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EXECUTIVE SUMMARY

Within CL-Windcon we want to take farm level controls from the current non-existing or simplistic
static approach, to dynamic open and closed loop control strategies. To validate these new control
strategies, we use simulation, wind tunnel testing and full-scale testing. This deliverable describes
the proposed field test at the Enel Green Power‘s (EGP) wind farm in Sedini/Italy for the full-scale
testing and is part of Task 3.3 ’Demonstration by full-scale testing’ under WP 3 ‘Demonstration and
validation of prototypes’. The field test consists of two types of experiments: First, single turbine
performance, loads and wake characterization. These tests will allow to characterize the modelling
space and to validate the simplified control oriented system models. The second type of test will be
demonstration of control algorithms, where the newly developed control algorithms are tested and
validated against baseline performance. This deliverable describes both types of experiments in
detail, summarizes the additional instrumentation needed for successful evaluation and gives a
timeline for the planned field campaign.
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INTRODUCTION

Design and control of wind farms requires to consider physical phenomena that are typically
neglected when studying stand-alone machines. Indeed, complex interactions take place between
the atmospheric flow and the wind farm, as well as within the wind power plant itself. Furthermore,
the effects produced by the wakes of upwind wind turbines on power and loads of downstream
machines should also be considered. The effects of the wakes, which represent a major form of
coupling among turbines in wind farms, are usually detrimental in terms of both power harvested
and structural loading. However, commercial wind farms are typically operated such as to control
loads, power production and life at an individual turbine level. Wake interactions and their effect on
power production and fatigue loading are usually considered during wind farm planning, design and
commissioning, e.g. by fine tuning turbine placements and controller settings. However, towards the
beginning of this century, it was recognized that farm level controls can lead to significant
improvements regarding power production or fatigue load mitigation. CL-Windcon will therefore
take farm level controls from the current non-existing or simplistic static approach, to dynamic open
and closed loop control strategies. Hence, suitable control actions, on wind turbine and wind farm
level are to be investigated. Within CL-Windcon we address advanced modelling, open- and closedloop control algorithms by treating the entire wind farm as a comprehensive real-time optimization
problem.
To this end, an extensive field campaign on a wind farm in Sedini/Italy is planned, where we
investigate wake characterization for improved modelling of turbine interaction and demonstration
of closed loop control, taking wind turbine couplings into account.
The considered wind farm is owned by ENEL Green Power and has 43 GE wind turbines. For the
measurement campaign, a subset of these turbines is heavily equipped with additional
instrumentation to collect turbine data that is usually not available. Additionally, ground based Lidars
are installed to capture incoming wind data and wake propagation.
This deliverable describes in detail the current set up of the Sedini wind farm (Section 3), the goal of
the field test and what type of experiments are considered to achieve them (Section 4). What type of
additional instrumentation is needed to capture all required information is described in Section 5.
The site preparation and expected time frame is described in Section 6, impact and connection to the
other work packages of CL-Windcon are described in Section 7 and the deliverable concludes with
Section 8.
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DESCRIPTION OF SEDINI WIND FARM

Within this section we describe the Sedini wind farm including turbine types and farm layout and
existing instrumentation. Historic wind and farm data was used for preliminary assessment.
Furthermore, we describe limitations due to the wind farm being a commercially operated plant and
not a research facility.

3.1 Location and type of turbines
The full-scale testing will be done at a wind farm near Sedini on Sardinia, Italy. The wind farm is
owned and operated by ENEL Green Power. The wind farm contains two types of wind turbines:
•

36 wind turbines of type GE 1.5s (1.5 MW, 70.5m rotor diameter, 65 m hub height), and

•

7 wind turbines of type GE 1.5sle (1.5 MW, 77 m rotor diameter, 80 m hub height).

The layout of the wind farm is depicted in Figure 1. The GE 1.5sle turbines are the ones with an “E” in
the turbine ID (e.g. SD1-Ax-Ey). The predominant wind direction at the site is west south-west
(247.5°).

Figure 1: Layout Sedini wind farm.
Copyright CL-Windcon Contract No. 727477
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3.2 Existing Instrumentation
The Sedini wind farm is a commercially operated wind farm usually not used for testing purposes.
Therefore, only instrumentation that is needed for normal operation is already available. This consist
of basic turbine sensors and a MET mast.

3.3 Historic Wind and Turbine Data
Historical wind measurements and turbine data are available for the site in Sedini that allow for
initial assessment of the planned experiments. Wind measurements are available for the years 20062008, capturing approximately one year worth of data. The data includes wind speed and direction
measurements from the met mast at different heights. Logged turbine data is available for the years
2015-2016 (capturing approximately one year worth of data) for power production, wind speed,
pitch angles, rotor and generator speed and nacelle position.
This data was used to analyse the main wind direction, wind shear at the site, interaction between
turbines and downstream wake interactions to identify the best positions for the different type of
experiments that are planned within CL-Windcon.

3.4 Limitations and Constraints
The farm consists of a mix of 1.5s and 1.5sle turbines with different hub heights and different rotor
diameter, which complicates the general setup. Additionally, there is some level of terrain complexity
that has to be considered.
For the planning of the experiments, it has to be taken into account that the wind farm is in normal
operation and not a research facility. For safety reasons, it is not possible to conduct closed loop
experiments in the farm control framework. The validation of the control algorithms is limited to
open loop control set point changes based on look up tables.
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FIELD TEST PROPOSAL

This section describes the field test in detail including the experiments to be performed, and the
safety measurements that guarantee safe turbine operations during all times.

4.1 Test objectives and set-up
Within CL-Windcon we will develop new and advanced dynamic closed - loop algorithms for wind
farms to optimize their performance to reduce LCoE. It will replace existing static models of wind
farms, by more realistic control-oriented dynamic models which take into account the coupling
between the flow and each wind turbine. These control-oriented farm models will allow for the
development of advanced control algorithms maximising wind farm performance instead of
individual turbine performance. To this end, the purpose of the field campaign is two-fold:
Characterization of wake deficit and wake redirection, and field test of farm based control algorithms
newly developed by the project partners.
The following experiments are planned:
1. Single turbine performance, loads and wake characterization for
a. Thrust reduced operation for weaker wake: wake deficit will be modified via setpoint changes of generator speed and collective pitch angle. Quasi steady wake
deficit and wake deficit dynamics are considered.
b. Yaw misaligned operation for wake redirection: the front turbine pair will be
intentionally yawed, for a suggested range of yaw angles set points [0° ±10°, ±20°,
±30°] in a plane parallel to the prevailing wind direction. Information of azimuthal
(earth) position will also be used by this experiment to steer the wake to the right
direction. The maximum set point for yaw misalignment angle is subject to the
results of the pre-test prediction (see Section 4.2) and the additional loads actually
experienced by the turbine in the field.
2. Demonstration of farm control algorithms: Based on the results of the simulations and wind
tunnel tests, a subset of the newly developed wind farm control strategies will be validated.
The algorithms will provide open loop set point changes for the turbines in terms of pitch,
tip speed ration and yaw angle. No closed loop experiments will be performed (see 3.4 for
more details).
All experiments will be executed in a so-called toggle mode, i.e. switching between experiment mode
and baseline mode in 30-60 minute intervals. This allows for similar environmental conditions and
therefore better comparison between baseline and altered conditions.
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The software orchestrating the experiment will command changes in turbine set-points for both
types of experiments. For the single turbine performance, set-point changes will be handled in a
design of experiment setting to cover the necessary modelling space with adequate number of
occurrences. For the farm control experiments, the set-points will be changed as a response to the
measured flow conditions, so that wake propagation within the cluster can be actively modified.
Possible advantages for overall maximization of power output and load reduction will be assessed
from operational measurements (generator power, tower and blade moments) of the front and rear
turbines and flow measurements of the LiDAR units. The flow data shall be public access at the end
of the project and will be useful for future model validation.

Figure 2: Location of instrumented turbines.
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In order to realize the above described experiments, three turbines or turbine ensembles in the
Sedini wind farm as well as the met mast will be equipped with additional instrumentation for the
purposes of the full-scale test:
•

Turbine SD1-A3-30 will be instrumented as a single free-stream turbine (relative to
predominant wind direction) for single wake and turbine performance characterization. On
this turbine, we will also perform a design of experiment (DoE) with different yaw
misalignments. This setup will also be used for wind observer development and validation.

•

Turbines SD1-A5-26, SD1-A5-E5 and SD1-A2-12 will be instrumented as a row of three
turbines along the predominant wind direction to characterize wake effects. The row
involves a mix of 1.5s and 1.5sle turbines and some level of terrain complexity. The goal is
the characterization of wake interactions, load measurements, load benefits and wake
detection schemes based on loads and additionally the validation of farm control algorithms
developed by the project partners.

•

The row of seven turbines in the figure above (SD1-A4-32 to SD1-A4-38) will be less heavily
instrumented. The objective is to gather data of a row of several turbines, along the
predominant wind direction, with wakes from several upstream turbines affecting the
downwind turbines. The purpose is the validation of farm control algorithms as well as
overlap modelling.

4.2 Safety measures and pre-test predictions
During the experiments, selected turbines will operate outside of their normal operation mode. To
ensure that the turbine operation is safe during all times, we will follow the GE standard procedure
for this type of field campaigns, which consists of several steps:
1. Single turbine performance, loads and wake characterization:
a. Pre-test predictions: establish a baseline to analyze GE 1.5S and 1.5SLE turbines
performance in terms of yaw offsets and their impact in mechanical loads. Insurance
that no violation of the loads envelope takes place.
b. Expert review of pre-test predictions.
c. Evaluation of measured loads during tests in comparison with predicted loads before
advancing to the next step of the experiment.
2. Demonstration of farm control algorithms:

Copyright CL-Windcon Contract No. 727477
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a. Pre-test predictions (if deemed necessary) will be tailored directly towards the
control algorithms that are selected for the field test.
b. Expert review of pre-test predictions.
c. Limitation of maximally acceptable yaw offset based on the results of the
experiments on the single turbine.
d. Offline monitoring of set-point changes and comparison to simulation results if
deemed necessary based on expert review of pre-test predictions.
e. Only open loop set-point changes based on look-up tables.
For safety measures concerning the involved staff see Section 6.1.1.
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INSTRUMENTATION

Additional instrumentation will be installed at the Sedini site for a detailed characterization of wind
farm operation and wake propagation. A vertical Lidar will be installed to measure free stream and a
scanning Lidar to measure wake propagation. Turbine blades and towers will be equipped with load
sensors to measure flap-wise and edge wise bending moments as well as tower fore-aft and side-side
moments. Additionally, yaw sensors will be installed.
All sensors will be connected to the network via available communication ports at the wind turbines.
This data acquisition architecture facilitates wake inflow velocity, turbine loads and operational
turbine measurements to be stored in a single database (DEWI’s data acquisition system). A
visualization of the instrumentation is given in Figure 3. All additional instrumentation will be
available for the entire measurement campaign with the exception of the scanning Lidar, which will
only be available for three months.

Figure 3: Instrumentation plan.
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5.1 Additional Instrumentation
5.1.1

MET Mast instrumentation

Hub height
•

3D ultrasound anemometer (20/50 Hz)

•

Cup anemometer and wind vane

•

Barometer (near surface)

Lower tip
•
5.1.2

Cup anemometer and wind vane
Blade root and tower bending moments

Sensor locations:
•

Flap and edgewise load measurements in each rotor blade

•

Strain gauges in upper and lower parts of the tower for measuring thrust and bending
moments

5.1.3

Ultrasound anemometer

An ultrasound anemometer of type ROMO WIND iSpin v2.0 will be installed on the turbine spinner.
Since at the turbine spinner, no free-flow conditions can be assumed, it will be necessary to calibrate
the iSpin sensor against an inflow Lidar system for different wind speeds.
The iSpin device will need to be calibrated against a ground truth (met mast or Windcube v2
measurements) for a broad range of wind speeds. It is expected that once the calibration is
completed and verified, the inflow Lidar systems can be replaced by calibrated iSpin measurements,
assuming that the calibration is valid across turbines of the same type.
5.1.4

Inflow Lidar system

A mobile, ground-based vertical Lidar system of type LEOSPHERE WINDCUBEv2 will be installed 200
m upstream (relative to predominant wind direction) of the turbine, on the ground. It measures wind
speed (0.1 m/s accuracy) and direction (2° accuracy) at 12 programmable heights up to 200 m with a
sampling rate of 1 Hz. It will be moved to different positions during the measurement campaign.

Copyright CL-Windcon Contract No. 727477
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Wake scanning Lidar

To measure the wake propagation and how this can be influenced by the used control strategies a
Streamline XR scanning Lidar will be placed next to WTG 30. This device will be able to scan up to
1.000 points in a range between 50 and 10.000 m. Power and network will be supplied from the WTG
by using existing vent ducts. It is planned to secure this device by using fences. Due to high rental
prices, this device can be used only during a time period of 3 months. The exact timeframe for this
measurement campaign still has to be scheduled.
5.1.6

Yaw sensors

To measure the exact yaw angle of the nacelle an additional rotational sensor will be attached to the
yaw drives of the WTG’s 12, 26, 30, 38 and E5. This sensor system will consist of an absolute
multiturn rotational encoder and a gear-wheel fitting direct into the yaw drive. It is planned to
transmit the measured data by using the Profinet-Protocol via the existent wind farm network
infrastructure and logging all data on a central measurement computer placed in WTG 30.

5.2 SCADA System and Data Storage
Turbine data is recorded on the existing SCADA system. The turbine set point may be updated every
60 seconds and the real-time inputs are a subset of the existing SCADA signals. The additional
instrumentation (as described in Section 5.1) will not be available in true real-time, but can
potentially still be used as look-up table inputs. The availability of the additional sensors is listed in
Table 1.
Table 1: Recorded data of additional instrumentation

Mechanical

Position

Sensor

Parameter

Sampling rate

Blade root 1

Strain Gauge

bending moment

20/50 Hz

Loads (2x)

(edge wise and flap wise)
Blade root 2

Strain Gauge

bending moment

20/50 Hz

(edge wise and flap wise)
Blade root 3

Strain Gauge

bending moment

20/50 Hz

(edge wise and flap wise)
Tower top

Strain Gauge

bending moment

20/50 Hz

(edge wise and flap wise)
Tower top

Strain Gauge

Copyright CL-Windcon Contract No. 727477
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Tower bottom

Strain Gauge

bending moment

20/50 Hz

Hub height

3D Ultrasonic

u,v,w

20/50 Hz

Hub height

Cup Anemometer

windspeed

1Hz

Lower tip

Cup Anemometer

windspeed

1Hz

Hub height

Wind vane

wind direction °

1Hz

Lower tip

Wind vane

wind direction °

1Hz

Hub height

Barometer

atmospheric pressure

1Hz

Nacelle

Position sensor

Nacelle direction

1 Hz

Inflow Lidar

12 user-defined

WIND LIDAR

Windspeed

1Hz / 1,2,5,10min

System (1x)

heights

(leosphere

LOS (Sequential fixed Line

(40-250m)

windcube v2)

of Sight)

Scanning Lidar

Distance

WIND LIDAR

windspeed,

System (1x)

(0.1-4km)

(Streamline XR)

PHI (Plan Position

Met mast

Yaw
measurement
box (5x)

1Hz, 0.5…10s

Indicator)
RHI (Range Height
Indicator)
DBS (Doppler Beam
Swinging - Vertical
profile)
LOS (Sequential fixed Line
of Sight)
Ultrasonic

Nacelle

Ultrasonic setup

(ispin) (3x)

wind speed, yaw,
inclination, instant and
average + additional
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TEST SCHEDULE & TIMELINE

This section describes the site preparation, the actual test phase, data postprocessing and the
decommissioning of the additional instrumentation.

6.1 Site Preparation
6.1.1

EHS, Approval and Permissions

All requirements for environment health and safety (EHS) given by the Italian law and the service
provider of the Sedini wind farm will be followed for the hardware and software installation.
Standard safety protocols for all the involved personnel installing and operating the additional
instrumentation will also be followed.
6.1.2

Hardware installation

We assume to start with hardware installation in January 2018. At first, we will start with the
installation of the load measurement systems at WTG 30 and WTG 12. It is planned to finish this
installation within 14 working days. Met mast extensions and configurations should be executed at
the same time by the local met mast provider and will be supervised by UL DEWI and EGP. After a
short testing period of this system, possible errors will be fixed and necessary adaptations will be
done during a second installation trip. During this second trip, it is also planned to install and secure
the vertical Lidar systems as well as the yaw sensors. After a second test period, necessary
adaptations will be done at site, if needed. During a third trip, the scanning Lidar will be installed
secured. It is assumed that the installation will be finished within February 2018. During one of the
following maintenance operations the vertical Lidar will be repositioned to the second measurement
location.
6.1.3

Software and network installation

All software needed for capturing sensor data will be installed and tested prior to installation on a
central measurement server. This installations and tests will be done in the UL DEWI workshop.
Further configuration changes will be done during the hardware installation or test phase of the
system via remote access.
A software tool will be used to orchestrate the field test. This software will execute the toggling
between experimental setpoints and baseline setpoints and will also be used to monitor and log
turbine operational data.

Copyright CL-Windcon Contract No. 727477
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Figure 4: Data flow connections.
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Commissioning test and validation of data

After finishing hardware installations all sensors will be calibrated and zeroed according to their
needs. During a commissioning test at site, which will be done directly within the days after finishing
the installation process, UL DEWI will check, whether all systems are working correctly and all
sensors are showing plausible values. Any discrepancies will lead to further adjustments and
correction.

6.2 Test Phase
The figure below shows the time line for the different experiment setups.

Figure 5: Proposed timeline.

6.3 Data post processing
As described in section 5.2 sensor data will be stored on a central server at test site. Some of this raw
data will be provided directly to the control algorithms via database connections. Depending on the
provided network structure all other datasets will be either uploaded to UL DEWI or will be
downloaded at site during maintenance service operations. After receiving this data UL DEWI will do
plausibility checks and will generate short reports to get an overview of all gathered data.
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Data that has to be post processed will not be available as raw data to the consortium, but only after
the post processing has taken place.

6.4 Decommissioning
After finishing the planned measurement campaigns, the Lidars will be shipped back to the owners.
The provider of the iSpin system will disassemble their sensors and close reaming holes within the
spinner. For all other equipment it will be further decided whether leave them on the turbines or
disassemble and scrap by UL DEWI.
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IMPACT ON PROGRAM GOALS AND WORK PACKAGES

The described measurement campaign is a central piece within CL-Windcon and connects different
work packages. The experiments on the single turbine will help to understand the effects of wakes
and yaw misalignment on turbine performance and loads. It will help to characterize the wake
deficits and wake redirection. This data will be used to validate simulation setups developed by the
consortium partners in WP 1 (Wind farm control oriented model development). The experiments on
the farm level control algorithms will be a full-scale testing of some of the control algorithms
developed by the consortium partners in WP 2 (Wind farm flow technologies and algorithms). Figure
6 shows the interconnection of this deliverable with the other CL-Windcon deliverables.

Figure 6: Deliverable PERT (interconnections with previous deliverables and future).
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SUMMARY

This deliverable gives a detailed description of the planned field test at the Enel Green Power‘s wind
farm in Sedini/Italy. Based on the expected outcomes of WP 1 and 2, two types of experiments are
proposed. Single turbine performance, loads and wake characterization to validate results of WP 1
and as a second type of test, wind farm control algorithms as developed within WP 2. The additional
instrumentation that is needed for a thorough evaluation is described in detail in this deliverable as
well as the expected time line.
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