DELIVERABLE 3.1

WP3 Mid-term research report

Date:
Prepared by:

31/10/2016
UOL-FORWIND, NTNU, TUM

AWESOME - Advanced Wind Energy Systems Operation and Maintenance Expertise
Grant agreement: 642108
From January 2015 to December 2018

This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie
Sklodowska-Curie grant agreement No 642108

Document: D3.1 WP3 Mid-term research report
Author: UOL-FORWIND, NTNU, TUM
Reference: D3.1 AWESOME ID EC-GA:642108

Version: v1
Date: 31/10/16

DELIVERABLE FACTSHEET
Document Name:
Responsible Partner:
WP:
Task:
Deliverable nº:
Version:
Version Date:

Deliverable 3.1 WP3 Mid-term research report
UOL-FORWIND
3. Wind Farm O&M Planning.
3.1, 3.2, 3.3
3.1
1
31/10/2016

Dissemination level
PU = Public
PP = Restricted to other programme participants (including the EC)
RE = Restricted to a group specified by the consortium (including the EC)

x

CO = Confidential, only for members of the consortium (including the EC)

Approvals
Author/s
Task
WP Leader

Entity
UOL-FORWIND, NTNU, TUM
UOL-FORWIND, NTNU, TUM
UOL-FORWIND

D3.1 WP3 Mid-term Research report

ii

Document: D3.1 WP3 Mid-term research report
Author: UOL-FORWIND, NTNU, TUM
Reference: D3.1 AWESOME ID EC-GA:642108

Version: v1
Date: 31/10/16

DISCLAIMER OF WARRANTIES
This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant agreement No 642108
This document has been prepared by AWESOME project partners as an account of work carried
out within the framework of the EC-GA contract no 642108.
Neither Project Coordinator, nor any signatory party of AWESOME Project Consortium
Agreement, nor any person acting on behalf of any of them:
(a) makes any warranty or representation whatsoever, express or implied,
(i).
with respect to the use of any information, apparatus, method, process, or similar
item disclosed in this document, including merchantability and fitness for a
particular purpose, or
(ii).
that such use does not infringe on or interfere with privately owned rights,
including any party's intellectual property, or
(iii).
that this document is suitable to any particular user's circumstance; or
(b) assumes responsibility for any damages or other liability whatsoever (including any
consequential damages, even if Project Coordinator or any representative of a signatory
party of the AWESOME Project Consortium Agreement, has been advised of the possibility
of such damages) resulting from your selection or use of this document or any information,
apparatus, method, process, or similar item disclosed in this document.

D3.1 WP3 Mid-term Research report

iii

Document: D3.1 WP3 Mid-term research report
Author: UOL-FORWIND, NTNU, TUM
Reference: D3.1 AWESOME ID EC-GA:642108

Version: v1
Date: 31/10/16

TABLE OF CONTENTS
1 Task 3.1: ESR 2 ....................................................................................................................................... 2
1.1 Summary .............................................................................................................................................. 2
1.2 Background and organisation of the project ....................................................................................... 2
1.3 Research line of the fellow................................................................................................................... 3
1.4 Progress on short-term objectives (1-2 years) ..................................................................................... 5
2 Task 3.2: ESR 3 ....................................................................................................................................... 8
2.1 Summary .............................................................................................................................................. 8
2.2 Background and organisation of the project ....................................................................................... 8
2.3 Research line of the fellow................................................................................................................... 8
2.4 Progress on short-term objectives (1-2 years) ................................................................................... 10
3 Task 3.3: ESR 4 ..................................................................................................................................... 13
3.1 Summary ............................................................................................................................................ 13
3.2 Background and organisation of the project ..................................................................................... 14
3.3 Research line of the fellow................................................................................................................. 15
3.4 Progress on short-term objectives (1-2 years) ................................................................................... 18

D3.1 WP3 Mid-term Research report

iv

Document: D3.1 WP3 Mid-term research report
Author: UOL-FORWIND, NTNU, TUM
Reference: D3.1 AWESOME ID EC-GA:642108

Version: v1
Date: 31/10/16

INTRODUCTION
This document is the Mid-term research report corresponding to WP3 prepared under the Project
AWESOME EC-GA contract no 642108.
The deliverable 3.1 is under the activities of the following tasks within the DoA of the project
AWESOME:
Task 3.1 Very-short term wind field forecasts for wind farm operation and grid stability
improvements: An experimental approach with forecast horizon up to 30 minutes.
Task 3.2 Stochastic wind park modelling and maintenance scheduling under uncertainty – a serious
game.
Task 3.3 Improved wind farm operation and control.
The intended audience of the document is each individual participant of the project consortium, as
well as the Research Executive Agency.
The purpose of this document is to report the progress of the research activities carried out under
the framework of this WP, including for each task or Early Stage Researcher (ESR):
•
•
•
•

Summary
Background and organisation of the project
Research line
Progress on the short-term objectives (1-2 years)
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1 TASK 3.1: ESR 2
1.1 Summary
This section summarizes the research progress made by the ESR2 during the first 14 months of her
PhD project. The research project “Very-short term wind field forecasts for wind farm operation
and grid stability improvements” is aimed to use remote sensing technology to forecast wind field
characteristics and to provide with a very short-term power output forecast of a wind farm.
During the first months of the PhD, the ESR2 focused on understanding the nature of Lidar
measurements, planning Lidar trajectories, filtering the data, etc. First analysis on spatial
characteristics of the inflow of a wind farm with Lidar measurements have been conducted on the
Riffgat wind farm (North Sea) using spatial cross-correlations and integral length scales. Comparison
with Large Eddy Simulations (LES) are being conducted to better understand the averaging process
of lidar measurements. A Lidar simulator on LES is planned to be used for further research.
The academic secondment started at the beginning of September. During this period the ESR2 is
focused on analysing the evolution of wind field characteristics from Lidar measurements under
different atmospheric conditions, scenarios, height, etc., and to analyse which coherent structures
can be forecasted with Lidar on a very-short term scale, based on Taylor´s frozen turbulence
hypothesis.
Future work is focused on developing techniques to combine wind field measurements to provide
a power output forecast under 30 min scale.
Up to now, ESR2 is developing skills in analysing Lidar data, planning measurements and completing
her knowledge with courses and seminars such as the DTU summer school on remote sensing.
Communication skills are also being develop by attending seminars such as the EAWE PhD seminar
and participating in the internal seminars from the beneficiary and from the academic institution.

1.2 Background and organisation of the project
Today, wind energy sector uses different methodologies to forecast depending on the
meteorological scale. Numerical weather predictions can predict large-scale events such as cold
fronts, which produce large-scale ramps. However, they fail to predict smaller scale events such as
ramp events. Consequently, unexpected wind field fluctuations under 10 min scale in terms of wind
speed and wind direction variations may lead to significant wind power fluctuations of up to -50%,
together with high structural loads on the turbines. As a result, wind farm operators schedule
conservatively the energy they can supply to the grid. Therefore, very short-term power forecasting
is becoming of great interest to the wind energy industry since it can improve grid stability, increase
the lifespan of wind turbine components and improve the integration of wind energy.
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Remote sensing technology such as Long range Scanning Doppler LiDAR (Light Detection and
Ranging) is a promising technology to perform short-time wind forecasts due to its ability to scan
spatial distributions at large distances. It is able to scan close to the surface and reproduce wind
inflows at larges distances provided that the atmosphere contains sufficient aerosol particles
suspended in the air. Therefore, this task is bound to improve wind farm operation, to increase the
efficiency of planning the energy production within the windfarm and consequently, to reduce the
costs of wind energy operation.
As a general objective, the ESR2 is aimed to develop a methodology to forecast power output on a
very short term scale, under 30 min.
As concrete goals, ESR2 will focus on:
•
•
•
•

Analysing the spatial characteristics of wind fields measured with long-range Doppler Lidar.
Analysing the accuracy of Lidar measurements over long ranges.
Developing wind field forecasting methods and compare them with persistence method.
Developing techniques to forecast the power output of a wind farm depending based on
the spatial characteristic of the wind fields measured with the long-range Doppler Lidar.

During this project, two secondments are scheduled. The academic secondment started on
September 2016 at Risø, DTU. The ESR2 will analyse during her secondment the evolution of wind
fields measured with long-range Doppler Lidar in different scenarios using data from two different
experiments: Rune experiment and Balcony experiment.
During the industrial secondment at Dong Energy, the ESR2 will work on forecasting power output
with different remote sensing techniques, such as Radar.
Delays or other changes related to the original approved application: The PhD student started 15
days after start-up day. The secondment scheduled for February 2016 has been shifted to
September 2016.

1.3 Research line of the fellow
During the first year of PhD, an analysis on the inflow characteristics of an offshore wind farm was
performed using data from long-range Doppler Lidars located in the Riffgat wind farm. (North Sea).
The spatial characteristics of the wind farm inflow have been evaluated in terms of integral length
scales in the streamwise and cross-stream direction of the flow, and depending on two different
stability conditions: neutral and unstable.
Large Eddy Simulations (LES) have been conducted to compare the size of the structures. The effect
of the size of the structures has been analysed using a simplified wind farm model Preliminary
results have been published in the Torque Conference (2016).
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Figure 1. Two consecutive lidar scans of the inflow to an offshore wind farm with a time difference of 70s. In the scans
different structures in the wind field can be identified and tracked. Furthermore, their streamwise and crosstream lengths
and their dependence on the atmospheric conditions was analysed.

Figure 2. Comparison of streamwise and crosstream lengths of flow for neutral (left) and unstable (right) atmospheric
conditions. Results from lidar measurements are compared with LES simulations at different heights. Further simulations
are required to investigate the differing results.

Up to now, the progress is considered as good, the future work includes:
•
•
•
•

Derive a classification of the size of the coherent structures measured with the Lidar under
different atmospheric conditions and height and roughness (offshore, onshore).
Analyse the evolution of the size of the coherent structures with time, testing Taylor´s
frozen turbulence hypothesis.
Use a lidar simulator to better understand the averaging process of Lidar measurements in
the flow over LES, to decrease uncertainty in the Lidar measurements depending on the
time acquisition and spatial resolution of the Lidar.
Analyse the effect of spatial fluctuations on a wind farm on a 10 min scale and develop a
technique to forecast wind farm power output based on remote sensing wind field
measurements.
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Figure 3. Simplified wind farm model for analysing the effect of fluctuations on the power output of a simplified twoturbine wind farm. Different set-ups of and distances between turbines are considered.

Objectives and milestones in the original project progress
Characterization of the impact that uncertain forecasts of wind speed and wind
direction have on the power variation of large offshore wind farms.
Correlation of a two-dimensional atmospheric wind field data base from the
inflow of an offshore wind farm (LiDAR measurements) with atmospheric data
from a meteorological mast.
Study on the deterministic behaviour of the potentially heterogenic inflow of a
wind farm.
Systematic analysis of the accuracy of the LiDAR system over long distances in
cooperation with the academic partner entity.
Analysis and correlation of the different datasets from remote sensing,
meteorological instruments and power output wind farm in order to increase the
accuracy of short term power predictions by means of statistical methods.
Enhancement of the very-short term power prediction model to lead times
beyond 0,5 hours by additional information
Development of a methodology for the very-short term forecast for power
prediction based on the correlation of the atmospheric conditions measured by
remote sensing with the power output data from a wind farm operator

Ongoing
Academic
Secondment
Ongoing
Academic
Secondment
Industrial
secondment
Ongoing
Ongoing/
industrial
secondment.

Table 1. Objectives and milestones foreseen

1.4 Progress on short-term objectives (1-2 years)
According to the short-term objectives included in Deliverable 2.2 Personalised career development
plan, a description of the progress in the following aspects is given:
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Research results
The project resulted in the following publications:
1. L. Valldecabres, W. Friedrichs, L. von Bremen and M. Kühn. Analysis of wind field
fluctuations on wind farm power output. 12th EAWE PhD Seminar of Wind Energy in Europe.
2. L. Valldecabres, W. Friedrichs, L. von Bremen and M. Kühn. Spatial-temporal analysis of
coherent offshore wind field structures measured by scanning Doppler-lidar. The Science of
Making Torque from Wind (2016)
The research results were discussed and presented at different workshops and conferences:
1. ForWind Seminar, Oldenburg, 15 December 2015: Kick-off presentation of ESR2 PhD
project and approach followed so far.
2. Joint Industrial Workshop, Berlin, 16-19 February 2016: Joint Industrial Workshop focused
on addressing Industry problems on O&M.
3. Short term lidar forecast workshop, Oldenburg. 22-23 March 2016: Workshop on Short
term lidar forecast to define short term wind field and power forecast research lines to
address with Remote Sensing Technology.
4. 12th EAWE PhD Seminar, Lyngby, Denmark, 25-27 May 2016: Oral presentation
5. The Science of Making Torque from Wind (TORQUE 2016), Munich; Germany, 5-7 October
2016: Poster presentation.
The following summer schools and courses were attended:
1. Specific Course 1 SC1, 8-10 Sep 2015: Main Challenges of wind power O&M, Presentation
of network objectives, structure and procedures
2. Specific Course 2 SC2, Dec 2015: Scientific and technical subjects dully addressed in
AWESOME technical WPs.
3. PhD Summer School: Remote Sensing for Wind Energy, 30 May – 3 June 2016, Varna,
Bulgaria: Summer school focused on advanced remote sensing techniques useful in wind
energy. Themes: development, instrument configuration, signal processing, data analysis
and applications of various remote sensing instruments: SODAR, LIDAR, ceilometers and
SAR among others, both ground- and satellite-based instruments.
Research skills and techniques
Besides the input from both Specific Courses, the following research skills and techniques are
continuously being developed:
•
•
•
•
•
•
•

Literature Review
Matlab programming skills
SQL programming skills
LiDAR measurements planning
LiDAR acquisition data, filtering and processing data.
Time-series analysis
Wind data statistics
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Availability to summarize, report and document
Initiative
Independent, structured and critical thinking
Acquisition of new expertise in remote sensing techniques and wind forecasting techniques

Research management
Research management skills such as project management, activities planning, external and internal
cooperation, teambuilding are being developed and complemented with the following courses:
1. Coping with the challenges of the PhD, Oldenburg, 17-19 October 2016: The training
includes detailed explanations of all relevant aspects such as: what it means to do a PhD
study, formal requirements, what is sufficient research? PhD defence/, complementary
skills, supervision, project and time management, papers or monograph, writing,
publication plan, coping with stress, networking, teaching, communication skills, work/life
balance, career choices & consequences, getting a job
2. Project Management, Oldenburg, 18-19 Nov 2015: Terms of reference and aims
clarification, project environment/ stakeholder analysis, project plan development (risk
assessment), project control and verification, project completion
Communication skills
The following communications skills are pursued specifically by ESR2:
1. Ability to summarize and write in an appropriate style according to the document purpose:
peer-reviewed journal, conference paper, poster project deliverable, progress report.
2. Facility to present and explain concepts from different points of view and with different
techniques, according to the audience: seminars, conferences, courses.
3. Constructively defend research outcomes at seminars and conferences.
Communication skill are complemented with the following courses and seminars:
1. How to publish in peer-reviewed journals, Oldenburg, 4-6 August 2015:Preparing, writing,
editing, peer-review process
Networking opportunities
Due to the AWESOME network several opportunities for networking were used by ESR2, amongst
these are the Torque Conference 2016, Joint Industrial Workshop and the EAWE PhD seminar.
Furthermore, a cooperation with DTU was established well ahead of the secondment by attending
the DTU summer school on remote sensing and organising a short-term Lidar forecasting workshop
together.
Other activities
The ESR supervised the internship of a student working on Lidar data analysis from February-May
2016.
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2 TASK 3.2: ESR 3
2.1 Summary
The project started smoothly and all envisaged training opportunities were successfully completed.
The main outcome of the research is a demonstration that uncertainty in repair times, which has
up to now been completely neglected in O&M models, is able to significantly affect O&M
performance. This and further results are reported in a total of five publications. The only deviations
from the work plan are minor: the switching of the order of the secondments due to better
alignment with the research, and a slight delay in one planned publication.

2.2 Background and organisation of the project
This project is concerned with developing novel methods and tools for improving maintenance
actions in offshore wind farms. An existing stochastic simulation model shall be updated and
extended, and novel strategies for maintenance scheduling shall be developed and tested. Finally,
a serious game shall be developed, primarily as an outreach activity.
The first year of the project has been dedicated mostly to training and to familiarization with
existing maintenance models and approaches through research on specific aspects where these
models can or should be improved. An important objective was to publish early in the scientific
literature, in order to develop and train the necessary skills.
The start-up process was smooth, and after initial training a number of studies were performed
that resulted in first conference presentations and publications. In parallel obligatory courses at
NTNU were followed. As additional quality assurance an internal project plan was established and
accepted by NTNU IVT Faculty.
The first secondment was performed at SIMIS AS in Trondheim. The order of the secondments has
been switched, in consultation with the Supervisory Board, as the industrial secondment with SIMIS
AS offered training that would be beneficial for the work performed already now, and as the
academic secondment at the University of Oldenburg benefits from more familiarity with the topic
during the second year of the project.

2.3 Research line of the fellow
The main research started with an analysis of existing maintenance models and approaches for
offshore wind farms, which was later presented at the EAWE PhD Seminar in Copenhagen. The
analytic model of Feuchtwang and Infield (2013) was chosen for a first study and carefully analyzed
and extended. All major maintenance models consider the effect of repairs (and maintenance
actions in general) to always take a fixed, constant time. A first hypothesis was that this would
underestimate the actually occurring project costs, due to interaction of repair duration with the
need for suitable weather windows.
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Figure 4. Probability distributions of delays due to uncertain repair times for gear boxes, using the analytical model of
a single turbine.

Using random repair times from different probability distributions this effect was indeed confirmed
for components with longer expected repair times (Figure 4), whereas for repairs with relatively
small expected times it was negligible. These findings have been presented at the COMADEM2016
conference.

Figure 5. Probability distribution of total production losses due to uncertain repair times for the wind farm simulation
model.

As the analytic model did not allow to study maintenance actions for multiple wind turbines in a
wind farm, the simulation model of Scheu (2012) was studied and modified to include random
repair times. The results again show a significant effect of the uncertainty of repair times on wind
farm availability and production losses due to downtime (Fig. 2). Interestingly, here the main effect
was due to small to medium repairs where scheduling of maintenance crews played an important
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role, whereas major replacements with dedicated crane vessels did not influence the outcomes as
much. These findings were presented at the TORQUE2016 conference.
It is planned to continue this line of research with further investigations on the importance of
(assumed) uncertainty in weather forecasts, thereby working more towards improved scheduling
of maintenance actions.

Figure 6. Flow diagram for definition of Key Performance Indicators

On the side, coursework at NTNU led to a first review/positional paper on safety indicators for
offshore wind farms that was presented at the DeepWind 2015 conference. During the AWESOME
Joint Industry Workshop this topic was followed up by an investigation into key performance
indicators (Fig. 3), as was suggested by the industrial participants of the workshop. It is aimed to
finalize this circle of ideas with a journal publication.
The progress is considered good.

2.4 Progress on short-term objectives (1-2 years)
The short-term objectives, as detailed in the D2.2 PCP, have been successfully completed, with
minor adjustments as detailed below.
Research results
Three publications were anticipated. One of them, the review paper on “Decision support models
for operations and maintenance for offshore wind farms” is still in preparation and will be
submitted soon. The other two publications and one additional conference paper have been
accepted for publication, and a chapter in a report was contributed:
1. Seyr H, Muskulus M: Safety indicators for the marine operations in the installation and
operating phase of an offshore wind farm. Energy Procedia 94 (2016): 72-81.
doi:10.1016/j.egypro.2016.09.200 [published, Open Access]
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2. Seyr H, Muskulus M: Operation and maintenance models for offshore wind farms –
mathematical structure and techniques. Proceedings of the 12th EAWE PhD Seminar on
Wind Energy in Europe. [postprint]
3. Seyr H, Muskulus M: Interaction of repair time distributions with a weather model. In:
Proceedings of the 29th International Congress on Condition Monitoring and Diagnostic
Engineering Management (COMADEM2016). [to appear]
4. Seyr H, Muskulus M: Value of information of repair times for offshore wind farm
maintenance planning. IOP Journal of Physics: Conference Series 753 (2016): 092009.
doi:10.1088/1742-6596/753/092009 [published, Open Access]
5. González E, Nanos EM, Seyr H, Valldecabres L, Yurusen NY: Key performance indicators for
wind farm operation and maintenance. Chapter 5 in 1st Joint Industry Workshop Scientific
Report, eds. Melero J, Muskulus M, Smolka U, 2016. [to appear]
The following conferences and workshops were visited (in chronological order):
1. EERA O&M Workshop, Berlin, 23 September 2015.
2. MainTech Maintenance Seminar, Trondheim, 12 November 2015.
3. EERA Deep Sea Offshore Wind R&D Conference (EERA DeepWind’2016), Trondheim, 20-22
January 2016. [oral presentation]
4. AWESOME Joint Industry Workshop, Berlin, 16-18 February 2016.
5. EAWE PhD Seminar, DTU, Copenhagen, 25-27 May 2016. [oral presentation]
6. 29th International Congress on Condition Monitoring and Diagnostic Engineering
Management (COMADEM2016), Xi’an, 20-22 August, 2016. [oral presentation]
7. The Science of Making Torque from Wind (TORQUE2016), Munich, 5-7 October 2016. [oral
presentation]
8. Internationale Spieltage (SPIEL’16), Essen, 13-16 October.
The following summer schools and courses were successfully attended:
1. CREST Wind Power Summer School 2015, Loughborough University, 10-13 August 2015.
2. Specific AWESOME Course SC1: Introductory topics and research management. CIRCE,
Zaragoza, 7-11 September 2015.
3. Specific AWESOME Course SC2: Technical topics. Trondheim, 25-26 November 2015.
4. IFEL8000 course at NTNU: Introduction to research methodology, theory of science and
ethics (4 ECTS)
5. TPK4120 course at NTNU: Safety and reliability analysis (7.5 ECTS)
6. PK8207 course at NTNU: Maintenance optimisation (7.5 ECTS)
7. MR8404 course at NTNU: System safety engineering and management (7.5 ECTS)
The following seminar presentations were given:
•
•
•

Monthly presentations at the internal seminar of the offshore wind turbine technology
group, NTNU
One two-hour lecture in the course BA8607 at NTNU.
Four seminar presentations in the course MR8404 at NTNU.
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Three seminar presentations in the course PK8207 at NTNU.

The first secondment was spent at SIMIS AS in Trondheim, from February 1 to June 3. This involved
exposure to programming, wind turbine analysis with commercial software, communicating with
potential customers and clients on the phone, and in general valuable, concrete experience with
the processes in a small startup company.
Research skills and techniques
The combination of Specific AWESOME courses SC1, SC2 and courses at NTNU covered Modelling
Techniques, Maintenance management and Introduction to research methodology. The CREST
Wind Power Summer School covered the Basics of Wind Energy. The design of offshore wind
turbines was covered by another course at NTNU, where the exam has not yet been taken.
Research management
Apart from the training in research management during the first AWESOME Specific Course, an
obligatory research management course was successfully completed at NTNU. This included an
internal PhD project description that was accepted by the PhD committee of NTNU IVT Faculty on
14.06.16.
Communication skills
Oral presentations in courses at NTNU and at several international conferences helped to improve
personal presentation skills of the ESR. Written communication of research results and ideas was
improved, by preparing academic papers. Feedback of the supervisors and anonymous reviewers
helped in improving the writing skills and the structured presentation of methods and results.
Feedback from a course on academic English writing was used to improve the ESRs papers.
Participation in workshops lead to new perspectives on the discussed topics and gave the ESR the
opportunity to gain better understanding on how to defend their own ideas and views on a topic.
Networking opportunities
The conferences, workshops and courses mentioned above gave rise to multiple networking
opportunities. At the AWESOME courses SC1 and SC2, both scientific and industrial partners were
available for discussions with the ESR. Attendance at three international scientific conferences
provided the opportunity of discussions about specific details of the ESRs research. Questions after
the given presentations resulted in mutual discussions and new ideas for further investigations. The
university courses at NTNU lead to discussions with PhD students and researchers from different
departments and hence lead to a multi-disciplinary exchange on different topics. Insight was gained
into similar industries by discussion with researchers from the fish-farming industry, sub-sea
research and the offshore oil and gas industries. The visit to the Internationale Spieltage in Essen
provided the chance to gain knowledge about the challenge of designing a serious game and lead
to discussions with game developers and producers.
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Other activities
The AWESOME network with the joint events provided a great basis for collaboration on research
between the PhD students. One joint publication has been the result of this collaboration and
another one is planned for 2017.

3 TASK 3.3: ESR 4
3.1 Summary
The present section gives an overview of the project of ESR 4, presents the research work that has
been completed so far and sets goals for the future. Moreover, it gives an outline of the
dissemination activities and networking events the ESR has participated so far.
TUM’s participation in this consortium is focused on the operation of a wind farm and, more
specifically, on the increase of a wind farm’s profitability through the introduction of sophisticated
wind farm control strategies. Such strategies, that exploit the physics of the flow within a wind farm,
can increase substantially the wind farm power production by moving from the up to day “greedy”
control strategy, that maximizes the power production of a single machine, to a different approach
that aims at maximizing the power production from the entire wind farm.
The ESR will work on the experimental study of such control algorithms. The initial plan wanted the
ESR to work mainly on the development of reduced wind farm model that would be capable of
predicting the flow within the wind farm. However, it is now considered as more fruitful in the longterm future if the ESR works on the enrichment of the experimental infrastructure of TUM.
Therefore, he has already started the design of a new wind turbine model that will allow him to test
a much larger spectra of wind turbine/farm algorithms. For example, test of wind turbine control
algorithms in complex terrain or in large arrays of wind turbines (more than 5 or 6) would not be
possible, yet after the design of the new model he will be able to make use of it, as well as the other
wind turbine models at TUM, in order to experimentally test control algorithms in a much broader
range of wind farm configurations.
Regarding the progress so far, as stated above the ESR has already started the design of the new
wind turbine model by finalizing preliminary design and having already started with the detailed
design of the various components (the rotor for example). In addition, has worked on the
development of the reduced wind farm model, as originally planned. He has completed the main
structure of the code and he has started with the verification/calibration of the model based on
experimental results with promising, so far, results. Moreover, while doing his academic
secondment in Politecnico di Milano, he worked on the experimental study of Individual Pitch
Control effect on the wake recovery. The benefits of this experiment, where stereo PIV was
implemented, where multiple due to the fact that it was the first PIV experiment in the atmospheric
boundary layer wind tunnel in Milano with TUM’s wind turbine models. Therefore, the feasibility
of such an experiment had to be proven, which was done successfully. Last but not least, the ESR
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participated in several experimental campaigns for testing wind farm control algorithms. His work
so far resulted in three conference contributions, one with a poster presentation and two with a
full paper as a co-author.
Last but not least, the ESR participated in several events such as the EAWE PhD seminar 2016 in
Denmark and the 1st AWESOME industrial workshop in Berlin. There, the ESR had the chance to
increase his network with researchers and professionals of the wind energy field. Especially the
workshop and the academic secondment helped ESR to broaden his horizons and gain a more
spherical knowledge of the wind energy field.

3.2 Background and organisation of the project
In a cluster of wind turbines (a wind plant), the wake of one turbine can overlap with another
turbine rotor, which affects the power production of that turbine. The topology and amount of the
wake interaction depends on time-varying atmospheric conditions (e.g., inflow direction, speed and
turbulence, and atmospheric stability), and on the control settings of each turbine; the rotor speed
and pitch angles of the blades affect the axial induction and thus the wake velocity deficit, and the
rotor yaw angle affects both the velocity deficit and flow direction in the wake.
The impact of the interaction between turbines can be quite significant resulting a substantial
reduction in the wind farm power production. For example, reports an average energy production
loss of 12% caused by the wake effects in an offshore wind plant (this percentage is averaged over
the wind directions). Moreover, the increased turbulence may induce an increase in dynamic loads,
which can reduce the turbine life time.
One of the most promising ways to tackle this problem is to introduce wind farm control strategies
capable of altering the control settings of each wind turbine individually for purpose of optimizing
the total power capture of a wind plant.
Until now, the wind farm control mostly consists in optimizing each individual turbine performance
without taking into account its interaction with the rest of the farm. Each turbine is oriented
perpendicularly to the wind, and the regulation method consists of maximizing the power under
the rated speed (regulation mode called region II) and keeping it constant above the rated speed
(Region III). This regulation is realized by varying the blade pitch angle, the blade rotation speed
and the torque. Recently, studies have been conducted to find better way to control a wind farm
by considering the interaction between the turbines. A first method, suggests changing the axial
induction factor by varying the blade pitch angle and the torque in order to decrease the velocity
deficit and consequently increase the power produced by the downwind turbines. A second method
consists in not orienting all the turbines perpendicularly to the wind but inducing a small yaw angle,
in order to deflect the wake from the downwind turbines. The yawed turbine power production is
thus reduced, but the downwind turbines produce more. A survey of wind farm control by Knudsen
et al. reveals a potential gain by using an optimized wind farm control from 0.5% to 6% depending
on the assumptions.

D3.1 WP3 Mid-term Research report

14

Document: D3.1 WP3 Mid-term research report
Author: UOL-FORWIND, NTNU, TUM
Reference: D3.1 AWESOME ID EC-GA:642108

Version: v1
Date: 31/10/16

Moreover, these methods require an accurate prediction of the flow within the wind farm. A wrong
estimation would indeed lead to a significant decrease of the power production. It is possible to
model with a high accuracy the turbulences in a wind farm with CFD simulations (for example
SOFWA). However, these simulations take a lot of time to run and are not adapted to a farm control.
Hence, it is necessary to develop a functional reduced order wake model which is able to estimate
in a short time the wake shape and velocity deficits on the wind farm.
Up to now, however, the control is performed in a static manner, i.e. for a given global mean wind
speed and direction. The results from this optimization (rotor yaw angle set points), for each
considered wind speed and direction, are used in a feed forward control setting. In reality, however,
the wind varies both in time (time-variations in the global wind resource) and in space (due to wake
effects and local wind conditions). Therefore, a dynamic model is necessary in order to optimize
the wind farm
The main goal of the ESR is to experimentally test and calibrate wind farm control strategies, such
as the ones mentioned above. Before one or more of these strategies are implemented by the wind
energy industry, their generality has to be proved, which means they have to be tested under
several operational conditions (Region 2 or 3) and topographies (complex terrain for example). TUM
already has state of the art wind turbine models that are fully instrumented and operate, in wind
turbine control level, exactly as modern commercial wind turbines. It has been evaluated, though,
as beneficial for the ESR and the project if the ESR worked in the development of a new wind turbine
model, fully instrumented as well, and with rotor diameter of approximately 0.5 m. This will give
the ESR the flexibility to test the various wind farm control strategies in broader operational and
topographical regimes.
Therefore, it has been mutually agreed that the research line and the milestones of the ESR should
be redefined. Instead of solely working on the development of a reduced Wind Farm model, he
should focus on a design of a new wind turbine model and then use this model, along with the other
models that are already available at TUM, for testing various wind farm control strategies. This
change in the research line of the ESR will help him as well as the consortium, to gain a broader
experience and expertise on the field of wind turbine/wind farm operation and control and bring
him even closer to the needs of the wind energy industry sector.

3.3 Research line of the fellow
During the previous months the ESR worked, as initially planned, in the wind farm modelling for
wind farm control purpose. More specifically he initiated the implementation of the reduced wind
farm model. On this front, after coding the main part of the model, he used experimental results
already available at TUM in order to calibrate the wind farm model and prove its applicability (at
least in the wind tunnel level). After tuning parameters of the model base done some sets of
experimental data, the ability of the model to predict the flow downstream of a wind turbine was
tested against different sets of experimental data. Results showed good agreement (Figure 7),
however this activity is far from over since it has to be repeated for several test cases, wind farm
configurations etc. What is more, a first attempt to combine the reduced wind farm model with
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other simulation tools developed at TUM was made. Towards this goal, he used our tool for
estimating the rotor effective wind speed based on blade loads obtained from experiments in order
to evaluate the rotor effective wind speed predicted by the model. Here, as well, the results are
promising.

Figure 7. Wind velocity profile in region II for different wind turbine yaw angles, measured (dashed red line) and
estimated with the model (solid blue line). On the left side the distance is 4D from the wind turbine and on the right side
5.8D.

Next, the ESR made considerable progress in the cornerstone of his work i.e. the wind tunnel testing
of wind turbine/farm control algorithms. To this purpose, he participated and contributed in several
experimental campaigns, as member of the experimental group of TUM. More specifically the ESR
gained invaluable experience by participating to experimental studies of closed loop wake
detection algorithm for power maximization as well as power maximization control strategies
applied to wind turbines on a floating platform, while his research contribution to this projects was
very important. In addition, as planned, he designed and conducted, with the assistance of
experienced researchers in POLIMI, stereo – PIV measurements of the wake downstream a wind
turbine model with varying control settings (Figure 8). The aim of this experiment was first for the
ESR to become familiar with the PIV method and demonstrate that it is feasible to use this method
in the atmospheric boundary layer wind tunnel and second to study the effect of different control
setting on the wake recovery which can be a very useful piece of information for wind farm control
purposes. The first task was accomplished completely since it was demonstrated that this optical
technique for measuring the flow field is capable of providing accurate results, after of course
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several difficulties due to lack of previous experience with these models had to be overcome (Figure
9). The second task remains open because the experimental data should be compared with
numerical simulations. This comparison will be the topic of an upcoming publication within the next
months.

Figure 8. Stereo PIV set up in the Boundary Layer Test Section of POLIMI wind tunnel.

Figure 9. Out of plane velocity contour for a measurement plane perpendicular to the flow at 0.5D from the wind
turbine. The axes origin corresponds to the center of the wind turbine rotor.

At the same time, as mentioned in the previous paragraph, the ESR started the design of the new
wind turbine model. At this stage, the preliminary design has been completed and the ESR is now
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working on the detailed design of the model. The technical specifications of the model determined
in the preliminary design phase are:
•
•
•
•

Rotor diameter: 0,5 m
Hub height: 0,5m
Rated wind speed, rated power: 12m/s , 50W
Instrumentation: active yaw control, active collective pitch control, strain gages for torque,
shaft and tower loads.

Figure 10. CAD model of the wind turbine rotor along with the collective pitch actuation mechanism.

3.4 Progress on short-term objectives (1-2 years)
The short-term objectives, as described in the "Personalised Career Development Plan", have
been successfully completed, as detailed below.
Research results
The ESR disseminated his work on experimental study of wind farm control strategies and the PIV
experiments done during his secondment by co-authoring the following publications:
1. “Wind tunnel testing of a closed-loop wake detection controller for wind farm power
maximization”, TORQUE 2016, Munich
2. “Wind Tunnel Testing of Power Maximization Control Strategies Applied to a Multi-Turbine
Floating Wind Power Platform”, ISOPE 2016, Rhodes.
3. “Stereo particle image velocimetry set up for measurements in the wake of wind turbines”,
AIVELA 2016, Brescia [abstract accepted, full paper about to be submitted]
What is more, the ESR disseminated his work on the wind farm model by participating with a poster
to the EAWE PhD seminar 2016 in Denmark.
More importantly the ESR completed the previous months his first (academic) secondment at
Politecnico di Milano, Italy. There, he worked mainly on the preparation of the stereo PIV

D3.1 WP3 Mid-term Research report

18

Document: D3.1 WP3 Mid-term research report
Author: UOL-FORWIND, NTNU, TUM

Version: v1

Reference: D3.1 AWESOME ID EC-GA:642108

Date: 31/10/16

experiment but he had also the chance to proceed with the wind farm model having the input of
his secondment supervisor, Prof. Alessandro Croce. Moreover, he had the opportunity to
collaborate with the wind energy research group of POLIMI which enabled him to experience a
different way of working and helped him increase his awareness of the research tendencies in the
field of wind energy.
The following conferences and workshops were visited (in chronological order):
1. 11th EAWE PhD Seminar, Stuttgart, Germany, 23-25 September 2016
2. Joint Industrial Workshop, Berlin, 16-19 February 2016: Joint Industrial Workshop focused
on addressing Industry problems on O&M.
3. 12th EAWE PhD Seminar, Lyngby, Denmark, 25-27 May 2016: Poster
4. The Science of Making Torque from Wind (TORQUE 2016), Munich; Germany, 5-7 October
2016
The following summer schools and courses were attended:
1. CREST Wind Power Summer School 2015, Loughborough University, 10-13 August 2015.
2. Specific Course 1 SC1, 8-10 Sep 2015: Main Challenges of wind power O&M, Presentation
of network objectives, structure and procedures
3. Specific Course 2 SC2, Dec 2015: Scientific and technical subjects dully addressed in
AWESOME technical WPs.
Research skills and techniques
Various research skills and techniques have been obtained so far through the AWESOME training
activities. More specifically:
•
•
•

CREST Wind Power School offered the ESR the opportunity to develop a spherical technical
background on the wind energy technology.
SC1 introduced the ESR to writing scientific papers and gave him for the first time an insight
into wind energy O&M from the industry perspective.
SC2 helped ESR improve his skills on data analysis.

Moreover, the ESR has developed skills through his everyday research work that include, but are
not limited to:
•
•
•
•
•
•

Data analysis
Computer Aided Design skills
Wind Tunnel testing for wind energy applications skills
Particle Image Velocimetry
Matlab programming skills
Real time control strategies

Research management
Research management skills such as project management, time management, combination of team
and independent work capability are being constantly developed through everyday tasks that have
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to be accomplished by the ESR. Furthermore, these skills were further enhanced through a threeday seminar held from 30/11/2016 to 2/12/2016 at TUM mandatory for all PhD candidates working
at TUM. During this seminar the ESR was introduced to time management techniques, project
management principles and team working challenges through relevant lectures and workshops.
Communication skills
The ESR developed, through co-authoring three publications, further his communication skills.
Furthermore, his participation in workshops as well as technical meetings necessary for the
organization of experimental campaigns has helped him improve his skills in articulating scientific
and technical ideas.
Networking opportunities
All the conferences attended gave the ESR the opportunity to increase his network in the wind
energy field. What is more the AWESOME training activities (SC1 and SC2) as well as the industrial
workshop, helped the ESR have fruitful discussions with wind energy researchers in the institutions
the courses took place (CIRCE and NTNU) and with wind energy industry representatives. Last but
not least, the contribution of the academic secondment to the ESR’s network development was
substantial. During the secondment the ESR had the opportunity to work for six months closely with
the POLIMI wind energy group and collaborate with researchers of POLIMI for a joint experimental
campaign.
Other activities
The ESR participated in an educational excursion organized by the Wind Energy Institute at TUM to
a wind farm owned by SING ENGINEERING at the outskirts of Munich. There the ESR had the
opportunity to visit a wind turbine and to be shown around in its various modules (tower
foundation, nacelle, control room) by a SING engineer.
Additionally, the ESR will give a lecture on wind tunnel testing of model wind turbines to TUM
students interested in wind energy.
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