
£ 10 No Yaw Control
,2%-10 t = 447 sec. |
8
@
-20 ‘ ‘ ‘ ‘ ‘ ‘ —— Microburst Reponse
0 100 200 300 400 500 600 700 800 900 1000
Time (seconds)
20
E 10 J
z
£ g | = 715 e
2 ol with Pitch Control |
5" with Yaw Control
[ -
0 100 200 300 400 500 600 700 800 900 1000
Time (seconds)
Simulation stops when 45 degree yaw error occurs
36/43
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Turbine Response Simulation: Another scenario
|
Storm'’s Initial Locations w.r.t turbine system:

Xg = -6km, yo = 100 m (as shown)
Y :
L “ Utrans Storm track
' ] i !
' Nl ~ Ur Yo = 100 m I
' 63m i
I X :
' — :
i Xo = -6 km Rotor plane :
1 1

1
Enot to scale i
37/43
Wind Velocities, Direction at Hub (z = 90 m)
]
| Offset distance y, = 1000 m |
70 T T T T T T T 180
of— U-comp
@ 50— V-comp 150§
E 40— W-comp e
strongly | Z s 120
yawed | 3 2 % §
flow i 0 60 g
£ a0t 0 £
=201
-30 8
0 100 200 300 400 500 600 700 800 900 1000
Time (seconds)
Offset distance y, = 100 m
70 T T T T T oo o — 180
60— U-comp
@ 50— V-comp :150§
Ew d120 T
% 301 18
S 20 490 ©
2 19 W L
E O stvdeperai] 60 %
S -10fF dag S
2 ol 30 =
20 100 200 300 400 500 600 700 800 900 1080
Time (seconds)
Large offset distance: large wind speeds and direction
change occur at the same time - strongly yawed flow 38/43
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Bending Moments at Root of Blade 1
]
| Offset distance y, = 1000 m |

with Pitch Control

20

g No Yaw Control
= J
-
ES
= t = 447 sec. |
]
S
o

- ‘ ‘ ‘ ‘ ‘ ‘ — Microburst Reponse

0 100 200 300 400 500 600 700 800 900 1000

Time (seconds)
Offset distance y, = 100 m |

15 with Pitch Control
No Yaw Control

t = 521 sec. 1
sl i

— Microburst Reponse

. . . . . .
100 200 300 400 500 600 700 800 900 1000
Time (seconds)

Pitch control alone is not enough in yawed flows

RootMyc1 (MN.m)
o

-25
0

39/43
Bending Moments at Root of Blade 1
'
| Offset distance y, = 1000 m |
15 T T T T T T
’é'* 10 B
=
S s t = 715 sec+
-
o
s 0 with Pitch Control
’IS =l with Yaw Control |
‘ ‘ ‘ ‘ ‘ ‘ — Microburst Reponse
—100 100 200 300 400 500 600 700 800 900 1000
Time (seconds)
Offset distance y, = 100 m |
15 T T T T T T
’é 10 q
g 5 t = 524 sec. ]
-
;> s with Pitch Control -

DE’:, Al with Yaw Control |
—100 100 200 300 400 500 600 700 800 900 1000
Time (seconds)

In strongly yawed-flow conditions, both pitch and yaw
controls are required to minimize loads 40743
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Bending Moments at Root of Blade 1

| Offset distance y, = 1000 m |

N
3

=56 with Pitch Control
=3 with Yaw Control
g 5 + shutdown
=
S o - iy
o

-50 160 260 360 460 560 660 760 860 960 1000

Time (seconds)
Offset distance y, = 100 m |

15 T T T T
’S_lo with Pitch Control -
=5 with Yaw Control
g 5 + shutdown
2
8 or Wy
o

-5

. . . . . . . . .
0 100 200 300 400 500 600 700 800 900 1000
Time (seconds)

If winds above cut-out (25 m/s) for 10 revs (~50 sec),
blades pitch to 90 deg. 41/43

Concluding Remarks
I ——

O  Thunderstorm downbursts can cause very high wind speeds and large rapid
direction changes

O  Ahybrid deterministic-stochastic model was employed to generate microburst
flow fields; then loads on a 5MW turbine were computed for these flows

O The response of a wind turbine in such flow fields is strongly influenced by pitch
and yaw control

O  The storm’s touchdown point relative to the wind turbine can lead to strongly
yawed flows. In strongly yawed flow conditions (for large offsets from the storm
path), effective yaw control is needed to limit turbine load ranges.

O  Realistic shutdown sequences, blade pitch control logic, and yaw control logic are
needed for accurate load estimation during downbursts

42/43
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IEC Load Cases for Transient Events - EDC
Extreme Direction Change (EDC)
¢ The transient extreme direction change is given as follows:
0° fort<0
o) = 0. 1-cos m forO<t<6sec
6
6, fort>6sec
where g, is the extreme direction change magnitude
* g, = standard deviation of turbulence
* Uy, = hub-height wind velocity
—_ Uu .
6, = 4arctan, — « D = rotor diameter
u hub(1+ 0-1xj A\ = turbulence scale parameter
(for hub height =90 m, A =42 m)
44/43
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IEC Load Cases for Transient Events - ECD
|
Extreme Coherent Gust with Direction Change (ECD)
“*Magnitude of the extreme coherent gust: Uy =15 m/s
720deg m/s
“*Magnitude of the direction change: Oy = L9 ms
U hub
< Wind velocity: U(2 fort<0
mt
U(zt)=4U(2)+0.5U_||1-cos| — | |for 0<t <10 sec
2 =10 { [10H
U(g+U, fort>10 sec
¢+ Wind direction:
0° fort<0
it
6(t)=:0.5/8, | 1-cos| — || for 0<t <10 sec
0=osa|1-e{
o, fort >10 sec
45/43
IEC Load Cases for Transient Events
IEC Extreme direction change (EDC)
30 T T T 90
— oy [— wina vecuon]Jg5_
= 20 160 =
g 15} Pog
= 140 @
2 10f TS 302
£ 20 £
2 5t / 103
OO 16 26 3‘0 4‘0 5‘0 68
Time (seconds)
IEC Extreme coherent gust with direction change (ECD)
30 ; ; ; 20
—u
:UE’\ 25 nd |rect|onisg ;3\
= 20f 60 =
E’ 15+ 0 '%
S 40 0
2 10f 1302
£ 420 £
= 5 110
% 10 20 30 20 50 60
Time (seconds)
Given: D = 126 m; Hub height = 90 m; U, = 12 m/s;
46/43
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December

Numerical simulation of typhoon
winds with a mesoscale model

Teruo Ohsawa (Kobe University)
and
Taiichi Hayashi (Kyoto University)

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Purpose

To investigate how well a meteorological mesoscale model
can reproduce the wind fields of a tropical cyclone (Typhoon) .

10:00:00
01 fiug 01
10 of 24
Wednesday

Mesoscale Model MM5 Ise-Bay Typhoon (1959) simulated with MM5
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

The typhoon investigated here is ...

Typhoon T0314 (Maemi)
I~ Y, \ P
b |
/’0 QQ‘:
2 y
1902
(. 70]4 <
g
| 0314 uAg
ohBy s
o 7
i e
7 T4 1189 . . "MJ ,1:"_-'
Surface analysis (09JST Sep 11, 2003) Satellite IR Image (03JST Sep 11, 2003)

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Damages caused by Maemi

Of all 7 turbines on Miyako Island,
3 were collapsed and 4 were
damaged to blades and nacelles
(Maruyama et al., 2004)

from JMA Miyako station (2003) from Okuda et.al. (2003)
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Typhoon Maemi

Maemi occurred near the Mariana Islands on Sep 6, 2003 and
moved northwest, hitting Miyako Island at its peak intensity.

100°E
60°N y———120'E

Cited from Digital Typhoon (http://agora.ex.nii.ac.jp/digital-typhoon/)

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010 . B
Measurements at JMA Miyako Island station
1
FRISEREFE145(F13) .
A st 94 Peak Gust of 74.1 ms (03:12JST Lith) |
[ mAwmmsE — Pk i sUE |
80 / 1000
IR, ¥-11503%125 74 imisEig
70 b
Bﬁ: 280 ‘E ;
(13}
JFEE Max Wind Speed of 38.4 m/s
& (03JST 11th)
mige | o ) hPa
- 4 840
20 b
i 920
10 NM""J‘ . .14 o
1 18 0485 1253 (2812 OhP 438
e F ~J s00
;%?0 1200 1800 i:h 0800 \Q 18:00 120 §
S = B S
= ‘gg { i ‘\ : Min MSL Pressure of 912 hPa
5 el : b (04:12JST 11th)
N 8§ i o) rdm
—-45 -M ] ]
W g0 H‘}‘ﬁw
-135 ' J
S-19 J
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

From here

Numerical Simulation of Maemi
with mesoscale models MM5 and WRF

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010 T :
Model configuration
~ Topography Height v
WRF v3.0
Period Start: 15:00 JST Sep 9 2003 . » i
End: 03:00 JST Sep 12 2003 T
Input data  6-houlry 20x20km JMA RANAL T2 11 100
Daily 0.05x0.05deg TOHOKU 187 ):K T oo
Univ. NGSST “1 / \ =0
Nesting 2-way nesting “ “\ o
Domain Domain 1: 6 km (190x190 grids) ® / \ o
Domain 2: 2 km (61X61 grlds) zu/{(n 60 80 100 120 140 No 180 °
Vertical s CE
layer 35 levels (Surface to 50hPa) ! %
Time step Domain 1: 36 sec |
Domain 2: 12 sec 3 | Y
FDDA On (Excluding PBL)
PBL Mellor-Yamada-Janjic PBL a o
Scheme  scheme o}
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010 . . : .
Wind fields simulated with WRF
WRF 2003-09-10_00_uvs.dat
mis
Wind VEC'[QI’S

4ac &
> d S
s« Wind speeds
el (colors)
32 C
L] %
28
2€

24

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010 . :
Comparlson with measurement
i Wind Speed Wind Direction
45 360 A 4
40 —WRF | [ 315 - *WRF ¢ \
35 ——O0BS I A 2 270 - #0BS | -
£ H aT——
= AW e g s
A AIRTAMN
215 A\ LS NAN S 135 .
310 %A%g% £ ° g
L\ 45

o u
<
o
3
S O3

= = o (=] = = o (=] = = o o = = o [ = = o (=2 = = o o
P 2 o o N 2 o5 o N @ S o N ® o o kM ® o o M 2 o 9
o [=3 o o [=3 o o o o [=3 o o
g g 88 3838 8 3 g 8 s 8 8 8 8 g8 8
= = =
© 1 I I~y © o [ N
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December

Comparison with radar image

2010

Small eye wall  Large eye wall

The maximum wind speed in WRF corresponds to the large >3
eye wall and the small eye wall is not reproduced.

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December

Reason for the unrealistic eye

2010

Input data (RANAL) does not have enough resolution to
express the center of Maemi.

RANAL_2003-00-10_18:00 dat
BERE mf"’”"‘tﬁ“’"’“‘:ﬁﬁ o
oo :/ " 4

B 7
QR

In order to reproduce the detailed structure in the center of the |
Typhoon, the Typhoon bogussing scheme is used.
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Typhoon bogussing scheme

JMA ANL bogus ( Ohnogi, 1997 : Ueno , 2000 )
z

1. Calc. of surface pressure

Fujita’s Equation

Surface Pressure distribution

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Typhoon bogussing scheme

JMA ANL bogus ( Ohnogi, 1997 : Ueno , 2000 )
z

V'S

2. Calc. of geopotential height deviation

o T

R

Deviation (m) Isobaric surface
from heights at Rg

According to Frank’s analysis

D =AInp-Inp.)x{[Inp~In(R,)]* +¢}" C@)

xexp{dlInp-In(R,)1°} +~ | Ted(inp)
g R

Surface pressure distribution
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Typhoon bogussing scheme

JMA ANL bogus ( Ohnogi, 1997 : Ueno , 2000 )
2

Gradient wind
Vgr:E{—(fr)+\/(fr)2+4rga} <©>

Surface pressure distribution

3. Calc. of gradient wind

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Typhoon bogussing scheme

JMA ANL bogus ( Ohnogi, 1997 : Ueno , 2000 )
2

'S

Geopotential
Height

4. Addition of asymmetric components

Velocity

Asymmetric components

) (=S

Vb :Vbs + (Vg _Vgs)

Surface Pressure distribution
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Typhoon bogussing scheme

JMA ANL bogus ( Ohnogi, 1997 : Ueno , 2000 )

SURF. WIND & PRES. 2004/9/28 12UTC

1. Calc. of surface pressure
2. Calc. of geopotential height anomaly
3. Calc. of gradient wind

4. Addition of asymmetric components

Cressman weighting function 25
R?-r2 :
W=—— (R=Radiusof typhoon) 125 130 13
Re+r

JMA RANAL
(Sep 28, 2004 12:00UTC)

i

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Before and after embedding the bogus

RANAL + BOGUS

RANAL+BOGUS_2003-09-10_18:00.dat

3
i

B

¥RERRERRSE

T RAMHYANRKOAERES

(Sep 11, 03UTC)
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

MMS5 configuration

MMS v3.7
Period Start: 00:00 UTC 11 Sep 2003
End: 12:00 UTC 10 Sep 2003
Input data  6-houlry 20x20km JMA RANAL
Daily 0.05x0.05deg TOHOKU
Univ. NGSST
Nesting None
Domain Domain 1: 3 km (301x301 grids)
ferical 23 levels (Surface to 100 hPa)
layer
Time step Domain 1: 10 sec
On and Off cases

FDDA  Eycluding PBL)
PBL

Eta (Mellor-Yamada) scheme
Scheme

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December

WRF vs MM5

WRE 6km-grid MM5 _3km-grid

WRF 2003-09-10_01_uvs.dat MM5 fdda_2003-09-10_01:00_uvs.dat

3
-

Rt 2 RRBHERRA
REETHR AL LR RS
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

With bogus vs. without bogus

MM5S MMS + Bogus

MMS fda_2003-09-10_01:00_uvs.dat MMS Bogus fdda_2003-09-10_01:00_uvs.dat

H
H

ERETRRREER R 2
X N X HER &
EEEE =

Fi
. WL

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010 :
Simulated and measured surface pressure
1020
1000 [ 2®eeesee
g 980 L.\-\ — /./7 .
2 °
: V- |
S 940 kf
~e-0BS (JMA Miyakojima) i B
920 | —MM5 FDDA < .
—MM5 FDDA BOGUS *
900 I I I I I I

0 3 6 9 12 15 18 21 0 3 6 9 12 15 18
Time

IEA WIND ENERGY -Task 11: Base Technology Information Exchange 93



TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Simulated and measured wind speeds

5 T T T ]
a0 4| —OBS (JMA Miyakojima)
—MM5 FDDA 4
35 +— —MM5 FDDA BOGUS A \ \

10-min Wind Speed (m/s)
\42%
N
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Time

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Effect of FDDA

Four-dimensional data assimilation (FDDA)
Analysis nudging

Ez F(a,X,t)+Ga W’Va QU(X) m&o _a)

Physics equation Analysis nudging term
a . Interpolated large-scale analysis
0 e ¥ 4 Simulation @
G, : Nudging factor

W ' Weighting function
W, = w, w,w, .
€, t Analysis quality factor (O to 1) T T+6

Analysis 5’0

IEA WIND ENERGY -Task 11: Base Technology Information Exchange
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

FDDA vs. no FDDA

MMS FDDA MMS no FDDA

MMS fdda_2003-09-10_01:00_uvs.dat MMS nofdda_2003-09-10_01:00_uvs.dat

H
i

A A MR EXREREY R EZR
BEEHRHADRRRS

mom A B R oA oM
T

s
L

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December

Summary

2010

B |n case of using JMA RANAL (20km-grid) for the Maemi
simulation, a large eye is produced and the simulated
winds are not in agreement with the measurement.

3

B By using the typhoon bogussing scheme, the radius of the :
eye becomes smaller and the simulated wind speed is in
better agreement with the measurement.

&
B FDDA helps to keep the typhoon track correctly, but it R o
tends to weaken the typhoon intensity. '
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

END

R

IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December

Title

2010

RANAL_2003-09-10_18:00.dat RANAL+BOGUS_2003-09-10_18:00.dat

3
i

HEBRBEERESA
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IEA experts meeting on Wind Conditions for Wind Turbine Design 14 December
2010

Title

Mesoscale model

MMS5 (5t generation mesoscale model)
by Penn. state univ. and NCAR

Problems

1) Difficult to control typhoon track

-+ Use of FDDA (Four Dimensional
Data Assimilation)

Typhoon simulation with MM5

2) Intensity of typhoon is often weak Raor:
at the initial time iz

= | Introduction of Typhoon Bogus scheme
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IEA Wind Task 11 TEM 2010, 14 Dec, 2010
University of Tokyo, TOKY O, JAPAN c Tc

Analysis of SODAR Measurements
over Complex Terrain in JAPAN

Hiroshi KUBO
ITOCHU Techno-Solutions Corporation (CTC), JAPAN
http://www.engineering-eye.com/en/index.html
Hiroshi.kuboa@ctc-g.co.jp

B Remote wind sensing devices tend to have errors when it measures the wind
flow over complex terrain due to flow distortion.

B In order to evaluate the performance of SODAR over complex terrain in Japan,
measurement campaign was done at Otsuki wind farm in the Island of Shikoku.

B We analyzed the SODAR data and collocated meteorological mast data.

B We considered the correction method for Sodar measurement over complex
terrain by CFD.

Introduction CcT1TC

IEA WIND ENERGY -Task 11: Base Technology Information Exchange
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Site Description €T1C

B The measurement site called Otsuki WF is located on the island of Shikoku
B The instruments were installed at a height of 280m asl along the mountain ridge.
B The prevailing wind directions are north-west (winter) and south-east (summer).

Otsuki WF o,

JAPAN

Theisland of
Shikoku
Pacific ocean

3
Site Description €T1C
W Otsuki WF is complex terrain and forested area.
View from North
side
(Oct. 2009)
4
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Site Description €TC

B Otsuki WF has steep slope.

B Gradient Angle (A-B Cross section):
- North side : 18(deg)
- South side : 12(deg)

0.0 01 02 03 04 08 06 07 08 058 1.0 1.0 1.2 [m]

North Side South Side

Contour Map (10m interval) w7 12(deg).- ="

By digital terrain data (50m grid) &01m

524m B
Vertical Cross Section :
Site Description €T1C

B Wind flow is measured over complex terrain by SODAR.
B SODAR is located near the ridge line.
B Wind Mast which has 50m height is installed for SODAR .

AT SR TR | SN ) = (€A D S T
e z'isj/ﬁfﬁ ‘\& \\“ “\}K\A{)( ¢’>U;hj/‘lf/r/ ﬁ%ﬁ{ﬁﬁr{ = T‘@\V '&;
gt i \E\>(ﬁf’/,»j.>,)---‘ £Z :fi;?q»_fJ N SN T S

Y “( Ri,( - NN (( z

\_\\
R W e
P L e
o X x
iy
e
il

|
SR

JFi j : lb i
@‘\.ﬁ Jﬁ ?? 3
) > Jj\

Terrain map around Otsuki WF 6
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i i CTC
Measurement configuration
B Mono-static SODAR ( SONIC Corporation,AR410N )
» Measuring method : Monostatic doppler sodar
» Transmission frequency : 2400Hz
» Transmission pulse length : 30msec
» Beam width : 9deg
» Angle of inclination : 20deg
lﬁ
7
i i CTC
Measurement configuration
W Positional relationship between SODAR and Wind MAST
» SODAR is 41m horizontal distance from Wind MAST.
» There is 9m altitude difference between SODAR and Wind MAST
N$ Cup  Wind
Anemometer Vane
HeighlSOm.T: :r
Wind MAST
....... *G.‘.'-.‘ T
lap
41m
e
gODAR % gt om
‘;ODAR 41m
View from above View fromside 8
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Comparison of the measured wind speed <<

20
\

B Comparison between cup anemometer and N
SODAR wind speed e 0750

» The analyzed period started 11 July 2009 and ended 9 Oct
2009

» SODAR measurement was analyzed for the data which
acquisition rate for 10-min is over 80%.

» Correlation coefficient between cup anemometer and
SODAR was 0.871

» Bias (SODAR — Cup Anemometer) was -1m/s |

» The 10min averaged wind speed of SODAR 0 5 10 15 20

SODAR WindSpeed(m/s)at 60m

measurements was lower than that of cup anemometer MAST Wind Speed(m/s)at 50m
16
MASTSOm —— SO

=
=}

i

—

Wind Speed (m/s)

= WS B 2T
Sl FrToOTene L RToO TR nes
T55S ol oo SRCACACAA o g D g N N NN SoSScsSeS 9

Comparison of the measured wind direction <7<

B Comparison between wind vane and
SODAR wind direction

» Wind direction of SODAR is mostly
coincided with that of wind vane

» Low wind speed data is excepted.
(WS>=3m/s)

SODAR Wind Direction (m/s) at 60m

MAST Wind Direction (deg) at 50m | WS 2 3m/s]

Wind Speed (m/s)

,\
e,
——

Mo 2S00, wg
S e e o TEea LRSoLISshEs

e
R N S R R A R e P P R R R

IEA WIND ENERGY -Task 11: Base Technology Information Exchange 103



TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"

Comparison of the measured data

B Wind speed for wind direction
» Wind speed difference (SODAR - Cup Anemometer)
depends on wind direction.
» Wind speed difference (SODAR - Cup Anemometer)
in bin-average varies from -0.5m/s to -2.0m/s. [ ]
/e Turbulence
intensity (WS>=3)
Measured by cup
anemometer

30deg 60deg 280deg 310deg

- SODAR Rifference (SODAR-CUP) @ Bin-Average

Wind speed difference { SODAR - CUP) (m/s)

0 30 60 90 120 150 180 210 240 270 300 330 360

Wind Direction (deg)

Wind speed difference for wind direction (WS>=3m/s)
Red circle: bin average for wind speed difference, Red line: standard deviation, Bin width: 6deg interval 1

B Inflow angle for wind direction

-
H H H Vertical
> _In South Eas_t wind Q|rectlon, windepeed Tflow
inflow angle is the highest, 8(deg) 25 angls (deg)
» Inthe South East wind direction, " Horizontal

inflow angle variability is the lowest. vindspeed

= This result points the flow distortion is high in this area. _* <

30

-/ ! 4 -__, 7,9‘1 “-:: |
Rl " ﬂ( =m0
Topography map around
measuring point

Inflow angle distribution for
wind direction (WS>= 3m/s)

SODARinflow angle {deg)

SODAR Vertical Flow @® Bin-Average E a7 - i Red C|rgle: bin averagefor wind
R speed difference, Red line: standard
------- Inflow Angle (+8deg) -+ +-+ Inflow Angle (-8deg) . deviation, Bin width: 6deg interval
30 : i : : : : : .
0 30 60 90 120 150 180 210 240 270 300 330 360
Wind Direction (deg) 12
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Speculation c1Cc

B We think such flow distortion over complex terrain causes the

difference between SODAR and cup anemometer
O Main assumption in the SODAR measurement is horizontally homogeneous.
» But such assumption doesn’t work over complex terrain due to flow
distortion

O Flow distortion for the spatial control volume of SODAR measurement can
be estimated by CFD simulation.

O In order to remove the effect of flow distortion, we have simulated the wind
condition by CFD techniques around this area. 13

CFD simulation of flow over complex terrain <7<

We have made the digital topography data in 10m
mesh interval around the measurement point.

[w] spnuny

150 180 Bl

Digital Topography data around measuring point (10m mesh interval) 14
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CFD simulation of flow over complex terrain <7<

Results of CFD simulation (k-e model) in 10m-mesh
» Wind speed measured by wind mast is used as input wind speed of CFD simulation.
» Examples of respective wind direction are as follows (NW, S wind direction)

Example of the CFD result for respective wind direction sector (NW,S wind direction)
Color line: Wind speed[m/s], White line: Vertical wind speed [m/s], Black line: Altitude[m]

15

Correction of SODAR measurement by CFD £TC

mCorrection of inhomogeneous of vertical flow in SODAR measurement
» Inhomogeneous of vertical flow causes the error for the SODAR measurement.
» In order to correct this effect , we applied CFD.

. Application of CFD
Viaas =Usina +W, cosa o - V= Line-of-sight velocity

Woc=Vertical flow component measured by

SODAR W equipment.

1 1 W/-\CFD
U=— (Verbs ~W, cosx ) =——| Viaons 7| Weots i COS¥ | wa=Vertical flow component measured by
sina sina W

SODAR A equipment.
a = Zenith angle for sonic wave of SODAR

.............................. In the case Of Zenlth anqle:ZOdeq
U e Contribution to line-of-sight velocity of
vertical flow is 2.8 times larger than
horizontal flow.

When SODAR measurement
is calculated, Wcis assumed
as homogeneous.

Line-of-Sight velocity

VrA
,obs .

V pons =U Sina +W, cosr
Difference between Wa and

We causes the error. Viaons =0.34J +094N,  at a=20deg

It is very important to understand
the correct vertical flow condition.

AW 16
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Results for correction of SODAR data LTC

We checked the improvement of wind speed difference for wind direction

»Accuracy got better in some wind direction sectors.

»But the results show that this correction method still has problems to resolve.

; { mproved
: e /
! [ o
N TN AN
RV L

T
XA f

=

N
4
{

\
<
\\

Wind speed [Cup, SODAR] (m/s)

—e— Cup Anemometer SODAR (Raw)  —&— SODAR (Corrected)

0 30 60 90 120 150 180 210 240 270 300 330 360
Wind Direction (deg)

17

Summary and Future Plan cTC

B Wind flow was measured over complex terrain by SODAR.

B The 10min averaged wind speed of SODAR measurements was
systematically lower than that of cup anemometer

B We have simulated the flow over complex terrain by CFD
» We corrected the SODAR measurement by CFD simulation.
» We confirmed the wind speed difference between SODAR and Cup
anemometer got better in some wind direction sectors.

B We will study the correction method for remote wind sensing
measurement over complex terrain more precisely by using more
advanced CFD techniques.

18
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Future Plan CTC

Installation of WindCube ( Lidar,developed by Leosphere Co. )

» We installed the WindCube at Hasaki in 6 Dec,2010.
>» We plan to use the WindCube for investigation of accuracy and reliability

on remote sensing technology.

Dec 2010 : Test measurement at Hasaki, Ibaragi ( flat terrain % f
Jan 2011 ~ : Test measurement at Otuki, Kochi ( complex terrain ~— . /==

L APy

Future Plan CTC

Slte Description ( Hasaki WF )
The measurement site called Hasaki WF is located on the Inubosaki at Ibaragi

®  The instruments were installed at a height of 5m along the seashore.
We plan to compare the measurement result of flat terrain ( Hasaki WF ) with

that of complex terrain(Otuki WF).

The Inubosaki
of Ibaragi

Pacific ocean
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Thank you for your attention.

APPENDIX
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CFD simulation of flow over complex terrain . <T<
Angle of inclination for SODAR 20 (deg)
Measuring height 60 (m)
Horizontal distance from SODAR
installation RO

Measuring points

of SODA W
I at heig

Simulation area around

measuring point

(Simulated by 10m mesh
- topography data)

{25 104 175 (26 177 120 138 130 131 152 13 134 135 (38 137 130 13 14D (51 182 343

Color : Altitude(m)

23

Met Mast Information C€TC

ARE Teh) R (10h)
50m i Ib T4 o T
RAEHEH T 4 e @)
e Ne 1800 10
60cm
30m JRETT (3¢h) TRt (3eh)
(il g Y S
6m
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IEA R&D Wind Task XI - Topical Expert Meeting On

“Wind Conditions for Wind Turbine Design” 14 —15 Dec. 2010, The University of Tokyo, Japan

Impact of severe wind conditions for wind turbine design
- Impact of severe wind conditions on wind turbine design -

Hiroshi IMAMURA
Wind Energy Institute of Tokyo, Japan
imamura@windenergy.co.jp

IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST

Introduction 1/2 217

O NEDO project(2008-)
“Research and Development Project of Next Generation Wind Turbine
Generation Technology (R&D of Basic and Applied Technology)”

O Subjects
v'Technology toward highly safe and reliable wind turbine generation

systems even in severer wind conditions such as typhoon and highly
complex flow

v'Technology related to the very large wind turbine generation systems.

v'To solve these urgent subjects, the wind condition models for complex
terrain and for Typhoons(Hurricanes) are developed in this project.

O Wind condition model
v'Wind measurements in complex terrain by Met-mast and SODAR/LIDAR

v'Data analysis of NEDO FT-data and Guideline data

IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST

IEA WIND ENERGY -Task 11: Base Technology Information Exchange 111



TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"

Introduction 2/2 3|17

O NEDO Guideline
v’ Japan published the Wind Power Guideline for Japan in 2008, as a result
of the three years research project.

Typhoon prone region

v Wind and load measurements in Muroto-city Sashiki-cho
complex terrain and typhoon :

prone regions were carried out at
seven sites.

v Wind and wind turbine load Nakatane-cho
measurements by high frequency
sampling have been performed.

Complex terrain

IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST

Purpose of the Work 417

O Development of a wind condition model in complex terrain

v'This work shows the results of analysis using NEDO guideline
measurement data to develop the turbulence model in complex terrain.

v'Parameters of normal turbulence model (NTM) described in IEC 61400-1
are compared and evaluated using the guideline data.

Wind turbine class in IEC61400-1

Wind turbine class | 1l 1 S
Reference wind
speed 50 42.5 37.5
Vo [mis] Values specified
by designer
Turbulence A 0.16
category B 0.14
lref C 0.12
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
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Normal Turbulence Model (NTM) 517
O Turbulence Standard Deviation ST
Q3 —— Category A =
R
Ogq = |14 (0.75V +b), b=5.6m/s >
T 2% (0.75v +h) g
0y v £
S
a 4
let : Expected value of TSD at V=15m/s 0 5 10 15 20 25 30
T - Turbulence intensity Hub height wind velocity Vi (ms)
’ 0-:'"x'"'x""x""x""x"'g
\% : 10min. averaged wind speed [m/s] E — Category Al
= r — Cat B1
o : Standard deviation of wind speed[m/s] ';“{ fcitigﬁx d]
90g : 90%quantile Zog ]
mmmmmmmmmmneennnn N
10,2070, : Lateral comp. | éo :
1 = 0.1f
10,2050, :Upward E E L 1 L
N e e e compm—————= 0 5 10 15 20 25 30
Hub height wind velocity Vhup jms)
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
Revision of terrain complexity in 61400-1 617

O Amendment to IEC 61400-1 Ed.3 (2009)
Introduction of a sector-wise amplitude for terrain complexity indicators

Table 4 — Terrain complexity indicators

Distance range from - . Maximum terrain

wind turbine Sector amplitude Max slope of fitted plane aiiaton

<5 zpum 360° ;3500

<10 zpup 30 <10° < 0,6 2y

<20 s o <1.2 2pus

<5 Zhut)I <10 Zhub <20 Zhup
Prevailing wind direction
WT position |
v’ To evaluate the terrain complexity, sectorwise wind energy flux has to be
considered.
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
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Turbulence structure correction parameter 7117

O Turbulence structure correction parameter C.r

O Complexity index ic

v ic is calculated depending on the terrain complexity in tab. 4(previous
slide) and wind energy flux by sector-wise evaluation.

v’ Sector-wise energy flux over 15% in complex topography — ic=1
v' Otherwise i =0 — 1 by linear interpolation.

v When the data of wind speed component can not be available, Ct
shall be setto 1.15 i

In NEDO guideline measurement campaign 3 components of the wind
speed were stored by ultra sonic anemometer with high frequency

sampling.
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
Characteristic of Tl in a Complex Terrain(CT) 8|17

O 3 componets of turbulence intensity
it ttteesteteesittesten s

T T T T
10 min. av.

| Data excluded wake of WTG |

—e—Binav.
0.4ile —+— 90 percentile||
A

—E

Iref ratio
0.19
v | (0.17) | 0.89
w | (0.11) | 0.58

Turbulence intensity Tl

I Livuyl 1 Liviyl boriiliingl
0 5 10 15 20 25 30 35 40 45 50
Wind velocity U [m/s]

o

Y

Tl in complex
terrain is higher

Turbulence intensity TI
Turbulence intensity TI

than IEC
turbulence
category
T TP TRTTTETITES AT PN T TITTRTTRTRVINTY RC VR TITT!
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Wind velocity U [m/s] Wind velocity U [m/s]
Tl, Tlg
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
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Turbulence structure correction parameter Co; in CT 917
O Evaluation of C.in sector-wise and wind bins
2.0, T T T T
I 10 min. av.
S &) 0,20.70, : Lateral comp.
15 4
£ 1 0,2050, :Upward
% 0.7(IEC) COA B
%o ] i \/1+ a +(a,/ 0, )
“ 1.375
0 ‘5 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 50
Wind velocity U [m/s]
o,lo;
20 T T T 3. T T T
10 min. av. X tomin o
s 7 =R [ oeral and
g ] 20 1 |upward comp.
£10 12 are higher than
H S .
T o0 1 a0 minimum values
i in IEC
OIS S 0 B a0 B R0 0 5 a0 is 20 25 w0 3 a0 s 0
Wind velocity U [m/s] Wind velocity U [m/s]
03/0, Cer(ic=1)
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
Sector-wise Evaluation of turbulence 10 |17

O Evaluation of sector wise distribution of |

024 —{ -_y C k-0 b -0- bl 12
0.22
02 [~ ) 1
018 - 1l B in e >
018 {f a -‘ 08
= 014 2 :-:
£ oaz2 | T
3o HbE 23
008 . | 0.4
008
0.04 ] 02
002 "
0 : ; s 0
=gggw§&§"’§%§33§§§
Wind sector
Expected value at V,,, =15m/s Sector wind energy flux

vl |, @and 15 are expected values of Tl at 15m/s.
v’ Sectors affected by the wind turbine wake are excluded.
vl |1, @nd I are varied by the sector in this site.
v' Relations of the turbulence standard deviation for g, g, and o; may be
depending on the terrain complexity.
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
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Turbulence structure correction parameter Co; in CT 11117
O Evaluation of sector wise distribution of I,
i
= V|1 oz s fofofefv[elofofe]s
i in wind sector bins Sector wind energy flux
v Values of i, for each wind sector bin L 3
determined by means of IEC definition. : : 1+(52/51)2 +( Aalﬁl)z i
v/ Measured turbulence intensity is ' Cer = 375 |
corrected by Ccr. e st )
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
Evaluation of 90 percentile of Turbulence STD 1217

O DLC 1.2 (Vin < Vhub < Vout, Fatigue)

10

7
' 10min.av. |] SIECA
P s +Bl|)npae\1"centile 1 6 sigmag0_mes p
'g : ] sigmag0_cct_max r
-g IECA 4 5 4——|Osigmago_1.15 —LFJJ 7L
3 < 7
g 6 1 1 £ 4 _E,J—HJ“ -
3 1 3 0oe®
] ) oo

g, —> g3 e s
8 ] 4 jfac:-“
5 ] ) Hjod
3 2 o
E 1 e
2

0 5 10 15 20 25 30 35 40 45 50 0 o s 10 15 2 » I

Wind velocity U [m/s] Ulmis]
Bin averaging for measurement data Comparison of sigma90

v" The distribution of the g is higher than the IEC category A.

v g, is corrected by C.; using measurement valueand C.; =1.15i.

v The corrected values of ¢g; by using C-; =1.15i.. are higher than the
measurement values.
—> The influences of corrected Tl on fatigue load are evaluated.

IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
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Fatigue Load Index LI 1317

O Simple method for evaluation of fatigue load proposed by NEDO GL
Equivalent fatigue load : | m = 4(metal), 10 ( composite ) |

S L, : load fluctuation
b = 8766  h, : occurrence [h]

<— Fatigue load  ~(oUo)”

v
Load Index : 1]
S (o)™ o 1 airdensity e e T
L =05 oo g - turbulence std S-N diagram
U 8766 m : slope of S-N curve|
W 0B MM, @5-8ms
p g | I o9-12m's
§ o = . | | 113 - 16 mis|
£ EE s
E Se I -
< g 5 oo H
S . .0~ [t ¢ |
= 02 ——
(=1 Flowangle  Powerindex

Blade flap fatigue load

Repeat count Repeat count
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
Comparison of LI for IEC Category 1417
O LI for DLC.1.2(Vin < Vhub < Vout) | Rayliegh distribution |

ﬁ‘p ; | y

2.5E+20
2.0E+20

=
3
;G 15E+20 /

S joe+20 ¥ v

=
£ v

S woees | 1
3 4.0E+08 /
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45 67 s

Wind bin load fluctuations(m =4) Wind bin load fluctuations(m =10)
Comparison of LI
C(0.12) | B(0.14) | A(0.16) 0.18 [y s
o 1
4| 0750 | 0875 1 1.125 L = Z’:(}zlf_'_ff"_z__ﬂl
10 0.750 0.875 1 1.125 8766

v Ratio of LI for each turbulence category is equivalent to the ratio of |, when the
probability distribution of wind velocity and the average wind velocity are same.
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
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Comparison of LI in complex site 1517

O LI for DLC.1.2(Vin < Vhub < Vout) | Weibullfactor : k=162, C =7.32 |
f?’I-...ii;_ f % lJ }[

4.0E409
s H A it
3.08+09 17 g paAv a E
/ ’  Uas g 1.0E+23 | b S LI_115
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s " y i
1.0E+09 Icet 5.0E+22 Voot

0.0E+00 0l 7
45 67 s

(pUo)™h

Lo 456 L
il 7
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11 L 1011
12131415 o1 iy L ¥ LLIEC 12131
18199
21

2223,,

Wind bin load fluctuations(m =4) Wind bin Ioad fluctuatlons(m =10)
Comparison of LI
f'——"——"——"——"——"—T'ﬂ ___________
IEC_A E Mes Cer 1.15j, ; '(pU Ugm)ym h'
4 1 : 120 137 138 : LI =M 0 Ve
w| 1 fi_12s | 139 [ 147 | 8766

v" Comparison of wind fluctuation load (oU g)'™ for different distribution of o;.
v Ll evaluated by C; = 1.15i; shows very conservative value than the others,
although the effect of the turbine control is not included in the calculation of LI.
IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST

Conclusions 16 |17

v Parameters of turbulence model described in IEC 61400-1 amendment
were compared and evaluated using the NEDO guideline data in the
complex site.

v' The results showed that the correction of turbulence standard deviation
by using C.; =1.15i_. may become very conservative for the fatigue load
evaluation.

v' Since the fatigue load index presented is a simple method to evaluate
the IEC correction model of turbulence intensity, the effects of each
component of the turbulence standard deviation to the fatigue load shall
be evaluated by aero-elastic analysis such as Bladed or FAST.

v’ Japanese national committee for IEC TC88 will propose the new
turbulence model in the coming MTO1. The results in this study may
contribute for the next edition of IEC 61400-1.

IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
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17 |17

Thank you for your attention.

IEA R&D Wind Task XI - Topical Expert Meeting @ Tokyo WEIT / AIST
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CFD simulations of wake effects in large
wind farms.

€

Gotland University

Ass. Prof. Stefan Ivanell, Gotland University.

In collaboration with:
Robert Mikkelsen, Jens N Sgrensen, Kurt S Hansen, DTU,
T Jan-Rke Dahlberg, Vattenfall, Dan Henningson, KTH J[\

Linné FLOW Centre

_ www.ivanell.se -
Outline

Short about Gotland Univ. and the
Wind Energy Dep.

[
e Status of the research in the area

— Numerical Computations (2003-)

Gotland University

Experience from existing farms
- Horns Rev Wind Farm
- Lillgrund Wind Farm

Herowcenre o New Nordic research consortium
- Optimization and Control of Wind Farms
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Outline

Short about Gotland Univ. and the
Wind Energy Dep.

[
e Status of the research in the area

— Numerical Computations (2003-)

Gotland University

Experience from existing farms
- Horns Rev Wind Farm
- Lillgrund Wind Farm

Linné FLOW Centre

New Nordic research consortium
- Optimization and Control of Wind Farms

1 1
et e e
]
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Wind Energy Department

Stefan Ivanell, Subject responsible Energy technology

Staff:
6‘ e 2 Professors
e 2 Ass. Professors
e 7 Lecturers
Gotland University e 3 Phd students, 1 Project Coord., 1 Project Ass.

Education:

« Master level; 1Y Master, Wind Power Project
Management.

o Bachelor level; 20 courses given in English and Swedish,
on distance.

Linné FLOW Centre

Research

e Coordination of a Nordic Consortium, Optimization of
T Large Wind Farms J[\

Outline
[
'3
e Status of the research in the area
— Numerical Computations (2003-)
Gotland University
e Experience from existing farms

— Horns Rev Wind Farm
- Lillgrund Wind Farm

Herowcenre o New Nordic research consortium
- Optimization and Control of Wind Farms
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Background

e Simulation methods
é « Stability analysis (wake length)

e Production variations in wind farms

Gotland University

Linné FLOW Centre

1 1
et e |
]

Simulation Methods

o EllipSys3D

é o Impossible to represent the flow structure
locally around the blade and the wake at the
same time

Gotland University

e ACD, ACL

Linné FLOW Centre
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Wake structure

€

Linné FLOW Centre

T [Montgomerie, Dahlberg] ’t\

Stability of the tip vorticies

€

Gotland University

Linné FLOW Centre
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Instability mode: iso-contours of
vorticity; 0.33Hz, 0.66Hz

s <" )
SRR

Growth rate
o7
\.
o ™,
~N
/
od

3 4 5
_ Frequency -

Aggreement with experiment

T [Alfredsson, Dahlberg, 1979] JI\
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Pre-generated turbulent atmospheric
boundary layer with ACD

€

Gotland University

Linné FLOW Centre

1 1

Simulation of 9 turbines - with and without
atmospheric turbulence
Linné FLOW Centre

1

€

Gotland University
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Simulation of 9 turbines - with and without
atmospheric turbulence

€

Wake interaction

0 degree inflow angle

T 15 degree inflow angle ’t\
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Background on wakes

Analysis of numerically
generated wake structures
Wind Energy

12:1, 2009, Pages: 63-80

= 0308 5N 0T SRH08 AT

Linné FLOW Centre . i i
Stability analysis of the tip

vortices of a wind turbine
Wind Energy
Early view

JI\ DOI: 10.1002/we.391

Z: 1314151617181920

Outline
[ ]
[
Q [ ]
Gotland University ) . .
e Experience from existing farms
— Horns Rev Wind Farm
- Lillgrund Wind Farm
Hinné FLOW Centre e New Nordic research consortium

— Optimization and Control of Wind Farms
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Outline
[ ]
[
Q [ ]
Gotland University ) . .
e Experience from existing farms
— Horns Rev Wind Farm
- Lillgrund Wind Farm
Hinné FLOW Centre ¢ New Nordic research consortium

— Optimization and Control of Wind Farms

1 1

Off shore — Horns Rev

80 turbines with total capacity of 160MW

€
Vestas V80-2.0MW turbines
Rotor diameter: 80m
Hub height: 70m

Gotland University Wind Farm Site HORNS REV @ |
Distance to coast: ~15 km £
Wind farm area: 20 km?

Linné FLOW Centre

1
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Farm simulation - Horns Rev

Actuator discs (ACD)

€
e Periodic boundary conditions
Gotland University

e LES (Mixed sub-grid-scale model by Ta Phuoc)

e Introducing boundary layer

Linné FLOW Centre e Introducing atmospheric turbulence

Horns Rev Wind Farm

€

Gotland University

Linné FLOW Centre
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Simulation setup

15°— [

e
270° BE J
-
@ 49-
az
35

Gotland University

Linné FLOW Centre

13,600,000

€

Gotland University

Linné FLOW Centre
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Measurements
255 255
" 0\: * €0
G 208 Ne.s+* 1 Eg
Q g L N .\O * \ g
o Ry | 20
g OB e e ] =
R5-year 0
Gotland University 0 R0 :
0 20 40 60 14 14.5 15 ] 155
(D] Temperature [C ]
260 260
" * ¥ . = 60
%0.8 " 2 édo
I‘é E 5
o e e © 20
g 987 fi6 i " -
——R5-year L 0
0.4 R5-10 min
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60 o
T (D] Temperature [C ] 1\

Results

€
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Wake interaction model

< [ | ’
L RTOHASY ™ 2R

Gotland University

e e T
k= :

S 1 B
e TS

o708t 270400

Linné FLOW Centre | . »|~.;: e

1 1

Wind veer

€

/

Gotland University

Linné FLOW Centre
$
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Wind veer
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Conclusions, Horns Rev

e The study shows that the applied method
captures the main production variation within
é the wind farm

e The result further demonstrates that the levels
Gotland University of production depend on wind veer to a great
extent.

o Based on the number of uncertainties, the result
predicts the production variation very well

Linné FLOW Centre

1 1
s e
]

Outline

€

Gotland University

Experience from existing farms

- Lillgrund Wind Farm

Linné FLOW Centre

New Nordic research consortium
- Optimization and Control of Wind Farms
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Lillgrund

Kapenhamn

« Salthaolm

Denmark
@ : N iagriFiaimS

= Lernacken Sweden
* T Dimke diiSkeand

Gotland University
- | Klaashamn

Linné FLOW Centre

VATTENFALL g

Helviken

Lillgrund
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Lillgrund (48 SWT-2.3 MW)

e || |
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KE}; = 47_h ....{ 7 _Fi2 ‘F __( 2000 \ J
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_E)/ :s e . ,..< as_mu ___( ®
Gotland University y P o 5 — . om = =i
/ -<("R- o (-] \-\—( "G‘F —< -_-< 3 pay El.3x D
0 g "( ‘:::Pfj . ALY } —‘i.: 1B . (£
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-4\ H.f( 13_E i
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Wake losses in row 1,3 and 5 (3.3xD)

3

Gotland University

Linné FLOW Centre

VATTENFALL g

1
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Wake losses (3.3xD)

Linné FLOW Centre 0,2

VATTENFALL @ 00

Row_A Row_B Row_ C Row_ D Row_E Row_F Row_ G Row_H

T Row_number J[\

Outline

€

Gotland University

Linné FLOW Centre

New Nordic research consortium
— Optimization and Control of Wind Farms
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Future work - Nordic Consortium

Optimization and control of
wind turbine farms

€

Gotland University

Linné FLOW Centre

Project 1: wake interaction and instabilities, KTH
(Swedish Energy Agency)

Project 2: experimental validation, KTH
. (Swedish Energy Agency)
e

Project 3: optimization of wind farms, DTU
(Danmark)

Gotland Universit

' Project 4: Control and optimization of wind farms,

HGO/KTH (VindForsk III)

Project 5: wake modeling, Kjeller Vindteknikk
(Norge)

Linné FLOW Centre

Project 6: Control of wind farms,
Teknikgruppen/Scanwind (Vindforsk III)

JI\ + (at least) 2 new PhD projects, positions will ,t\
be announced soon.
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[JFad == -
= ULl
CHINA GENERAL CERTIFICATION

Brief introduction of China
extreme wind condition survey
and research

Zhang Yu
JEREEIAEH O
China General Certification Center
2010-12
OB INE
G gmit
Content

1. Introduction of CGC

2. China coastline extreme wind condition survey
(Typhoon)

3.  Further approaches of wind condition survey

4.  Summary

LTS E AT D
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Introduction of CGC <Gl: = 1B Lk

CHINA GENERAL CERTIFICATION

PV, wind turbine and components certification
*+ Onwind, we do

Certification (IEC Series)

Power prediction & Wind farm services
Earliest and leading certification authority of wind in China
Cooperating with CMA (China Meteorology Adm.) and
Goldwind on China wind resources (condition) survey.

LS EAEH D

(] Fad = - -
= [E Wk
CHINA GENERAL CERTIFICATION

China coastline extreme wind condition
survey (Typhoon)

LTS E AT D
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Damages of Typhoon (GD = 1B Lk

CHINA GENERAL CERTIFICATION

9002 'TewioesHigy

Ot TEHINER D Chanchu, 2006 # BSDujuan, 2003

CHINA GENERAL CERTIFICATION

Damages of Typhoon (GD = 1B Lk

Rotor destroyed

Completely destroyed

2010, Megi, with 38m/s max 10min wind speed at center when landing, grid on

LTS E AT D
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Frequency of attack

Q

= @ik

CHINA GENERAL CERTIFICATION
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CHINA GENERAL CERTIFICATION

andoL iy
TOGE 108E 110E 112E 114E 1 16E 115E 120E 122F 124E 126E 124E 130F

42.6 50 m/s times in 50y

LTS E AT D

ando .
106E 108E 110E 112E 114E 116E 1 18E 120E 122F 124E 126E 128E 130E

>50m/s times in 50y
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Frequency of attack GD = 1B Lk

CHINA GENERAL CERTIFICATION

e

60 [

50

40

30

20

10 [

o
14 15415 16416 17417 1 41 1 41 2004
No. of tropical cyclones generated

161 1 66 171 176 11 1 6 11 1 6 2001 2006
No. of tropical cyclones got into the mainland alarm zone

From CMA

LS EAEH D

Frequency of attack GD = 1B Lk

CHINA GENERAL CERTIFICATION

IEER

i

§

'R

1o s v 1mE 13 TS e mm meD ;TEEe.  0E 1om S (mE e 3DR G 0% aes 1em iees eos esm 7ot

{a) 19491960 & (b} 1960— 1974 £

{a) 1076-1005 & (b} 1996—2008 &

LTS E AT D
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Case studies GD = @ uk

2009 Morakot CHINA GENERAL CERTIFICATION
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Gl: £ @k

CHINA GENERAL CERTIFICATION
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' = @ uk
Case studies = [F 1
2009 Morakot CHINA GENERAL CERTIFICATION
L
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Case studies G[: = @ uk

2009, Morakot

CHINA GENERAL CERTIFICATION

(w) ybroH

0
1.2 1.3 1.4 1.5
Vasec/V10min
—@— Mast far from the eye —¥— Mast on coastline close to the eye
—A— Mastonan island —@— Mastinahilly area

Influence of terrain (WS vs TI)

LETS BIAE O For details above, please refer to: Zhang Xiuzhi, Impact of
©:I REBAEF Typhoon on China Wind Industry, Jun 2010
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Turbulence structure <G[:, M

Found in the survey of 3 typhoons (Vonfong in 2002, Dujuan in
2003 and Hagupit in 2002):

1. Significant downdraft in vertical near the eye

2. Turbulence integral scale expanded greatly in the principal
and lateral direction, but not in vertical

3. Unusual turbulence power spectrum

Improved turbulence model for typhoon?

Refer to: Song Lili, Analysis on Boundary Layer Turbulent Features of Landfalling Typhoon,
Acta Meteorologica Sinica, 2005, 63 (6);

LS EAEH D

[JFad == -
= ULl
CHINA GENERAL CERTIFICATION

Introduction of China wind resource and
condition survey

LTS E AT D
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Introduction (GDM

Background:

1. Supported by the Ministry of Finance of PRC

2. Involved CMA, CGC and Goldwind

3. Program began in 2007, construction completed in late

2009
4.  Hundreds of million RMB budget
Masts:

1. Over 400 masts in total with 70m height

More than 70 masts with 200m height

3 with 120m height

Supersonic anemometers equipped plus traditional ones
On land and along coastline

a kv

LS EAEH D

Map of the survey <GD:M
4B A f 1R & B 5.6

i
R R

.
ey .‘_ﬂ-‘%:-._ P

e g

ey ec3 .- -
- [P as J
= 1 e

e
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Planned approaches G[: = Bl

CHINA GENERAL CERTIFICATION

*Mast «Impact on loads
construction +Database «Risks and cost
analysis

*Regulations or
sub-classes

«Conclusions
*Rough data *Maps of wind
conditions
«Improved models

Further steps on wind condition survey

LS EAEH D

Summary G[: £ Bk

CHINA GENERAL CERTIFICATION

Typhoon:

1. Destructive due to more than wind speed, not typical
extreme condition combined with terrains

2. Turbulence features may be special

3.  Classification needed

More we concern:

1. Wake effect in extra large wind farms (wake model)
2. Inflow angle changes in typhoon......

Wind condition survey:

Hope to share more later

LTS E AT D
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(] Fad = - -
= [E Wk
CHINA GENERAL CERTIFICATION

Thank you!

Zhang Yu
zhangyu@cgc.org.cn

LS EAEH D
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Modeling Turbulent Typhoon Time Series
for “Typhoon-proved” Wind Turbines

Michael Schmidt, Tanja Mlcke

ossmi\;z\(zé M d Q,
universitdt|OLDENBURG ForWIn \/
Center for Wind Energy Research

TEM 64, Tokyo, December 14/15th, 2010

Modeling Turbulent Typhoon Time Series

Contents

@ Data sets from Tropical Cyclones
e Horizontal wind
@ Turbulence intensity

@ Gust factors
@ Kurtosis and “Intermittence”

© Vertical wind: Standard deviations

e Wind directions

Modeling Turbulent Typhoon Time Series
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Data sets from Tropical Cyclones

Acknowledgements to ...

Ohsawa-sensei, Uni Kobe, Shirahama-data:
Typhoons Orchid 1994 and Vicki 1998 (2 sets)

Maeda-sensei, Uni of Kyushu, NeWMeK-data:
Typhoons Bart 1999 and Usagi 2007 (8 sets)

Prof. F. Masters, Uni of Florida, FCMP-data:
Hurricanes Dennis, Rita and Wilma (all 2005, 5 sets)

- Hayashi-sensei, Uni Kyoto, Miyako-island data:
Typhoon Maemie 2003 (6 “Sonic-”, 9 “Vane”-sets)

Modeling Turbulent Typhoon Time Series

Data sets from Tropical Cyclones

For modeling turbulent time series with a CTRW-Model
(Continuous Time Random Walk) we have studied the typhoon
data, to find general interdependecies between:

- Mean values (10min),

- Standard deviations, resp. Turbulence intensities,

- and Kurtosis (high order, 2-point statistics (increments of
wind speed): a measure of number and heights of “jumps”
in time series).

- Studied in Sonic anemometer data: vertical wind
- and wind directions.

Michael Sc midt, anja Viucke Modeling Turbulent Typhoon Time Series
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Horizontal wind Turbulence intensity

Intermittence”

Tl in Shirahama-“non-typhoon-data” (Sonic), 2007
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T. Ohsawa, S. Shimada. Character/st/cs of Offshore Winds at Shirahama OO,
Proceedlngs of ISOPE, 200

Michael Sc midat, anja V ucke Modeling Turbulent Typhoon Time Series

Horizontal wind Turbulence intensity

‘Intermittence’

Tl in Tropical Cyclones, “Vane”-data
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Horizontal wind Turbulence intensity

Intermittence”
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Horizontal wind Turbulence intensity

Intermittence”

Tlin TCs, comparison of all “Vane-" and Sonic-data
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Horizontal wind Turbulence intensity
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Horizontal wind Turbulence intensity
Gust factors
Kurtc d “Intermit

Gust factors in Vane-data
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Horizontal wind Turbulence inten:
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Horizontal wind rb e intensity

Kurtosis and “Intermittence”

Intermittence of wind: does it mirror the topographie?
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Horizontal wind

Kurtosis and “Intermittence”

Intermittence in Sonic- and Vane-data
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Vertical wind: Standard deviations

Vertical and horizontal ¢’s in mid-latitudes
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Vertical wind: Standard deviations

Vertical and horizontal ¢’s in typhoons
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Vertical wind: Standard deviations

Comparison of vertical and horizontal o’s
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Wind directions

Intermittent DC’s in midlatitude and typhoon winds
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Wind directions

Intermittent DC’s in Maemi
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Wind directions

Extreme DC’s (IEC) in midlatitudes and typhoons
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Conclusions

Typhoon data and implications

- Sonic data are showing higher TI’s, higher Gust factors,
and higher kurtosis than “Vane”-data.

- Sonic data are resolving turbulence at high wind speeds
more properly.

- “Vanes” may be too inert or ‘lethargic” at high wind speeds.
- Kurtosis is not considered in IEC-regulations, should it?

- For designing WT in typhoon-affected areas there is a
need for “Class S”-specification, e.g. for TI's and EDC'’s.

Modeling Turbulent Typhoon Time Series

Conclusions

New Standards

- “Typhoon-proved” Wind turbines has to be certified.
- IEC-regulations for “Class S”-Turbines are needed ...
... soon.

- We want to take part in this discussion ...
... and to accelerate its progress.

Michael Sc midt, anja Viucke Modeling Turbulent Typhoon Time Series
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Conclusions

Thank you for attention.

www.forwind.de
tanja.muecke@uni-oldenburg.de
michael.schmidt@forwind.de
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IEA, Task 11

Topical Expert Meeting on Wind Conditions for wind turbine design
Niels Kjeer Lauritsen and Morten Sloth, Dec. 2010

[Date Month 20XX, Name, Department, etc.]

Content

« Load and Power modes

« Turbine damages seen when hit by a typhoon
* Yaw Power Backup
« Strengthen tower design

2 Name of presentation

Wind. It means the world to us™
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Wind Turbine Classes
IEC 61400-1 (Design Code)
 Design Climate Class: IEC la, IEC lla, IEC llla

Reality
» Only a few sites really fit these climate classes

In order to utilize the turbine 100 % ...
... amore flexible turbine is needed!!!

>

b
i

3 Name of presentation Wind. It means the world to us™

Load and Power Modes
Load Modes
» Reducing loads

Power Modes
* Increasing Production (Site dependent)

1. release available with
new sales of:
* V90-1.8 MW 50/60Hz

A

* V90-2.0 MW 50Hz
* V90-3.0 MW 50/60Hz

Power

output

Reference power curve
Load Modes (de-rating)
Wind speed ;-

4 Name of presentation Wind. It means the world to us™
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Topography

Due to the topography there can be:
» some rough climate sectors

» some smooth climate sectors

In order to utilize the turbine 100 % ...
... a sector wise flexible turbine is needed!!!

5 Name of presentation Wind. It means the world to us™

Wind sectors

W Wind sector where Power Mode i sppiied

6 Name of presentation

Wind. It means the world to us™
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Load and Power Modes...

...offers you the possibility of a sector wise flexible turbine.

The turbine will statically be configured with a mode in a sector.

i

>
»>
Wind speed

7 Name of presentation Wind. It means the world to us™

Load and Power Modes — Work Flow
Input from costumer

95
=

Wind data

&

Topagraphical data

8 Name of presentation Wind. It means the world to us™
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Load and Power Modes — Work Flow
Input from costumer
Processing input

9 Name of presentation Wind. It means the world to us™

Load and Power Modes — Work Flow
Input from costumer

Processing input

Optimized production

» Contract is signed

10 Name of presentation Wind. It means the world to us™
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Load and Power Modes — Work Flow
Automatic configuration of Load and Power Modes
SCADA

» Monitoring the configuration setup

» Presentation of online status

» Power curve calculation

11 Name of presentation Wind. It means the world to us™

Summary

Load and Power Modes provides a sector wise flexible turbine that make
it possible to utilize 100% of the turbine on a given site.

Load and Power Modes is configured on the turbine during installation
and checked constantly by SCADA.

For more information see general specification —
Load and Power modes (0005-8317)

12 Name of presentation Wind. It means the world to us™
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Turbine failures seen when hit by typhoons

= Blades
= Yaw motors
= Yaw breakers

= Tower collapse

13 Name of presentation Wind. It means the world to us™

Yaw Power Backup System

Enables the turbine to yaw upwind during tropical cyclones even if the grid is lost.

The YPB system consists of three main elements:
* A central placed power backup system that delivers power to the turbines
when the grid is down.

¢ An extended yaw mode in the individual turbine which will allow the turbine to
ignore certain warnings and alarm that normally would prevent yawing.

* An additional wind measurement system which is qualified for a higher wind
speed than the standard wind sensor on the turbine. This will provide reliable
wind data at high wind speeds.

14 Name of presentation Wind. It means the world to us™
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Operational Strategy
Wind
speed
Extreme wind
situation
Reference | [/ N NS
wind Normal high
Ext. yaw wind situation
start wind
Ext. yaw |
stop wind
Cut-out
wind
Re-cutin| \
wind
Normal Extended Normal Extended Normal
Production yaw Production yaw Production
High wind stop _High wind stop Time
15 Name of presentation Wind. It means the world to us™
Typhoon Tower

Design Drivers:

- Japanese building code

- Survey of Japanese market

- Protection of the turbine during extreme wind events

Solution:
| V80 2.0MW HHT78 IEC1a Va0 3.0MW HH7S IEC 5
Wind zone: IEC 1a: IECS:
Vex =70 mis Ve =92 mis
V=50 m/s V=50 m/is
Vae =10 mis Ve =10 mis
MNumber of sections: < 4
Weight, tower: Bottom: 54t Bottom: 58t
Middle: 58t Middle 1: 48t
Top: 36,5t Middle 2: 41t
Top: 26t
16 Name of presentation Wind. It means the world to us™
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Wind. It means the world to us™

Thank you for your attention

Copyright Notice
by terial trademarks, and other proprietary information. All ights reserved. No part of the documents may be reproduced or copied in any form or by any.
means- such hic, electronic, or taping, or retrieval . The use of o
by you, is prohibited unl You may not y .. copyright o other notice from the documents. The documents are provided “as is” and
hall not have ty for the resuts of use of
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Estimation of Extreme Wind Speed by using
Monte Carlo Simulation of Tropical Cyclone

Atsushi YAMAGUCHI, The University of Tokyo

Design wind speed 2

Uy =EwEn

Inflow _
site j—»| U(x.),H,.0)

—

Inflow
— —>

—> —>

Flat terrain

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
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Background 3

= Tropical and sub-tropical regions are called “mixed
climate”, where the extreme wind speed is
affected by both extratropical cyclone and tropical
cyclone. (Gomes and Vickery 1978)

= Monte Carlo Simulation (MCS) of tropical cyclones
are proposed and adopted in ASCE standard
(2000) and AlJ recommendation (2004).

= In IEC61400-1 Annex E, a method based on
Gumbel analysis and MCP (Measure, Correlate
and Predict) method and Gumbel analysis is
mentioned.

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan

Estimation of extreme wind speed

V, is the wind speed with the recurrence period of N years

o

The probability that the annual maximum wind speed
exceeds V, is 1/N.

To estimate the probability distribution
function F of annual mean wind speed u

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
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Extreme wind speed by MCP 5
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©
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; 307 000 n
=} o O
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8 20 ]
=
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C n —
<
i R R 0 100
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Reduced variate -In(-In(F))

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan

MCS of tropical cyclone 6

Model tropical cyclones
with five parameters
(4p, Ry C, 6, dpy)

moving speed and

direction
PDFs of five parameters and

annual occurrence rate is . o

estimated for the site of interest —~1 1 central pressure]Ny SPossgre.fieid

rate of occlurrer

rad;us of aximum wind

TN
Generate virtual tropical oo i ‘
cyclones for long term AT ——
(10,000 years) L] |y e
| l correlation of wind speedl
[~ ] and direction based on

. . radius of maximum wind observed records
L N
Annual maximum wind speed 2o L gy
can be estimated for 10,000

t
years at the site of interest
stori ;y 00NS

remurn pemd

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
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Parameters of tropical cyclones 7

Consider past tropical cyclones which f"
passed within the simulation circle
with the radius of 500km

The central pressure P,
translation velocity C, approach
direction 6, the minimum
approach distance d,, and the
annual occurrence rate 1 are
obtained from database.

The surrounding pressure P, an
the distance of maximum wind
speed R, are identified assuming
Schloemer’s model.

p(r)=pc+(p. —pc)eXp(—RT’”j

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan

PDF of the parameters 8

Parameter Probability density function Model parameter
2
Central pressure gL o A Inx-p,, 4 mean value
difference Ap ‘/2”0'1“ 2 o o. standard deviation
Radius of maximum k: weibull shape coefficient
q k-1 k q 1q

wind R, k(x X c: weibull scale coefficient

: : +(I-a)x=| =] exp|-| = a: mixing coefficient
Translation velocity C c\c¢ c : g

o 1 1(6-uY - mean value

Approach direction ¢ e CXP{—E(TJ } o standard deviation
Minimum approach 5 z: model coefficient
distance d,,, 2dy,” —(z2=2r)dy, =1 r: critical distance
Annual occurrence ,1mﬂ exp(_gm) . average annual
rate 1 a0 occurrence rate

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
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The correlations between the parameters 9

A R, C 0 D,.

Ap 100 -020 0.08 000 0.37
R, -020 100 034 -001 -0.18
C 008 034 100 -023 -0.18
0 000 -0.10 -023 1.00 -0.29
D, 037 -018 -0.18 -029 1.00

Significant correlations can be seen between Ap and R,
and between C and R,

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan

Generation of tropical cyclones 10

The probability density functions of the parameters of tropical
cyclones and the correlations among them must be satisfied
simultaneously.

If all the parameters follow the normal distribution, classic
orthogonal decomposition can be used.

x" ={ln(AP), In(R,), In(C), 6, d}
Let S the variance-covariance matrix of x.
Calculate eigenvalues A, and the eigenvectors ¢, of S.

Generate vectors z, the components of which satisfy normal
distribution and no correlations between components.

calculate x=[¢]'z Then, the component of x satisfy
normal distribution and the correlations

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
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Modified orthogonal decomposition 11

* A little modification to classical orthogonal decomposition. (Ishihara
et al., 2005)

x' ={In(AP), In(R,), In(C), 0, d}
Let S the variance-covariance matrix of x.

Calculate eigenvalues A and the eigenvectors ¢, of S.

Generate vectors z, the components of which satisfy mixed

probability of normal and uniform distribution and no
correlations between components.

1

calculate x=[¢] z
The component of x does satisfy the correlations but does
not satisfy the distributions.

Modify the component of x so that they satisfy the
distributions.

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan

Correlations between parameters 12

Original Ap R, C 0 D..in
Ap 1.00 -0.20 0.08 0.00 0.37
. -0.20 1.00 034 -0.10 -0.18
0.08 034 100 -0.23 -0.18
0.00 -010 -0.23 1.00 -0.29
min 037 -018 -0.18 -0.29 1.00

O

O <

Simulated Ap R, C 0 D,
Ap 1.00 -0.19 0.09 0.00 0.35
R, -019 1.00 0.31 -0.08 -0.18
C 0.09 031 1.00 -0.22 -0.17
0.00 -0.08 -0.22 1.00 -0.30
i 035 -0.18 -0.17 -0.30 1.00

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
IEA WIND ENERGY -Task 11: Base Technology Information Exchange 184




TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"
Pressure field and gradient wind field 13

Pressure field model (Shcloemer, 1954)

R ;
p(r) = pe+Ap exp(——”’) Grscion

Gradient wind field BN 7

") = ~Csin(g—0)— fi \/(—Csin(¢—9)— frjz L 7.3p(r)

2 2 o or

O X)=7~9¢

wind speed field
| gradient wind

and direction based on
observed records

-

correlation of wind speed]

surface wind

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan

Wind speed and direction over flat terrain 14

Vertical profile of wind speed in the boundary layer of tropical cyclones
(Ishihara et al., 1995).

% 2 2
uT’F(Hh,t):ug(Hh/zg) , Uy =4[V, TV

g

1.1
Or r(H,,1) =0, +0,(1.0-04(H, /z,)) ", 6, =0

g

a, =0.27+0.09log z, +0.018(log z, ) +0.0016(log z, )’

1.45

v -
z, =0.06%(long)

A
1.13

0, =(69+100¢)(log R, )"

a 0.5 0.5
( Vog Veg +fj [2W£+fj
r r

Vog

Ry, =
iz

0.5 0.5
ov
g;(z“ﬁﬂf] /(ﬂfﬁﬂj
r or r

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
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Local wind speed and direction 15

Wind at the site of interest is affected by local terrain

y o (H,,t)=Chy (HT,F (Hh,t))qu,F (H,.t)
‘9T,R (Hhat) = DFR(‘QT,F(Hhat))+‘9T,F(Hhat)

Northerly wind
Crr and D, can be !

calculated by CFD

Hub height (100m a.s.l.)

Southerly wind

Hub height (100m a.s.l.)

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan

Extreme wind speed (Tropical cyclone)

(@]
o

(m/s)

O  Measurement
Simulation

(o)
o
|

—

40 -

30—

20—

Return period (year)
10 -
t AR M R
0 I \ \ \ \ \

-2 -1 0 1 2 3 4 5

Reduced variate -In(-In(F))

Annual maximum wind speed U

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
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Extreme wind speed in mixed climate region

S" L | L} L]
Dataincluding all directions

Homogenization of Typhoon simulation and
40 non-tyhpoon data

Non-typhoon  Typhoon simulation

20

Wind speed [m/s]

==

2 5 10 20 S0 100 200 S00 1000

10

Recurrence period [year]
0 L L L L
-2 0 2 4 6
y=-In(-In F)

Jmixed (u)=1- I:l _ Jrextra-tropical (u):l I:l _ ftropical (u):l

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan

Example 18

Both
Tropical cyclone O Measurement

— — Extra-tropical cyclone

60

U =49.7(m/s)
50

Annual maximum wind speed U(m/s)

10 |- Return period (years)
‘2 ‘5 1‘0 2‘0 5P 1?0
0 \ \ \ \ \ \
-2 -1 0 1 2 3 4 5

Reduced variate -In(-In(F))

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
IEA WIND ENERGY -Task 11: Base Technology Information Exchange 187



TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"
Proposed method 19

Records of wind speed and direction
at meteorological station

MCP MCS
A 4 A 4
Determination of sectorwise linear Modeling of tropical cyclone
regression function pressure field

Estimation of record of the long term Monte Carlo Simulation of tropical
data for the site cyclone wind

A 4 \ 4

Extreme wind probability distribution Extreme wind probability distribution
induced by extratropical cyclone induced by tropical cyclones

Synthesis

Synthes is of extreme value
distribution by mixed climate

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan

Summary 20

= The method mentioned in IEC61400-1
(Gumbel analysis with MCP method)
underestimates the extreme wind speed in
mixed climate region.

= The MCS of tropical cyclones have been
widely used in mixed climate regions and
appropriately estimate the extreme wind
speed.

IEA Wind Task 11, No.64, 14-15 December, 2010. Tokyo, Japan
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Wind Turbine Loads in
Simulated Stable and Neutral Boundary Layer Flow Fields

Jinkyoo Park (Master’s student, University of Texas at Austin)
Sukanta Basu (Associate Professor, North Carolina State University)
Lance Manuel (Professor, University of Texas at Austin)

IEA R&D Wind Task XI - Topical Expert Meeting
Wind Conditions for Wind Turbine Design
Tokyo, Japan — December 14-15, 2010

Motivation & Objectives

Motivation

Flow fields associated with the Stable Boundary Layer (SBL) have some different
characteristics than more conventional Neutral Boundary Layer (NBL) flow fields
simulated in turbine loads computation

»sometimes, SBL fields are sometimes accompanied by Low-Level Jets (LLJs)
»SBL wind shear is different from NBL

»wind direction changes (wind turning) over the rotor plane in SBL fields

Objectives

®,

**  Generation of high-resolution four-dimensional inflow velocity fields for a
range of atmospheric stability conditions that, to date, have not been
systematically considered in wind turbine performance and design

*  Comparison of simulated extreme loads and derived fatigue loads for a
utility-scale turbine for the contrasting atmospheric flow fields

2/30
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Why study the Stable Boundary Layer?

5 Low-level jets occur commonly at
?3 !lJ'1l'C‘. |~ U.S. Great Plains sites as part of
e o stable atmospheric BL flows

07 UTC | :
AR 13 UTC Loads in IEC 61400-1 only for l:leutral BL

‘é“ LLJ- Kansas, USA
~ kY Observed during CASES-99
:0-8 G [Poulos et al., BAMS, 2002] |
= Presented by Jerome Fast, Bour’j:::r?.a er
% U PNNL, 2008 yLay
c06- ¥ 1 .
: 1 \l Convective Boundary
1 -.,.‘7 Layer
0.4- e
S e Tl
- . . + Stable Boundary
= \ | | =
- ] ——t Layer with

¢om  Low-Level Jet

(8% | L A PO I 15 =
s = = = =
SQEEd (m s 1) Graphic Credit: Bruce Bailey AWS TrueWind
3/30
Outline
|
1. LES for the Stable Boundary Layer
2. Comparison of inflow characteristics
SBL (LES-based), NBL (IEC/stochastic), and GPLLJ
3. Comparison of load statistics
SBL (LES-based), NBL (IEC/stochastic), and GPLLJ
4. Influence of external parameters on inflow and turbine loads
SBL (with LES) versus NBL (stochastic)
SBL (with LES) versus GPLLJ (NREL code)
4/30

IEA WIND ENERGY -Task 11: Base Technology Information Exchange 190



TEM 64 "WIND CONDITIONS FOR WIND TURBINE DESIGN"

Inflow Simulation for Turbine Loads
]

Neutral (IEC Type) Stable (LLJ possibility)
++ Wind profile +* Wind profile
logarithmic (or power law) jet-type
+ Nominal wind speed shear ¢ Extreme wind speed shear
a~0.2 shear exponent, a >>0.2
+ Nominal wind directional shear + Strong wind directional shear
+« Bottom-up boundary layer + Bottom-up and upside-down

boundary layers

+»*Global scale intermittency absent + Global scale intermittency is often
observed

5/30

LES - Computations with External Parameters
|

Geostrophic wind, cooling rate, roughness, inversion strength, Coriolis
frequency, initial BL height will be set

14X10M=140m

140m

T

14x10m:

w
\\

Lateral S«

distance

Space and time resolution

-800mx 800 m x 790 m domain
-80x 80 x 80 grid (10 m resolution)
-At=0.15 2> output At’=0.4sec(2.5Hz)
-duration =12 hrs (i.e., 432,000 steps) = output 108,000 steps

6/30
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LES — External Parameters
|
G: Geostrophic wind
No. Run Name G(m/s)  CR(K/h) 20 (m) Hi (m) N (K/m) f(1/s)
1 G9C7523H200N3f10 9 075 0.03 200 3/1000 0.0001 .
2 G12C7573H200N3f10 12 075 0.03 200 3/1000  0.0001 CR: Surface cooling rate
3 G15C50Z3H200N3f10 15 05 0.03 200 3/1000 0.0001
4 G15C75Z1H200N3f10 15 075 0.01 200 3/1000 0.0001 .
/ Z,: Surface roughness
5 G15C75Z3H200N10f10 15 0.75 0.03 200 10/1000  0.0001
6 G15C100Z3H200N3f10 15 1 0.03 200 3/1000 0.0001 -, .
7 G18C100Z3H200N3f10 18 1 0.03 200 3/1000 0.0001 H;: Initial height of BL
8 G18C75Z3H200N3f10 18 0.75 0.03 200 3/1000 0.0001
9 G18C7523H200N10f10 18 075 0.03 200 10/1000  0.0001 N: Inversion strength
11 G12C75Z1H200N3f10 12 0.75 0.01 200 3/1000 0.0001 B CorllsesuEne
12 G15C7523H200N3f08 15 075 0.03 200 3/1000  0.00008 : q y
13 G15C75Z3H200N3f12 15 075 0.03 200 3/1000  0.00012
14 G15C75Z10H200N3f10 15 075 01 200 3/1000 0.0001
15 G18C75Z1H200N3f10 18 075 0.01 200 3/1000 0.0001
16 G18C75210H200N3f10 18 0.75 0.1 200 3/1000  0.0001 _
17 G15C75Z1H200N3f12 15 075 0.01 200 3/1000  0.00012 Control Case
18 G15C75Z3H200N10f08 15 0.75 0.03 200 10/1000  0.00008  The effect of variation of external
19 G15C7523H200N10f12 15 0.75 0.03 200 10/1000  0.00012  parameters on inflow characteristics
20 G15C75210H200N3f12 15 0.75 0.1 200 3/1000 0.00012  and turbine loads is studied by
21 G15C100Z10H200N3f08 15 01 0.01 200 3/1000 000008  changing external parameters and
22 G15C100Z10H200N3f12 15 1 0.01 200 3/1000 000012 comparison with the control case
.
.
7/30

Effects of external parameters on wind fields and loads

<50 wind field simulations>

(9%
(Geostrophic wind) 1LES 50 runs EBM
lation F——FAST (Edgewise BM)
CR (8oom)
(Surface cooling rate) FBM
7 (Flapwise BM)
o
(Surface roughness) TBM
(Tower BM)

Hi
(Initial height of BL)

5 lateral slices
N (160m x 5=800m)
(Inversion strength)

t ————————
10 simulations
for every each hour

Internal parameters evolve along with jet during the night;
thus, wind simulations every hour(excluding the first 2hours) will be analyzed for loads

f
(Coriolis frequency)

8/30
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LES time series used for load calculation - What was done
|

Jet evolves with the time

1h 2h 3h 4h 5h 6h 7h 8h 9h 10h 1th 12h

1
H
8oosec | e ———
! i !
v ! H
3-D wind velocity field: 1 :
U(x,y,t): longitudinal : Load time series i
V(oy,t):  lateral Convert ! .wnd file FAST EBM(t) !
W(xy,t): vertical } .sum file FBM(t) 1
For 0.4 sec x 2000=800sec ] TBM(t) 1
1
! :
L u
r r
LES H 1
Approach : :
TurbSim :
:
1
9/30
LES Output
|
‘Wind Speed (mi/s) Wind Direction
270
16 265
14 |260
-
12 |
| 1250
110 ?,!245
8 240
s 235
) 220
6 8 1 2 4 6 8 10 12
Time () Time (h)
* Jetevolves with time changing its velocity and direction based on inertial oscillation in
wind":
U =G +(V, -0)sin(ft)+ U, ~G)cos(t )V = ¥, - O)cost I U, -G )sir(
(G: geostrophic wind speed, : Coriolis frequency)
* Wind direction change = yaw error (need yaw control logic for loads computation)
A Conceptual View on Inertial Oscillations and Nocturnal Low-Level Jets, van de Wiel, 2010
10/30
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Rotation of wind field generated by LES

mean wind direction for 10 min over the rotor plane Rotation of wind field
160 1
U
140 rotated U
Y -
rotated ¥
120 :
5 CEL
£ 100 £
E =
= ‘'
o
L oo 2
>
60 .l
20 . . . ) . . . . . . . |
15 20 25 30 35 0 100 200 300 400 500 8OO YOO 800
Wind direction(degree) Time(sec)

rotated wind component:='u csv #€n y =d éosv  &in
Find @ that makes lateral velocity at hub height equal zero.

. E|v .
SetE[v]=E[u] co®+E[v] sif= 0. 6= -ta!{E{ ” ,6( : rotation ang
u
11/30
Wind inflow comparison (LES-SBL vs IEC-NBL vs GPLLJ)
'
<Control Case>
Run Name GV (m/s) | CR(KM) | z0(m) Hi(m) | N(K/m) £ (1s)
G15C75Z3H200N3f10 15 0.75 0.03 200 3/1000 0.0001
oV 10 Novmal GFEL) ]I,;'flns\ *Final 10 minutes of wind
" ]’]‘ —T e 'J:‘,.‘.,I”I simulation used for comparison
Ri | | LS R N Y
Vi | 12.16m /s [ 1216m/s | 12.16m/s
£ 0.03 0.03 0.03
TI | 1.26% | | 1.26%
Vertical mean profile | Power law (o = 0.2) | Jet profile |
* From final 10 mins of LES wind field simulation, the resulting wind parameters
(internal parameters) extracted were used to generate wind fields using
TurbSim for the case of NBL (IEC) and for GPLLJ.
« Vertical wind profiles were set at default values in the TurbSim simulations
(IEC: power law exponent = 0.2; GPLLJ: Jet profile).
12/30
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Wind inflow comparison (LES vs IEC vs GPLLJ)
IEC-Neutral case GP-LLJ (TurbSim) LES simulation
N . — . - 2 . 0 _ _ — — e 20 _ - . - = =
5 vl T = 5 ) - ot
g = B i o o g wll g I Py e o & g il A U e A P wl
s & 1 55 > 5
L] -. "T"". e o & sy 0 e e g e B ]
‘5 W0 200 300 400 500 &0 - 0 200 300 4c0 %0 60 100 200 300 400 600 €00
Time{soc) Time(sec) Timeisac)
5 " PeotcwndspesciES) | Fe0it  PSD forvand speedGPLLY | T PsD for wind speeciles) |
g L e — ——— ity = .. ——
ﬁ ‘ﬂ.s it PP - it P sttt - "
w0’ 10" 10" 10° I I"““I‘l' o Il'l‘ T il‘l o lDI Wr
200 Normalized frequencyrHz) 200 Naormalized frequencyrHz)
Vertical velocity profile(iEC) Verlical velocly profis{LES)
_ 180 _ 180
E E
100 100
T, I
[} s i [} " i " o . P F:
o 10 1% [} L] 10 1% o 5 10 1%
v imfs) Viimis) Wims)
* LES-generated wind fields show stronger shear than the other two cases
« Higher frequency turbulence energy is deficient in LES simulation due to time resolution
(At=0.25 sec > Nyquist frequency = 1.25Hz).
13/30

Load comparison (LES vs IEC vs GPLLJ)

Edgewise Blade Bending Moment Flapwise Blade Bending Moment Fore-aft Tower Bending Moment
- ~ . - — " — ~ 100 — . ~ — -~
l —
GP-LLI
e : Les |
= g .\-_‘;:':V‘-‘F“ —F
0 110 120 130 40 150
Timatsoc)

z ) ¥ TR

=4 g e g o

g i i ’
§m"' PSD for edgewise BL bending moment E 10° | PSD for Rapwise BL bending moment gm’ PSD for fore-agt tawer bending mament

107 10’ 10" 10° 10’ 10" 0’ 10’ 10°
" Normaltzed frequencyiHz Momalized frequencyiHzy Normalized frequencyiHz)
E Compare equivalent fatigue load g Compare equivalent fatigue load £ 10 Compare squivalent fatigus load
&
=1

§ s é‘ — o §

] i — [ == =

& &, & =

B i 8 , ‘

EC GPLLY LES EC GPLL LES ¢ EC [ LES

« Higher flapwise blade bending moment EFL with LES flows
- higher shear causes greater fatigue damage in flapwise direction (mostly out of plane)
* GPLLJ flows have more turbulence energy at tower frequencies - higher tower EFL

14/30
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Internal Parameters
|

O  V,, hub-height 10-min mean longitudinal velocity: An important parameter
that influences output power as well as wind turbine loads

O oy, hub-height standard deviation of longitudinal velocity: A measure of
turbulence which influences fatigue loads as well as extreme loads

O a, wind shear power-law exponent: A measure of the strength of the
vertical shear. Higher wind shear might influence rotor loads

O  Ri, bulk Richardson number: A measure that describes thermally produced
turbulence relative to turbulence generated by vertical shear

O  H, jet height : Elevation above ground where the low-level jet occurs.

Used for NBL (IEC) Used for GPLLJ model

15/30

The GPLLJ Model (in TurbSim)

The Great Plains Low-Level Jet (GPLLJ) model is based on measurements from a 120-m tower and
from an acoustic wind profiler collected during the Lamar Low-Level Jet Project in Southeastern Colorado.

<Thee main inputs>

— | URef Stability profile Spectral model
— Z/L
u
Zlethax | zJetMax
Shear velocity 2
UStar i
— RICH_NO profile, u,(z) L8
E
S S el > o
Wind profile model Turbulence model )
The low-level jet wind speed profile defined using Chebyshev polynomii 1“
S 10 : .
U(Z)—écn 0.2 05 s
wherez is elevation above ground, is the mean speed, 2 g0 ., mis

andT, @) is the" order Chebyshev polynomial.
G =C,lsana + C,,RICH _NO+C, UStar +C, ..
The coefficientsC, ,  are determined hjetMax Reference: TurbSim User Guide

16/30
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Influence of internal parameters on loads
|

Exquivalent Fatigue Load for EBM Equivalent Fatigus Laad for FEM Equivalent Fatigue Load for TBM
A C_ITi=0%

Power exponent V), mis)

Vertical mean
wind profile

Turbine ¢ All three internal parameters,
Loading Vi, 0 and 6, have a direct
influence on wind turbine
loads.

Turbulence effects

field

17/30

LES-Based Internal Parameters

_Sd-my, _ Sd-049

) s, g B - S L P e e e VA
2 <N <=20% : Sd T
: 0% \."“ 20% : O 016
20%<\I".|i=40%
40%=V ==60% |:
h a-— a—037
q B0%<V, <=80% | Z,= m, _a=bef
B0%= "¢=|ma aa 006

Zggn

1. LES-generated wind fields show much higher
shear values (0 up to 0.53 versus IEC neutral
case which assumes o = 0.2)

Ik

. High shear & low
- turbulence 2. Large proportion of LES-based internal
S 1 2 3 parameters are with (i) strong turbulence and
low shear; or (ii) high shear & low turbulence.
0.2 : - - - - -
3. Large Richardson numbers are associated
& 01 with high shear.
? 1 2 3 4 5 ]
2

18/30
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Internal parameter distributi
3 ¥

Internal parameter distributio
3 o

External parameters = Internal parameters

Internal parameter distributio
3 &

*
2 2 2 P
L] i &
Rikorssssm B pmeosmren s s b sl A U 1l b ) J
N4 o
= = = e’ :. ~
Nﬁ o Nﬁ ot ww" ...... Nﬁ 0
e’ @ ; o 2
e % o 0%V, <=20%
A . 4 A e
o 20%<Y, ==40%
o 40%<V <=B0%
2 : 2 2 B0V, <=B0%
o BO%<Y, <w100%
3 3 3
3 2 1 0 1 2 3 3 -2 1 0 1 2 3 3 2 1 0 1 2 3
Zm Zm Zu
Run Name G (m/s) |CR (K/h) | z0(m) Hi(m) | N (K/m) f (Us)
G12C75Z3H200N3f10 12 0.75 0.03 200 3/1000 0.0001
G15C75Z3H200N3f10 15 0.75 0.03 200 3/1000 0.0001
G18C75Z3H200N3f10 18 0.75 0.03 200 3/1000 0.0001

* As geostrophic wind speed increases, the level of turbulence increases while the
vertical shear decreases due to competing influences of turbulence and shear

19/30

External parameters = Internal parameters
L
Internal parameter distributio Internal parameter distributio Internal parameter distributi
: o %<V, <=20
20%<V <=40%
5 TP S | SOUNY. .. S ) B Lo i sk spas b St e s nyes | T RO SOPPPP SO " h :
o A0%<Y <e60%
B0V, <=B0%
b | SERETERTS L Qb . Bg";le_\‘f"g.]w?};,
R eyt N I :
o 3
*» L}
4 4 4 g
D ................. o 1| RS AP, S T SR Ty} T R PR S
%2 4 o0 1 2z 3 % 2 a4 0 1 2 3 % 2 4 0 1 2z 3
Zu Za. Za.
Run Name G (m/s) |CR (K/h) | z0(m) Hi(m) | N (K/m) f (Us)
G15C50Z3H200N3f10 15 0.50 0.03 200 3/1000 0.0001
G15C75Z3H200N3f10 15 0.75 0.03 200 3/1000 0.0001
G15C100Z3H200N3f10 15 1.00 0.03 200 3/1000 0.0001
* As surface cooling rates increase, turbulence levels drop while vertical shear is
enhanced due to the increased atmospheric stability
20/30
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%
A

=
a
w

Internal parameters = Load statistics (EFL)

Rislatrv contribution boteesn & and sid 1o EFL of EBM
. amy

®  0%<EFL<=20%

o 20%<EFL==40%
A0%<EFL==60%
60%<EFL<=80%
B80%<EFL<==100%

Riedative contribation batwesn & and st to EFL of FBM

Roative contribation betwean & and std to EFL of TEM

~11.14r‘n/s)

I‘.ff.aui%.,,.

'340%<Vf,1<60%(53._61m./

Total . 2 Tt
[ Bl e

2

3 2 . 3
2 97<Vh<2(¥! 410%<Vh<20%
P — of- -swm
2 -2 &-ﬁ

- e - : ]
4[20%<Vh<40% 320%<Vh<4o% %

~ . afoht

/ 60%<\/'F)1<80%'(%1.14m s-12.67‘m/s) : o ) 6o%<\/h<80% ! X - :
2 - - i\ 4 G d .
- v
of- L L — ok 1-45 w“ ey
“80%<Vh<100%(12.67M/s~14.30m/s) * 3 80%<Vh<100%' 0 1 2 3 80%<Vh<100%' 1 2 3
e

EBM: mostly affected by V,. Above
the rated wind speed (11.4m/s),
EFL of EBM decreases due to pitch
control of wind turbine
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Internal parameters = Load statistics (MAX)

Rislatrv contribution boteesn & snd 1010 M of EBM

*  0%<Max==20%
o 20%sMax=40%
*  A0%=Max==60%
B0%<ha==80%
®  B0%<=Max==100%

Fiolatrv contribusion Exitwaon & and £ 1o Max of FEM

Ristive contribaution betwean & and std to Max of TEM

B Y WE va.. .

zo%<vh<4o%(8,,o8rn/s~9 61m/s)

2[20%<Vh<40% _

LI

2 A ] 1 2 3
l0%<Vh<20%

: . a¥s

Y =9 ot I
2 ‘1 . e 3 ap

'34o%<VF1<60%(53._61m./§~11.14r‘n/s) 2 4 " 4o%<vh<60% . 2

2 2

; : 60%<VF|<80% > :

2 2 i

of- o= L
2 2

“80%<Vh<100%(12. 67vﬁ/s~14 Jom/s)* 3 80%<Vh<100%' 0 2 3

: 4 F

0 %“’w‘ ¢

2 2 {

5 .3 - 2 3 2 1 o 1 2 3 2 1 0 1 2 3
EBM: mostly affected by V,. Above

the rated wind speed (11.4m/s),

EFL of EBM decreases due to pitch

control of wind turbine
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Comparison: LES vs IEC (Wind inflow)
|

Internal parameters distribution * The 1100 combinations of internal
e Bl
. ’ ; e 7 parameters (V,, 0, o) were
high turbulence’ : D%=V, <=20%
ek them % G extracted from 22 LES cases.

& weak Shear

20%, <=40%
e d0%<, <=B0%
o | B0%eV, <=B0%

* These same combinations of
internal parameters were used to
generate wind fields using TurbSim
IEC model (NBL).

PEPEPEEFS ~E I FE i S S SR R

¢ 0
* Wind inflow and load statistics
- 1 were compared based on four
1 different regimes to assess
! ! H L . .
B g ke P iow furbulence ! conditions that cause differencesin
& weak Shear & strong Shear : loads
| 1 I 1
= I A i
Z
a
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Comparison: LES vs IEC (Wind Inflow)
<high turbulence & weak shear> <high turbulence & strong shear>
Ensemble PSD [—LEs] Ensemble PSD —LES
- —IEC | - —IEC
3 o
100 10
€ €
a a
w w
o '8 A
10 10°
10° 10" 10’ 107 107 10’
Neormalized frequency(Hz) Normalized frequency(Hz)
<low turbulence & weak shear> <weak turbulence & strong shear>
Ensemble PSD [—LEs| Ensemble PSD —LEs
= —IEC | T —IEC
T £ Energy level
510 o510 -
E : ﬁ . increases
a ! a !
W i w 1
o R : o o :
107 ! 107 !
10° 10 10" ' 107 10 10"
Nermalized frequency({Hz) Normalized frequency(Hz)
PSDs in IEC flows are not affected by stability
PSDs in LES flows show reduced high-frequency energy with increase in stability
24/30
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Comparison: LES vs IEC (Fatigue)

EFL(MN-m)

EFL(MN-m)

<high turbulence & weak shear>

EBM FBM TBM
8 r T
Gf wie  omEe | i H
7 -+ i L
: B & HH
2| i i -
O&s Ec 1es Ec Ll&s IEC
= <low turbulence & weak shear=
| eBm FBM TBM
8
6F === e
¥ H
4 . L. A
: I
o

[Es EC LEs EC LES IEC

<high turbulence & strong shear>

=

EFL{MN-m)
E o oo

(%]

EBM FBM TBM
—_— ] -:—

é-r
+?@

F{ -1

lEs EC LEs [EC LES [EC

<low turbulence & strong shear>

EBM FBM TBM
- —tl -
I é T
T I =
LES |EC LES IEC LES IEC

* Only small differences in EFLs between LES (SBL) and IEC (NBL) cases
if internal parameters are same

25/30
Comparison: LES vs IEC (Extremes)
<high turbulence & weak shear> <high turbulence & strong shear=
sof EBM FBM TBM 80 EBM FBM TBM
2o = Zw B O
= iF = 4T ¥
40 240
o o
= =
20 20
L — e = =
&5 Ec 1es Ec &5 &5 Ec 1Es EC €5 EC
<low turbulence & weak shear> <low turbulence & strong shear>
sl EBM FBM TBM ol EBM FBM TBM
s - T n o
Eeo 3 E60
3 H| § B B
40 S 40 S
= = B s
20 20
s ] O .
Es Ec 1Es Ec €5 IEC O{Es Ec 1Es EC €S IEC
* Only small differences in load maxima between LES (SBL) and IEC (NBL) cases
if internal parameters are same
26/30
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Comparison: LES vs GPLLJ (Inflow)

internal parameter distnitadion (LES)

1t %~~-- Vjincrease
. 1
< 31 Comparision of PSD
08} ad 10°
g AL
Eogl » 0% 20 ’;’l\., & —LEs
2| o e A p 5 ——GPLLJ
04 40%<V, <=E0% Ly YT "' 10
3 & ch « ¥
“_| 0% e, <sa0% »J.“:t"' Al wlh
| o 80%eV, <=100% bl £ 10’
" | i |
o1 0.15 02 025 o3 035 04 045 05 2
Pawer exponel, o E
Inlernal parameder distribution (G#, LY E 10°
V, increase @
_f a
14 \‘ s~\\ g
\ ateat 10
08k k% 8 S
A Ly A L
Eos| o 0% =mon | hat o i ‘ is
i g ~.
k) A c=40% ~. ]
il ® e L S 2 10 10" 10’
o 40NV =E0N S~ Normalized frequency(Hz)
021 6O <=g0%
. BNV <=100%
| S A—| L i - b L i J
85 015 02 025 03 035 04 045 05

Power exponel. o
* Based on Ri, jet height, and V,, values extracted from LES, wind fields
were generated using TurbSim’s GPLLJ model and a, 6, were computed

* The distribution of the GPLLJ internal parameters is very different compared to LES
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Comparison: LES vs GPLLJ (Load Statistics)
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* Only small differences noted in fatigue and extreme loads between LES and GPLLJ flows
since to first order hub-height winds, V,, are most important and these are same in LES as
well as GPLLJ computations.
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Concluding Remarks
I ——

O Large-Eddy Simulation (LES) was used to generate wind fields for the stable
boundary layer (SBL) accompanied by strong wind shear.

O A parametric study of LES-based SBL flow fields for different “external”
parameters including geostrophic wind, surface cooling rate, etc. was
undertaken.

O  Comparisons were made with flow fields from (i) stochastic simulation of the
neutral boundary layer (NBL) where “internal” parameters such as wind
shear, hub-height winds, and turbulence level were matched; and (ii) a data-
based Great Plains Low-Level Jet (GPLLJ) procedure where hub-height
winds, Richardson number, and jet height were matched.

O  Fatigue and extreme loads on a 5MW wind turbine were compared for the
SBL, NBL, and GPLLJ flow fields. Because of the selected matchings of the
internal parameter sets, rotor and tower load levels were comparable.
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Summary of IEA RD&D Wind — 64th Topical Expert Meeting
Félix Avia, Lance Manuel

a) Participants

A total of 24 persons registered for this meeting. They represented the following countries:
Germany, Japan, Sweden, and the USA. Experts from China were invited to participate in the
meeting (actually China has already joined Task 11).

The participants represented a great variety of stakeholders related to the topic. Those were:
research organizations, universities and consultants.

A total of 14 presentations were given:
1. Presentation of Introductory Note
Dr. Tetsuya Kogaki. (AIST)

2. Statistical analysis of wind turbine failures. Marketability of new wind turbine classes
Hikaru Matsumiya, HIKARUWIND Lab. Ltd. JAPAN

3. Turbulence characteristics in domestic sites in relation to IEC-61400 NTM model
Sannosuke Tanigaki Wind Energy Corporation. JAPAN

4. Experimental study of wake effects for complex terrain - Advanced simulation
techniques of tropical cyclones, complex terrain and wake effects
Junsuke Murata. Mie University. JAPAN

5. Simulation of Thunderstorm downburst inflow fields and their influence on wind
turbine loads
Lance Manuel. University of Texas at Austin. USA

6. Numerical simulation of typhoon winds with a mesoscale model
Teruo Ohsawa. Kobe University. JAPAN

7. Analysis of SODAR Measurements over Complex Terrain in JAPAN.
Hiroshi Kubo, ITOCHU Techno-Solutions Corporation. JAPAN

8. Impact of severe wind conditions for wind turbine design
Hiroshi Imamura. WEIT. JAPAN

9. CFD simulations of wake effect in large wind farms
Stefan Ivanell. Gotland University. SWEDEN

10 Brief Introduction of China Extreme Wind Conditions Survey and research
Yu Zhang, China General Certification Center

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems



iea wind
11 Modelling turbulent typhoon time series
Michael Schmidt and Tanja Muecke. Univ. of Oldenburg. For Wind. GERMANY

12. Typhoon protection system for wind turbines
Niels Kjaer Launtsen and Morten Sloth. VESTAS. Denmark

13. Estimation of Extreme Wind Speed by using Monte Carlo Simulation
of Tropical Cyclone
Atsushi Yamaguchi. University of Tokyo. JAPAN

14. Wind Turbine Loads in Simulated Stable and Neutral Boundary Later Flow Fields
Lance Manuel. University of Texas at Austin. USA

b) Discussion

Following the two days of presentations the floor was opened and a general discussion took place.
A number of different topics were handled. In particular, the following topics were discussed:

Definition of Extreme Conditions: Typhoons, Thunderstorms Downburst, etc.

Data base of Extreme Conditions

Wind Data Base for comparative analysis of IEC 61400-1 Normal Turbulence Model

Increase cooperation between measurement and simulation work

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
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Definition of Extreme Conditions: Typhoons, Thunderstorms Downburst, etc.

Codes and standards for severe wind conditions caused by tropical cyclones and complex terrain
will be needed for wind turbine design in order to expand the wind energy market, and in order to
secure reliability and safety of wind turbine generation systems.

A niche market already exists in very windy areas with extreme conditions: Very Complex Terrain
areas, Typhoons areas, Thunderstorm Downburst areas, etc. For the development of this market, it is
important to have WT Technology especially designed for such extreme conditions as we begin to
gain a better understanding of these conditions. This is one of the targets of the NEDO research project: to
develop Technology toward highly safe and reliable wind turbine generation systems, even in severe
wind conditions such as typhoon and highly complex flow. To address these urgent subjects, wind
condition models for complex terrain and for Typhoons (Hurricanes) will be developed in this
NEDO project (H. Imamura).

The wind conditions associated with tropical cyclones, complex terrain and wakes are included in
the agenda for revision of IEC 61400-1. However, to date, severe wind conditions have not been
fully taken into account in design, since they are still at the R&D stage.

Discussing and sharing information on unclear wind conditions is therefore of great importance,
since it is expected to deliver safer and more reliable next-generation wind turbine designs.

The definition of extreme storms was the first point discussed. The second issue discussed related
to the definition of specific extreme condition classes in addition to those already included in the IEC
standard.

There are already existing definitions of extreme transient events intended to describe
characteristics such as are seen in thunderstorms, but more work is needed to verify whether the
existing load cases in the standards adequately describe wind velocity fields associated with
thunderstorm downbursts and other transient events.

This action should be carried out under the umbrella of the IEA Wind Implement Agreement in
coordination with the IEC working groups.

The possibility to launch a new IEA Wind Task was discussed, but no decision was adopted during
the meeting.

Data base of extreme storms

At the present time, there are large number of wind data being collected worldwide, including
measurements in very complex terrain, typhoons areas and high turbulent intensity areas. However,
to create an open Wind Data Base (WDB) is a very difficult task, due to confidentiality reasons that
make it very difficult to have access to any existing data.

The National R&D Japanese project “Research and Development of Next-generation Wind Power
Generation Technology/Research and development of basic and applied technologies (FY2008-2012)”, has
wind speed data measured at a total of 418 sites in Japan

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
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China has a new wind resource and condition survey program with more than 400 masts with 70 m

height and 70 masts with 100 m height. Unfortunately, the data will not be public available, but the
result of the analysis of the data will provide useful information.

One of the options suggested is to try to collect wind data from sites without information of the
location of the site, to avoid confidentiality problems. Another option is to aggregate any data
available and report it in summary form such as with joint and/or marginal probability histograms for
key wind-related random variables. Such an approach would protect the identity of the sites used as
well as allow the holder of the raw data to preserve their advantage of having collected the data.

Another option suggested was to try to find available wind data from public institutions
(Meteorological Institutes, Airports, etc).

The possibility to launch a new IEA Wind Task to create an open WDB was discussed, but no
decision was adopted during the meeting.

Specific Wind Data Base for comparative analysis of IEC 61400-1 Normal Turbulence Model

According to the information presented during the meeting, it is clear that the Normal Turbulence
Model (NTM) included in IEC 61400-1 (defining three levels of turbulence intensity (TI), A=16%,
B=14% and C=12%), underestimates Tl values calculated for several places using measured data,
mainly in complex terrain sites.

From the National R&D Japanese project “Research and Development of Next-generation Wind Power
Generation Technology/Research and development of basic and applied technologies (FY2008-2012)”, using
measured wind speed data at 259 sites in Japan, the turbulence intensity at 25 — 50% of the measurement
sites exceeds category A turbulence intensity specified in the current edition of IEC 61400-1 Ed.3.

There is not sufficient information available on the process followed in the development of the
NTM included in the IEC 61400-1 standard, but there was a general consensus among the
participants that a review of the model is required.

The creation of a Wind Data Base (WDB) including wind data from different sites around the
world would be very useful to perform needed analyses to try to verify the acceptability of the
current NTM definition or to define new NTM coefficients, especially for complex terrain areas
and/or specific class S sites.

The possibility to create a working group for comparative analysis of the NTM coefficients was
discussed, but no decision was adopted during the meeting.

Increase cooperation between measurement and simulation work

Results were presented showing discrepancies between measured data and simulated data of
typhoon winds. In order to improve the existing simulation models, more validation exercises are
required.

One of the first constraints, as was already stated in previous paragraphs, is the lack of valuable
measured data to perform these studies.

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems
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Another crucial point is the necessity to harmonise the measurements process of the wind

conditions. Uncertainty in wind speed measurements contributes to the overall uncertainty. By

adopting best practices in the design, selection, calibration, deployment and use of anemometry,
uncertainty can be minimised.

There is no clear guidance on the best practice in the use of anemometry for measurement of
extreme wind conditions. There are various types of anemometer on the market. Some are highly
responsive and can be used for defining the detailed turbulence structure of the wind. The most
commonly used type of instrument is undoubtedly the three-cup anemometer. Other types of
instruments are available and can be more appropriate in specific applications.

The necessity for harmonization of the methodologies used to analyse measured wind data was
also discussed. This action will allow performing more useful comparative studies of the results
obtained, without the necessity of sharing the WDB used for the studies.

The possibility to organize comparative studies of analysis of extreme wind conditions between
several institutions using similar data will help in the future to harmonise these methodologies and
procedures.

c) Future actions under the umbrella of IEA Wind

During the discussions, several actions were identified as crucial ones to be carried out to improve
existing knowledge in reference to the Wind Conditions for WT design.

These actions were discussed as was the possibility to launch a new Task under the umbrella of the
IEA Wind Implement Agreement, and in coordination with IEC working groups. However, no
decision was adopted during the meeting in this direction.

A general agreement among the participants was reached to arrange a new TEM in this specific
subject in 2013 in order to exchange knowledge generated as the output of already existing research
actions.

The International Energy Agency Implementing Agreement for
Co-operation in the Research, Development, and Deployment of Wind Energy Systems



O 00N O U B WN -

NNNNNNNRRRRRRRR R R
OB WNRPROWVWOWNOOWMMAWNIERO

iea wind

Participants List - WIND CONDITIONS FOR WIND TURBINE DESIGN

The University of Tokyo (Building 18, Komaba I Campus) . December 14th -15th, 2010

Name Last Name Job Center Country E-mail
Felix Avia OA of IEA Wind Task 11 - CENER SPAIN favia@cener.com
Michael Schmidt ForWind, University of Oldenburg GERMANY michael.schmidt@forwind.de
Tanja Miicke ForWind, University of Oldenburg GERMANY tanja.muecke@uni-oldenburg.de
Jinhua Hu Goldwind Science CHINA hujinhua@golwind.de
Yu Zhang China General Certification Center CHINA chenlj@cgc.org.cn
Leije Chen China General Certification Center CHINA zhangyu@cgc.org.cn
Stefan Ivanell Gotland university SWEDEN stefan.ivanell@hgo.se
Manuel Lance University of Texas at Austin USA Imanuel@mail.utexas.edu
Niels Lauritsen Vestas Wind System A/S DENMARK nki@vestas.com
Morten Sloth Vestas Wind System A/S DENMARK mos|@vestas.com
Jonathan Carboon Vestas Asia Pacific DENMARK jocab@vestas.com
Junsuke Murata Mie University JAPAN murata@mach.mie-u.ac.jp
Hikaru Matsumiya HIKARUWIND.LAB. Ltd JAPAN h-matsumiya@aist.go.jp
Teruo Ohsawa Kobe University JAPAN ohsawa@port.kobe-u.ac.jp
Hiroshi Kubo ITOCHU Techno-Solutions JAPAN hiroshi.kuboa@ctc-g.co.jp
Sannosuke Tanigaki Wind Energy Corporation JAPAN tngk@pop16.odn.ne.jp
Atsushi Yamaguchi The University of Tokyo JAPAN atshushi@bridge.t.u-tokyo.ac.jp
Makoto Lida The University of Tokyo JAPAN iida@cfdl.t.u-tokyo.ac.jp
Chuichi Arakawa The University of Tokyo JAPAN arakawa@cfdl.t.u-tokyo.ac.jp
Hiroshi Imamura Wind Energy Corporation JAPAN imamura@windenergy.co.jp
Yoshishori Ueda Wind Energy Corporation JAPAN y_ueda@mhi.co.jp
Tetsuya Kogaki AIST JAPAN kogaki.t@aist.go.jp
Yasuyuki Oguro JEMA JAPAN yasuyuki_oguro@jema-het.or.jp
Kazuo Shibata JEMA JAPAN kazuo_shibata@jema-net.or.jp
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