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1 EXECUTIVE SUMMARY 

 

The definition of the wind tunnel testing activities in the CL-Windcon project is described in 

this document. Wind tunnel tests are required to validate numerical models in a known and 

repeatable condition, to assess the features of the proposed control algorithms. The 

document reports the description of the wind tunnel facility of Politecnico di Milano, the 

flow measurement techniques and the flow characteristics that will be adopted for the 

testing activity. The scaled model wind turbines are described in terms of geometrical and 

aerodynamic features, presenting the measurement devices that allow to achieve 

information on the turbine operation. The control system is presented, illustrating all 

possible control variables. 

Test matrix is divided in several wind tunnel testing windows, for a total of 45 testing days. 

The first tests (19.5 days in the first half of the project) regard the characterization of the 

single or multiple wind turbine wake and the performance of an array of wind turbines with 

possible wake control strategies (axial induction and yaw redirection), in order to provide 

input to the wind farm control strategies. The last tests (25.5 days in the second half of the 

project), will test different wind farm control algorithms, developed using different theories, 

applying the concepts of induction and yaw control to the entire wind farm of scaled wind 

turbines. 

The measured data are stored in a structure including all wind turbine operation information 

(time histories, forces, moments, etc…): these data will be delivered to all project 

participants. 
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2 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, for 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. Hence, suitable control 

actions, at wind turbine and wind farm level are to be investigated. CL-Windcon project will 

address advanced modelling, open- and closed-loop control algorithms by treating the entire 

wind farm as a comprehensive real-time optimization problem. The effectiveness of some of 

the developed control algorithms will be verified by means of wind tunnel testing. In fact, by 

using sophisticated actively-controlled scaled wind turbine models, one can conduct 

experiments in the wind tunnel with supervised and repeatable boundary conditions at 

lower costs and risks.  

To this purpose, it is important to plan the testing activities, in order to maximize the 

outcome produced by the wind tunnel testing. 

Within the CL-Windcon project, the present deliverable belongs to the work package 3 

“Demonstration and validation of prototypes” and to the activity carried out in the task 3.2 

“Demonstration by wind tunnel testing”, specifically devoted to wind tunnel 

experimentation. Task 3.2 is furthermore divided into three subtasks, 3.2.1 “Definition of 

testing conditions and test preparation”, 3.2.2 “Testing in the wind tunnel of wind turbine 

controller” and 3.2.3 “Testing in the wind tunnel of integrated wind turbine/wind farm 

controller”. The present deliverable describes the activity performed within subtask 3.2.1, 

which led to the definition of the test matrix. Figure 1 describes schematically the map 

connecting work package 3, tasks, subtasks and deliverables. 

This deliverable aims at defining the testing conditions, and is organized as follows: 

• Section 3.1 describes the wind tunnel where the tests will be conducted, including a 

description of the characteristic of the flow reproduced within the wind tunnel. 

• Section 3.2 describes the instrumentation that will be used to measure fluid dynamic 

quantities within the wind tunnel. 

• Section 3.3 describes the onshore and offshore typologies of flow that can be 

represented within the wind tunnel. 
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• Section 4 describes the wind turbine models that will be used to verify the 

effectiveness of the developed open- and closed-loop control algorithms at a farm 

level. 

• Section 5 describes the planned wind tunnel testing activities. 

• Section 6 describes the expected outcome in terms of measured quantities and 

results. 

 

 

Figure 1 Map WP/Task/Subtask/Deliverable 

 

 

 

Tasks

Work

package

Deliverables

WP3

Demonstration and 
Validation of Prototypes

Task 3.1

Demonstration by 
simulation 

Task 3.2

Demonstration by wind 
tunnel testing

Subtask 3.2.1

Definition of testing 
conditions and test 

preparation

D3.1

Definition of wind 
tunnel testing 
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Subtask 3.2.2

Testing in the wind 
tunnel of wind turbine 

controller

D3.4

Testing in the wind 
tunnel of wind turbine 

controllers

Subtask 3.2.3

Testing in the wind tunnel of 
integrated wind-

turbine/wind-farm controller

D3.6

Documentation of test 
campaigns

Task 3.3

Demonstration by full 
scale testing

Task 3.4

Validation

Subtasks
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3 DESCRIPTION OF WIND TUNNEL 

3.1 Description of the facility  

The POLIMI wind tunnel, shown in Figure 2, or GVPM (Galleria del Vento of Politecnico di 

Milano) is a special closed-circuit wind tunnel, arranged in a vertical layout with two test 

rooms located on the opposites sides of the loop. The first one is located in the lower part of 

the loop and is suitable for Low Turbulence tests. The second one, bigger, is located in the 

upper part of the loop and is intended for civil engineering testing (the Boundary Layer Test 

Section). Due to this unique feature, GVPM offers the widest possible range of test 

arrangements and alternatives. The facility is powered by a flow generator array of 14 1.8m 

diameter, 100kW, fans, for a total power of 1.4 MW. The fans are organized in two rows of 

seven 2x2m independent cells. Independent inverters drive the fans allowing for continuous 

control of the rotation speed of each fan to obtain the desired wind speed in the test 

section. 

After the fans a set of two corners fitted with vanes conducts the flow to the upper level of 

the facility in the opposite direction. The flow is cooled by a heat exchanger that is placed 

just downstream of bend number 2 and, after a grid, enters the boundary layer test section. 

A second set of two corners fitted with vanes conducts the flow back to the lower level 

where, after 2 meters long settling chamber, it passes a honeycomb screen and a set of 

three wire nets with different porosity to reduce axial and lateral turbulence and to promote 

a more uniform axial flow. A two-dimensional contraction cone with area ratio 3.46:1 

reduces the duct section to fit the low turbulence test section size. Finally, a short diffuser 

expands the duct section back to the fans array size. Table 1 summarizes the GVPM main 

characteristics. 

 

Figure 2 overview of the flow circuit 
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Table 1 Plant characteristics 

3.1.1 The boundary layer low-speed test section 

The CL-Windcon wind tunnel tests are going to be performed in the upper leg of the wind 

tunnel loop that hosts the large Boundary Layer Test Section, which is 13.84m wide x 3.84m 

high, and is specifically designed for wind engineering tests structures subjected to 

atmospheric flow conditions. The maximum wind speed is 16m/s and the turbulence 

intensity in smooth flow condition is about 2%. The 35m long, constant section test chamber 

enables the setting up of passive turbulence generators to simulate the atmospheric 

boundary layer, with turbulence intensity that can be higher than 35%. Several layouts of 

spires and floor roughness elements makes possible to reproduce different terrain 

roughness length categories in a wide range of geometric length model scales. 

The model, together with the related environment, is generally set-up on a 13m diameter 

turntable, included in the wind tunnel floor, allowing an easy wind incidence angle change. A 

floating floor allows for a clean model set-up, living all the instrumentation cable 

connections out of the flow. 

Politecnico di Milano Wind Tunnel 

Tunnel Overall Dimensions: 50x15x15 (m) 

Maximum Power (Fans only): 1.4 (MW) 

Test Section 
Size 

(m) 

Max Speed 

(m/s) 

ΔU/U 

(%) 

Turb. Int. 

TI (%) 

Boundary Layer 14x4 16 < ±3 

<2 

Up to 35 % for 

ABL condition 

Low Turbulence 4x4 55 < ±0.2 <0.1 
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Figure 3 The boundary layer low-speed test section used for civil and environmental applications. View of the 

large turntable (diameter 13m). 
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Figure 4 The boundary layer low-speed test section schematic view. 

 

3.1.2 Previous Wind energy related project at Polimi Wind Tunnel 

Project name Funding Year WT models 
Performed test/ 

Meas. quantities 

LIFES 50+ EU H2020 2015-2018 
1/75 scaled 

DTU 10 MW 

Model thrust, torque 

and wake in steady 

wind condition 

INNWIND.EU 
EU 7th Framework 

Programme 
2012-2017 

Two G2 

models 

Design and testing of 

rotor with bend twist 

coupled blades and 

equipped with 

individual pitch 

control. 

SEOLTECH TUM/SEOLTECH 2016-2017 One G1 model 

Tested various wind 

turbine control 

algorithms that aim 

at reducing the loads 

on the wind turbine 

components 
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3.2 Description of available instrumentation 

3.2.1 Cobra probe 

During the tests the wind speed inside the boundary layer section will be measured with the 

Cobra probes made by TFI instruments. This sensor can be used to precisely sample the 

incoming wind and the turbine wake both for the mean and the fluctuating part. 

The Cobra Probe (Figure 5) is a multi-hole pressure probe that provides dynamic, 3-

component velocity and local static pressure measurements in real-time. The probe is 

capable of a linear frequency-response from 0 Hz to more than 2 kHz and can measure flow 

angles in a ±45° cone.  

 

Figure 5 The Cobra Probe. 

WW HYBRID  

Korea Research 

Institute of Ships & 

Ocean 

Engineering/KIOST 

2016 

Four G1 

models on 

moving 

platform 

Testing of floating 

four wind turbine 

wind farm  

 

COMPACT WIND 

BMWi - The German 

Federal Ministry for 

Economic Affairs and 

Energy 

2015-2016 

Up to six G1 or 

two G2 

models 

Testing of wind farm 

and wind turbine 

controls. 

WIND FARM 

CONTROL 

VALIDATION BY 

MEANS OF WIND 

TUNNEL TESTING 

Samsung Heavy 

Industries 
2014-2015 

Up to six G1 or 

two G2 

models 

Testing of wind farm 

and wind turbine 

controls. 

WT
2
 

Vestas Wind Systems 

A/S 
2009-2012 

1/45 scaled 

model of 

VESTAS V90 

Design, control, 

testing, aerodynamic 

characterization of 

wakes and 

aeroelastic dynamic 

response. 
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The Cobra Probe outputs raw voltage data which are then converted to three-component 

velocity data by the TFI Device Control software, via calibration surfaces and signal 

processing. Figure 6 reports the cobra measurement reference system. 

 

 

Figure 6  (a) Flow axis system with respect to the Probe head; (b) Positive flow pitch and yaw angles. 

3.2.2 Hotwire anemometer 

The available hotwire measurement system is the Steamline 90N10 made by Dantec. It is 

possible to acquire up to 6 signal conditioning modules 90C10 CTA (Constant Temperature 

Anemometer). 

The conditioned signal coming from the 90N10 is acquired with a National Instrument NI PXI 

6123 simultaneous sampling acquisition device (resolution: 16 bit; sampling frequency: 500 

kS/s). 

The 90N10 continuously measures the wind tunnel temperature using a 90P10 thermistor 

(0°C – 150°C; accuracy: 0.5°C; resolution: 0.1°C). 

The used probe is the triple film probe 55R91 (Figure 7) that allows for a velocity vector 

sampling with an acceptance cone of 70.4° and a maximum frequency of 175kHz. The 55R91 

was calibrated both in wind speed and direction in a dedicated wind tunnel up to 100 m/s 

wind speed. 
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Figure 7 55R91 probe schematic view 

The entire system is controlled using an in-house LabVIEW program. 

3.2.3 Traversing system specifications 

The traversing system comprises a set of supporting 

structures, related connections and actuators, which 

can be used for housing and moving wind flow 

sensors, e.g. hot wire and cobra probes, and their 

cables. The traversing system is specifically designed 

to ease the measuring procedures and can be 

profitably employed for any in-wake measure. As 

clearly visible in Figure 8, which displays a possible 

arrangement of the system, a horizontal guide bound 

to the floor allows the lateral motion of the entire 

group, while a hinge at the top of the vertical black 

element enables the rotation of the vertical gray 

support where two sticks, in this case, with two hot 

wire probes are located. Finally, the two sensors can 

be also connected to another moving element (not 

visible in the picture) enabling the motion along the 

gray support.  All motions can be controlled by 

electrical actuators. The system currently may span 

an area up to 3 � 3 m and can be used in Cartesian 

or polar scanning modes. The travel speed is up to 40 mm/s. 

 

3.2.4 Particle Image Velocimetry (PIV) 

The stereo PIV system, displayed in Figure 9, can be used for measuring the three velocity 

components at different cross-flow planes in front and behind a wind turbine. The system 

comprises two synchronized 2Mpx cameras connected with a Nd:Yag double pulsed laser 

Figure 8 Traversing system 
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200 mJ and one or more traversing systems. The pictures of the particle-seeded flow, 

enlightened by the laser, are post-processed by a PIVview 3C by PIVTEC in order to recreate 

the three-dimensional velocity vector. 

With the aim of achieving a suitable spatial resolution of the velocity field, the measurement 

area can be divided into several smaller windows with slight overlapping areas between 

them. Finally, the use of the automated traversing system, moving both the laser and the 

cameras, simplifies and speeds up the measuring process. Depending on the set up and on 

the measuring windows, it is possible to achieve a resolution of measuring point of the order 

of few millimeters. Additional details concerning the PIV instrumentation and previous 

experiences of PIV measuring of wind turbine wakes are given in (Zanotti, Ermacora, 

Campanardi, & Gibertini, 2014; Wang, et al., 2017) 

 

 

Figure 9 Stereo PIV installation 

 

 

3.3 Typology of flow within the wind tunnel test chambers 

Wind tunnel tests on wind energy structures require the simulation of the atmospheric 

boundary layer. To achieve similarity between the model and the prototype, it is necessary 
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to reproduce at the desired scale the characteristics of the atmospheric flow expected at the 

site. 

The characteristics to be simulated are reported, sorted in order of importance: 

• variation of the mean wind speed with height 

• variation of the turbulence intensities with height 

• variation of the integral scales with height 

• spectra of the turbulence in the along-wind, across wind and vertical directions 

The common way to reproduce the ABL characteristics in the wind tunnel is to use various 

roughness elements placed on the tunnel ground in the area between the inlet and the test 

section (Gartshore & De Croos, 1977). 

The role of the surface roughness is the same as in a naturally grown layer: 

• It represents the roughness of the full-scale ground surface 

• It acts as a momentum sink, establishes a profile of Reynolds stress through the layer 

which in turn controls the mean velocity profile and turbulence characteristics. 

At GVPM wind tunnel, since the atmospheric section has a limited length, additional vortex 

generation devices are employed.  

 

Figure 10 Vortex generators (spires) placed at the wind tunnel inlet 

In Figure 10 the vortex generators, called spires, are placed at the wind tunnel inlet allowing 

the simulation of natural wind within a considerable short distance. 

Figure 11 shows an example configuration of the spires and roughness element placed in the 

atmospheric section of GVPM wind tunnel. A series of spires are placed at the inlet section 

of the test chamber together with the roughness elements, using bricks of various 

dimension, displaced in fixed patterns on the tunnel floor. 
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Figure 11 Example of spires and roughness element paced in the Polimi wind tunnel 

Two atmospheric boundary layer types have been identified for the wind tunnel tests: one 

that is representative of onshore conditions [onshore configuration] (about 12% turbulence 

intensity) and one that mimics the offshore characteristics [offshore configuration] (about 

5% turbulence intensity). 

3.3.1 Onshore configuration 

The atmospheric boundary layer profile is generated using the wind tunnel setup that is 

reported in Figure 12. Spires are placed at the beginning of the test section and bricks are 

placed on the ground. 

 

Figure 12 Wind tunnel setup for onshore condition 

The mean wind profile has been measured at the center of the wind tunnel turntable. The 

flow characteristics are reported in Figure 13: mean wind speed increases with height, while 

turbulence intensity profile shows higher values close to the ground and decreases with 
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height. The mean wind speed profile is also fitted with an exponential law with exponent 0.2 

and the two profiles show a good correspondence; the turbulence intensity at hub height is 

around 12%. 

  

Figure 13 Onshore flow characteristics: vertical mean wind profile (left) and turbulence intensity vertical 

profile (right). 

3.3.2 Offshore configuration 

The atmospheric boundary layer profile is generated using the wind tunnel setup that is 

reported in Figure 14. Spires are placed at the beginning of the test section and no bricks are 

used.  

The mean wind profile has been measured at the center of the wind tunnel turntable. The 

flow characteristics are reported in Figure 15: mean wind speed increases with height, while 

turbulence intensity profile shows higher values close to the ground and decreases with 

height. The mean wind speed profile is also fitted with an exponential law with exponent 

0.079 and the two profiles show a good correspondence, especially on the lower side; the 

turbulence intensity at hub height is around 6%. 
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Figure 14 Wind tunnel setup for offshore condition 

  

Figure 15 Offshore flow characteristics: vertical mean wind profile (left) and turbulence intensity vertical 

profile (right). 
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4 DESCRIPTION OF WIND TURBINES 

Tests will be conducted with two different scaled wind turbine models. The first one has a 

rotor diameter of 2m (called hereafter G2s, for Generic 2-meter diameter rotor) and a hub 

height of about 1.9 m, while the second one has rotor diameter of 1.1 m (in the following 

named G1s, for Generic 1 meter diameter rotor) and a hub height of about 0.83 m. Both 

models were conceived to satisfy several specific design requirements:  

• a realistic energy conversion process enabled by good aerodynamic performance; 

• active pitch, torque and yaw control, for the testing of modern control strategies; 

• a comprehensive onboard instrumentation of the machine, including measures of 

blade, shaft and tower loads; 

• dimensions of the models that compromise among the need for miniaturization, 

wind tunnel blockage, Reynolds effects, and the need to realize one-to-one or 

multiple wind turbine interference conditions typical of wind farm operations. 

4.1 Wind turbine models: G1 

Each G1 (see Figure 16), whose rated rotor speed is approx. 850 [rpm], is equipped with 

three blades, which are composed by a few layers of unidirectional carbon fiber covering a 

machined Rohacell core. Each blade is mounted on the hub with two bearings, so as to 

enable pitch actuation while limiting either the flap-wise and edge-wise free-play. The 

individual pitch angle of each blade can be varied by means of a small brushed motor 

equipped with a gearhead and built-in relative encoder. The three motors are housed within 

the blades hollow root, and their position is monitored and adjusted by dedicated electronic 

control boards housed in the hub spinner. 

The shaft is held by two bearings, housed in the rectangular carrying box that constitutes the 

main frame of the nacelle, and features four small bridges on which strain gages, providing 

measurements of the torsional and bending loads, are placed. Three miniaturized electronic 

boards, fixed to the hub, provide for the power supply and conditioning of shaft strain gages, 

while the transmission of the electrical signals from the rotating system to the fixed one, and 

vice versa, is guaranteed by a through-bore 12-channels slip ring. 

A torque-meter, located after the two shaft bearings, allows for the measurement of the 

torque provided by a brushless motor equipped with a gearhead and a tachometer. The 

motor, located in the rear part of the nacelle, is operated as a generator by using a servo-

controller. An optical encoder, located between the slip ring and the rear shaft bearing, 

allows for the measurement of the rotor azimuth. 
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Figure 16 Layout of G1 model 

  

The entire nacelle can be yawed by means of a brushed motor, housed within the hollow 

tower, equipped with a gearhead. This latter component is connected, by a multi-beam 

coupling, to a shaft rigidly joined to the rectangular carrying box and hold in place by two 

bearings located within the upper portion of the tower. An optical encoder provides the 

feedbacks to an electronic device that controls both the yaw actuator and a magnetic brake. 

The tower stiffness was designed so that the first fore-aft and side-side natural frequencies 

of the nacelle-tower group are properly placed with respect to the harmonic per-rev 

excitations. The tower is softened at its base by machining four small bridges, on which 

strain gages are glued. Sizing of the bridges was based on the criterion of having sufficiently 

large strains to get the necessary level of accuracy of the measurement of strain gages. Two 

electronic boards provide for the power supply and adequate conditioning of this custom-

made load cell. Aerodynamic covers of the nacelle and hub ensure a satisfactory quality of 

the flow in the central rotor area. 

A wind farm layout consisting of 6 G1s is shown in Figure 17. 
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Figure 17 G1 models arranged in a 2 by 3 wind farm array 

Due to the small dimensions of the scaled wind turbine, the rotor airfoils operate in a low 

Reynolds regime. On account of this, the low-Reynolds airfoil RG14 (Lyon, Broeren, Giguere, 

Gopalarathnam, & Selig, 1998) is used for the model wind turbine blades. The aerodynamic 

performance of the rotors was measured, for different values of the airfoil Reynolds 

number, by operating the models at several combinations of tip speed ratio (TSR) and 

collective pitch settings. The measured maximum power coefficients are approximately 0.42 

at tip-speed-ratio λ ∈ [7; 8] and blade pitch β ∈ [-2; 0]. 

 

Data describing the blade shape includes, as a function of the distance from the blade root, 

the chord length, the twist angle, the airfoil thickness, the pitch axis position and the 

location of the aerodynamic center, as reported in Table 2. Within the table, Airfoil ID 1 

identifies the cylinder used at the circular root, Airfoil ID 3 corresponds to the RG14 airfoil, 

while Airfoil ID 2 identifies the transition airfoil between the cylinder and RG14. 
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Table 2 G1 model blade data 

r 

[m] 

Chord 

[m] 

Twist 

[deg] 

Thickness 

[%] 

Pitch axis 

position 

[%c] 

Aerodynamic 

center position [%c] 

Airfoil 

ID 

0.0 0.0420 24.5393 100 50 50 1 

0.0064 0.0420 23.9008 100 50 50 1 

0.0191 0.0420 22.4935 100 50 50 1 

0.0318 0.0528 20.7992 69.8439 43.0769 41.5238 2 

0.0445 0.0782 18.8828 31.6103 34.3821 30.6609 2 

0.0572 0.1009 16.9839 12.6984 30.3816 25.6617 2 

0.0699 0.1057 15.3131 8.4831 30 25 2 

0.0827 0.0980 13.7640 8.4881 30 25 2 

0.0954 0.0897 12.4463 8.48 30 25 3 

0.1081 0.0839 11.3495 8.48 30 25 3 

0.1208 0.0788 10.3414 8.48 30 25 3 

0.1335 0.0740 9.4234 8.48 30 25 3 

0.1462 0.0698 8.5972 8.48 30 25 3 

0.1590 0.0659 7.8589 8.48 30 25 3 

0.1717 0.0624 7.2184 8.48 30 25 3 

0.1844 0.0594 6.6419 8.48 30 25 3 

0.1971 0.0565 6.1189 8.48 30 25 3 

0.2098 0.0540 5.6439 8.48 30 25 3 

0.2225 0.0516 5.2112 8.48 30 25 3 

0.2353 0.0494 4.8123 8.48 30 25 3 

0.2480 0.0475 4.4481 8.48 30 25 3 

0.2607 0.0457 4.1122 8.48 30 25 3 

0.2735 0.0439 3.7993 8.48 30 25 3 

0.2862 0.0424 3.5114 8.48 30 25 3 

0.2989 0.0408 3.2431 8.48 30 25 3 

0.3116 0.0395 2.9921 8.48 30 25 3 

0.3243 0.0382 2.7600 8.48 30 25 3 

0.3370 0.0369 2.5436 8.48 30 25 3 

0.3498 0.0358 2.3372 8.48 30 25 3 

0.3625 0.0348 2.1397 8.48 30 25 3 

0.3752 0.0337 1.9452 8.48 30 25 3 

0.3879 0.0327 1.7609 8.48 30 25 3 

0.4006 0.0318 1.5919 8.48 30 25 3 

0.4133 0.0309 1.4271 8.48 30 25 3 

0.4261 0.0299 1.2539 8.48 30 25 3 

0.4388 0.0287 1.0634 8.48 30 25 3 

0.4515 0.0272 0.8428 8.48 30 25 3 

0.4642 0.0250 0.5814 8.48 30 25 3 

0.4769 0.0219 0.2786 8.48 30 25 3 

0.4896 0.0177 -0.0890 8.48 30 25 3 

0.4960 0.0151 -0.2974 8.48 30 25 3 
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Experimental power and thrust coefficients, measured for several combinations of λ, β and 

airfoil Reynolds number, have been used to identify the RG14 aerodynamic polars as 

function of Reynolds number, so as to have a good match between experimental and 

simulated aerodynamic performance. The approach used for estimating the polars in 

operation on the wind turbine blades is the one formulated in Ref. (Bottasso, Cacciola, & 

Iriarte, Calibration of wind turbine lifting line models from rotor loads, 2014). The airfoil 

polars, shown in Figure 18, were identified for a range of angle of attacks between -2 and 8 

deg and then smoothly connected to the nominal aerodynamic data 

 

Figure 18 RG14 identified polars as function of Reynolds number 

 

In the following, the list of physical quantities measured on the G1 hub, drive train, and 

tower is summarized: 

• Blades: pitch angle of each blade by means of the built-in pitch actuator encoder. A 

hall sensor (Honeywell SS496A1), located between each blade root and the pitch 

bearing housing, is used for homing the built-in encoder. 

• Drive train: main shaft bending moments (two components) by means of 2 strain 

gauge full-bridges; main shaft torque by means of dedicate torque-meter (Lorenz 

Messtechnik DR2112-R Torque Sensor Rotating 1N·m); rotor azimuth by means of 

optical encoder (US-DIGITAL HUBDISK-2-2500-1000-IE + EM1-2-2500-I). 

• Tower: tower base fore-aft and side-side bending moments by means of two strain 

gauge full-bridges; nacelle yaw by means of optical encoder (US-DIGITAL HUBDISK-2-

10000-625-IE + EM2-2-10000-I). 

The locations where physical quantities are measured on the G1 are the following: 
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• Drive train loads:  

� main shaft bending moments: 52 mm from the rotor center, approx. 18 mm in 

front of the first main shaft bearing; 

� main shaft torque: approx. 70 mm behind the second main shaft bearing; 

� rotor azimuth: between the two main shaft bearings 

• Tower: 720 mm below the rotor center. 

The calibration procedures for the G1 measurements are the following: 

• Blades: the hall sensor output is calibrated versus the pitch angle measured with a 

WYLER CLINOTRONIC PLUS inclinometer. The latter is located on the top surface of a 

rectangular saddle (CAD machined, i.e. its geometry is well-known) fixed at a well-

known position along the blade axis. 

• Drive train loads:  

� main shaft bending moments: known dead loads are applied to the hub and the 

2x2 calibration matrix is obtained by linearly best-fitting the full-bridge outputs; 

� main shaft torque: torque-meter is calibrated by the manufacturing company. 

• Tower: known dead loads are applied to the tower top and the 2x2 calibration matrix 

is obtained by linearly best-fitting the full-bridge outputs. 

4.2 Wind turbine models: G2 

Each G2, whose rated rotor speed is equal to 380 rpm (clockwise rotation), is equipped with 

three blades each housing, in the hollow root, its own pitch actuator commanded by an 

electronic control board mounted on the shaft. The shaft rotates on two bearings, held by a 

rectangular carrying box. Conical spiral gears connect the shaft with an electrical motor, 

which is housed within the hollow top of the tower and is operated as a generator. The shaft 

is instrumented with strain gages to measure torsional and bending loads. Similarly, each 

blade root is equipped with strain gages that measure bending moments. The transmission 

of all electrical signals from the rotating system to the fixed one and vice versa is provided by 

a 36 channels slip ring. At the tower base a balance provides measurements of the 3 force 

and 3 moment components, while misalignment of the rotor axis with respect to the wind 

direction is achieved by means of a yaw system that moves the upper tower section, which 

houses the torque actuator, bolted to the nacelle base. 
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Figure 19 shows the G2 model assembled in the Low Turbulence test section of the Polimi 

wind tunnel, while the general arrangement of a one-to- one interference condition realized 

with 2 G2s is shown in Figure 19.  

 

Figure 19 The G2 scaled wind turbine model 

Due to the small dimensions of the scaled wind turbine, the low-Reynolds airfoil WM006 

(Bottasso, Campagnolo, & Petrovic, Wind Tunnel Testing of Scaled Wind Turbine Models - 

Beyond Aerodynamics, 2014) is used for the model wind turbine blades. The aerodynamic 

performance of the rotors was measured by operating the models at several combinations 

of tip speed ratio (TSR) and collective pitch settings. The measured maximum power 

coefficients are approximately 0.45 at tip-speed-ratio λ ∈ [7; 8] and blade pitch β ∈ [0;2]. 
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Figure 20 G2 models for one-to-one interference conditions. 

Data describing the blade shape include, as a function of the distance from the blade root, 

the chord length, the twist angle, the airfoil thickness, the pitch axis position and the 

location of the aerodynamic center, as reported in Table 3. Within the table, Airfoil ID 1 

identifies the cylinder used at the circular root, Airfoil ID 3 corresponds to the WM006 

airfoil, while Airfoil ID 2 identifies the transition airfoil between the cylinder and WM006. 

Experimental power and thrust coefficients, measured for several combinations of λ, β have 

been used to identify the WM006 polar, so as to have a good match between experimental 

and simulated aerodynamic performance. The approach used for estimating the polars in 

operation on the wind turbine blades is the one formulated in Ref. (Bottasso, Cacciola, & 

Iriarte, Calibration of wind turbine lifting line models from rotor loads, 2014). The airfoil 

polar, shown in Figure 21, was identified for a range of angle of attacks between -2° and 12°.  
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Table 3 G2 model blade data 

r 

[m] 

Chord 

[m] 

Twist 

[deg] 

Thickness 

[%] 

Pitch axis 

position [%c] 

Aerodynamic center 

position [%c] 

Airfoil ID 

0 0.042 44.864 100.000 50.000 50.000 1 

0.024 0.042 44.864 99.906 49.969 50.000 2 

0.047 0.044 42.928 94.859 48.350 48.620 2 

0.071 0.048 37.990 86.417 45.766 46.245 2 

0.095 0.054 31.401 73.767 42.178 42.780 2 

0.118 0.061 24.513 61.056 38.955 39.287 2 

0.142 0.069 18.681 48.387 36.102 35.805 2 

0.165 0.077 15.257 35.674 34.218 32.322 2 

0.189 0.084 13.500 23.958 33.057 29.120 2 

0.213 0.089 11.131 14.891 32.677 26.613 2 

0.236 0.091 9.625 9.166 32.504 25.025 2 

0.260 0.089 8.583 9 32.5 25 3 

0.284 0.083 8.123 9 32.5 25 3 

0.307 0.076 7.991 9 32.5 25 3 

0.331 0.069 7.459 9 32.5 25 3 

0.355 0.063 6.737 9 32.5 25 3 

0.378 0.059 6.085 9 32.5 25 3 

0.402 0.055 5.572 9 32.5 25 3 

0.425 0.053 5.133 9 32.5 25 3 

0.449 0.051 4.755 9 32.5 25 3 

0.473 0.049 4.423 9 32.5 25 3 

0.496 0.047 4.125 9 32.5 25 3 

0.520 0.045 3.846 9 32.5 25 3 

0.544 0.043 3.572 9 32.5 25 3 

0.567 0.041 3.290 9 32.5 25 3 

0.591 0.040 3.022 9 32.5 25 3 

0.614 0.038 2.790 9 32.5 25 3 

0.638 0.037 2.591 9 32.5 25 3 

0.662 0.035 2.423 9 32.5 25 3 

0.685 0.033 2.283 9 32.5 25 3 

0.709 0.032 2.169 9 32.5 25 3 

0.733 0.030 2.078 9 32.5 25 3 

0.756 0.029 2.007 9 32.5 25 3 

0.780 0.028 1.950 9 32.5 25 3 

0.803 0.026 1.803 9 32.5 25 3 

0.827 0.024 1.533 9 32.5 25 3 

0.851 0.022 1.159 9 32.5 25 3 

0.874 0.020 0.698 9 32.5 25 3 

0.898 0.017 0.168 9 32.5 25 3 

0.922 0.014 0.044 9 32.5 25 3 

0.945 0.010 -2.309 9 32.5 25 3 
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Figure 21 WM006 identified polar. 

In the following, the list of physical quantities measured on the G2 blades, drive train, and 

tower is summarized: 

• Blades: pitch angle of each blade by means of the built-in pitch actuator encoder. A 

hall sensor (Honeywell SS496A1), located between each blade root and the pitch 

bearing housing, is used for homing the built-in encoder. Flap-wise and edge-wise 

bending moments by means of 2 strain gauge full-bridges. 

• Drive train: main shaft bending moments (two components) by means of 2 strain 

gauge full-bridges; main shaft torque by means of a strain gauge full-bridge; rotor 

azimuth by means of optical encoder (US-DIGITAL HUBDISK-2-1800-1000-IE + EM1-2-

1800-I). 

• Tower: tower base 3 forces and 3 moments by means of RUAG SG–Balance 192–6I; 

nacelle yaw by means of optical encoder (US-DIGITAL HUBDISK-2-10000-625-IE + 

EM2-2-10000-I). 

The locations where physical quantities are measured on the G2 are the following: 

• Blade loads: blade root flap-wise and edge-wise bending moments are measured at 

52 mm from the rotor center. 

• Drive train loads:  

� main shaft bending moments and torque: 64 mm from the rotor center, approx. 

15 mm in front of the first main shaft bearing; 

� rotor azimuth: between the two main shaft bearings 
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• Tower loads: 1797 mm below rotor center, aligned with tower axis 

The calibration procedures for the G2 measurements are the following: 

• Blades:  

� the hall sensor output is calibrated versus the pitch angle measured with a 

WYLER CLINOTRONIC PLUS inclinometer. The latter is located on the top surface 

of a rectangular saddle (CAD machined, i.e. its geometry is well-known) fixed at a 

well-known position along the blade axis. 

� blade root flap-wise and edge-wise bending moments: known dead loads are 

applied to a rectangular saddle fixed at a well-known position along the blade 

axis. The 2x2 calibration matrix is obtained by linearly best-fitting the full-bridge 

outputs; 

• Drive train loads:  

� main shaft bending moments and torque: known dead loads are applied to the 

hub and the 3x3 calibration matrix is obtained by linearly best-fitting the full-

bridge outputs; 

• Tower: the balance is in-house calibrated by the manufacturing company. 

4.3 Wind turbine models: control system 

The control system of the wind turbine models, both G1 and G2, is structured in three 

different levels, as shown in Figure 22. The low level control is done at the level of the wind 

turbine actuators, while the communication with wind turbine sensors and actuators, as well 

as wind turbine control algorithms, are implemented on the industrial real-time controller 

Bachmann M1 (http://www.bachmann.info).  

The Bachmann M1 system used for wind turbine control is a modular real-time controller 

with a CPU module for running control algorithms, a counter module for acquiring rotor 

speed and azimuth from the digital encoder, a communication module for dialoguing with 

actuators through a CAN network and two analogue input-output modules for acquiring 

measurements and sending commands to the torque motor and the yaw break.  

The Bachmann M1 system is capable of acquiring data with a sample rate of 2.5 kHz, which is 

used for acquiring aerodynamic torque, shaft bending moments and rotor azimuth position. 

All other measurements are acquired with a sample rate of 250 Hz. 

Each wind turbine model is controlled by a separate Bachmann M1 system with the sampling 

time of 4 ms. 
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Figure 22 Control scheme 

Besides data-logging and safety systems (such as shutdown in case of over-speed), the 

following control algorithms are implemented on each M1 system: 

• Power control, i.e. torque and collective pitch control (CPC). A standard power 

control is implemented based on Ref. (Bossanyi, The design of closed loop controllers 

for wind turbines, 2000), with two distinct control regions. In the region below rated 

wind speed, blade pitch angles are kept constant, while the generator torque 

reference follows a quadratic function of rotor speed in order to maximize energy 

extraction. Above rated wind speed, the generator torque is kept constant, while a PI 

controller is used to collectively pitch the rotor blades in order to keep the generated 

power at the desired level. Additionally, for the purpose of wind farm control, the 

wind turbine power output can be curtailed to an arbitrary value. Since power 

reduction can be achieved in different ways, it is possible to easily modify the control 

trajectories while the models are idling. 

• Individual and cyclic pitch control (IPC and CyPC). Besides collective pitch control, 

the models are also capable of individually pitching each blade, enabling additional 

control actions for influencing loading or wakes. To this aim, the blade reference of 

each blade follows a harmonic function of the blade azimuth position with adjustable 

amplitude and phase angle. This leads to continuous blade pitching with frequency 

1P, so the maximal amplitude has to be constrained according to pitch actuator 

capabilities. This kind of pitch activity has a strong impact on loads. The generated 
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power remains unaffected above rated wind speed, while a modest power loss can 

be observed below rated wind speed, depending on the pitch amplitude (Bossanyi, 

Further load reductions with individual pitch control, 2005). The amplitude and the 

phase angle of the blade pitch can be determined either in closed loop by two 

decoupled PI controllers trying to reduce 1P oscillations of the shaft bending 

moments (IPC, for more details see (Petrovic & Campagnolo, 2013)), or in open loop 

(CyPC). 

• Yaw control. The misalignment angle of a wind turbine model with respect to the 

incoming wind can be modified by changing the yaw angle. A PI controller is used for 

controlling the yaw motor, and the yaw reference value is provided from the 

supervisory controller. An additional control logic is implemented that engages the 

yaw brake once the nacelle gets in the desired position. Whenever the yaw reference 

is changed, the brake is released and the PI controller ensures that the nacelle is 

yawed to the new position. Besides constant yaw references, the yaw controller is 

also capable of continuous yaw motion, for example according to a harmonic 

function with adjustable amplitude and frequency. Such a motion can be useful for 

wind farm control algorithms or for the artificial generation of wake meandering in 

the wind tunnel. 

 

The regulation trajectory for several wind turbine power outputs, as well as pitch controller 

gains, can be easily changed before and during testing. The control implementation is 

instead frozen, i.e. only the control parameters can be changed, but not its logic. Table 4 

reports the regulation trajectory commonly followed, and used in previous wind tunnel 

activities, by the G1 model. Conceptually similar regulation trajectory is followed by the G2 

model. 

 

Table 4 G1 regulation trajectory wrt. wind speed 

Wind [m/s] ΩΩΩΩ [rpm] β [deg] 
Rotor Power 

Coefficients CP 

Rotor Thrust 

Coefficients CT 

1.96 274.2 1.22 0.254 0.730 

2.06 288.2 1.22 0.262 0.732 

2.16 302.2 1.22 0.270 0.734 

2.26 316.1 1.22 0.277 0.736 

2.36 330.1 1.22 0.285 0.739 

2.46 344.1 1.22 0.292 0.741 

2.56 358.0 1.22 0.298 0.743 

2.66 372.0 1.22 0.305 0.745 

2.76 386.0 1.22 0.311 0.747 



D3.1 – Definition of wind tunnel testing conditions PU 

 

Copyright CL-Windcon    Contract No. 727477                                     Page 35 

   

Wind [m/s] ΩΩΩΩ [rpm] β [deg] 
Rotor Power 

Coefficients CP 

Rotor Thrust 

Coefficients CT 

2.86 400.0 1.22 0.317 0.749 

2.96 413.9 1.22 0.323 0.751 

3.06 427.9 1.22 0.328 0.753 

3.16 441.9 1.22 0.333 0.755 

3.26 455.9 1.22 0.338 0.757 

3.36 469.8 1.22 0.343 0.759 

3.46 483.8 1.22 0.347 0.761 

3.56 497.8 1.22 0.351 0.763 

3.66 511.7 1.22 0.355 0.765 

3.76 525.7 1.22 0.358 0.771 

3.86 539.7 1.22 0.361 0.773 

3.96 553.7 1.22 0.365 0.775 

4.06 567.6 1.22 0.368 0.776 

4.16 581.6 1.22 0.371 0.778 

4.26 595.6 1.22 0.375 0.779 

4.36 609.5 1.22 0.378 0.781 

4.46 623.5 1.22 0.380 0.782 

4.56 637.5 1.22 0.380 0.782 

4.66 651.5 1.22 0.380 0.783 

4.76 665.4 1.22 0.380 0.783 

4.86 679.4 1.22 0.380 0.784 

4.96 693.4 1.22 0.380 0.784 

5.06 707.4 1.22 0.380 0.785 

5.16 721.3 1.22 0.380 0.785 

5.26 735.3 1.22 0.380 0.785 

5.36 749.3 1.22 0.380 0.786 

5.46 763.2 1.22 0.380 0.786 

5.56 777.2 1.22 0.380 0.789 

5.66 791.2 1.22 0.379 0.795 

5.76 805.2 1.22 0.378 0.801 

5.86 819.1 1.22 0.377 0.807 

5.87 820.2 1.22 0.377 0.808 

5.96 833.1 1.22 0.376 0.813 

6.06 847.1 1.22 0.375 0.819 

6.16 847.1 2.37 0.358 0.714 

6.26 847.1 2.98 0.342 0.655 

6.36 847.1 3.45 0.326 0.610 

6.46 847.1 3.87 0.311 0.572 

6.56 847.1 4.25 0.297 0.538 

6.66 847.1 4.61 0.284 0.508 

6.76 847.1 4.95 0.271 0.481 

6.86 847.1 5.28 0.260 0.457 

6.96 847.1 5.60 0.249 0.434 

7.06 847.1 5.90 0.238 0.413 

7.56 847.1 7.34 0.194 0.329 

8.06 847.1 8.66 0.160 0.268 

8.56 847.1 9.89 0.134 0.222 

9.06 847.1 11.06 0.113 0.189 

9.56 847.1 12.19 0.096 0.163 

10.06 847.1 13.28 0.082 0.143 

10.56 847.1 14.35 0.071 0.127 
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Wind [m/s] ΩΩΩΩ [rpm] β [deg] 
Rotor Power 

Coefficients CP 

Rotor Thrust 

Coefficients CT 

11.06 847.1 15.38 0.062 0.114 

11.56 847.1 16.39 0.054 0.102 

12.06 847.1 17.37 0.048 0.093 

12.56 847.1 18.33 0.042 0.085 

 

Given the above regulation trajectories, the G1 rotor cut-in velocity is approx. 2 [m/s], the 

cut-out velocity is approx. 13 [m/s], and the rated wind speeds approx. 6 [m/s]. Similar 

values can be extracted from the regulation trajectory of the G2. 

4.4 Wind farm control algorithms 

Wind farm control algorithms can be implemented either on a standard PC or an industrial 

PLC. Communication with each wind turbine controller is achieved over an Ethernet network 

by means of the MODBUS TCP/IP protocol (http://www.modbus.org/faq.php) or M1com 

communication libraries (http://www.bachmann.info). By means of these communication 

protocols, wind farm control algorithms have access to all sensor outputs described in 

sections 4.1 and 4.2, and have the right to: 

• change the demanded wind turbine power output; 

• activate/deactivate and define amplitude and phase angle of cyclic pitch control; 

• activate/deactivate individual pitch control for load reduction; 

• change the demanded yaw misalignment angle. 
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5 DESCRIPTION OF TESTING CONDITIONS 

In order to define the test matrix, the following procedure has been followed: 

• Previous existing measurements, obtained by testing several G1 models within the 

POLIMI wind tunnel, have been distributed to the partners, together with a 

documentation that describes the capabilities of the experimental setup and the 

specifications for the hosting of experiments. 

• The project partners, aware of the models/wind tunnel capabilities, proposed a 

number of experimental testing activities that aim at validating the effectiveness of 

wind turbine/wind farm control algorithms developed by the partners within this 

project.  

• The partners’ requests were harmonized, with the aim to avoid repeating tests that 

involve the use of similar wind turbine/wind farm control control strategies.  

• The test matrix has been finally defined considering that the wind tunnel will be 

available, within the project, for a limited number of days (45) and that it is required 

to gather sufficient and meaningful data (power/loads/wake/etc.) to validate control-

oriented models, as well as to test a wide range of different wind turbine/wind farm 

control strategies 

At first, the test matrix for the subtask 3.2.2 “Testing in the wind tunnel of wind turbine 

controllers” is presented in Table 5. A total number of 19.5 testing days within the high 

turbulence test section will be dedicated to generating data for control-oriented models in 

preparation of testing for wind farm control algorithms and to validating the effectiveness of 

wind turbine controllers (power curtailment, active yaw misalignment, active wake mixing, 

active load mitigation in waked conditions) and wind state observers (including wake state 

impingement detector) developed by partners in WP2. 

The test matrix for the subtask 3.2.3 “Testing in the wind tunnel of integrated wind 

turbine/wind farm controller” is presented in Table 6. A total number of 25.5 testing days 

within the high turbulence test section will be dedicated to validating the effectiveness of 

integrated wind turbine/wind farm control solutions (axial induction, wake deflection, wake 

detection followed by wake steering) developed in WP2, using different numbers of 

interfering wind turbines for different wind directions.  
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Table 5 Test matrix for the activities concerning the subtask 3.2.2 “Testing in the wind tunnel of wind turbine 

controllers”. 

Exp. Date Purpose 
Inflow 

conditions  

Wind turbine/wind farm 

control method 

Wind farm 

layout 

Num. of 

testing  

days 

Flow 

measurements 

1 

July 

2017 

Generate 

data to 

validate  

control-

oriented 

models 

Below 

rated wind 

speed. Low 

and high 

turbulence. 

Low-frequency Pseudo 

Random Binary Signal 

(PRBS) on turbines 

power demand 
3 G1 

turbines, 

5D long. 

spaced 

0.5 

Yes, at several 

locations 

within the 

wake and 

upstream. 

July-

Sept 

2017 

Low frequency Pseudo 

Random Binary Signal 

(PRBS) on turbines yaw 

misalignment 

0.5 

Wake measurements for 

tuning the wake model 

parameters. 

1 G1 

turbine 
8.5 

Sep 

2017 

Wake measurements 

for tuning the 

parameters that govern 

the wakes interaction 

within the wake model. 

2 G1 

turbines, 

5D long. 

spaced 

3 

2 
Jan 

2018 

Test of IPC 

integration at 

wind farm 

control level 

Below rated 

wind speed. 

Low and 

high 

turbulence 

IPC for load reduction is 

activated/deactivated on 

upstream yawed WTs and 

downstream wake-

impinged WTs 

3 G1 

turbines, 5D 

long. spaced 

1.5 No 

3 
Jan 

2018 

Test of wake 

recovery 

techniques 

Below rated 

wind speed. 

Low and 

high 

turbulence 

High frequency Pseudo 

Random Binary Signal 

(PRBS) on turbines power 

demand 

3 G1 

turbines, 5D 

long. spaced 

2 No 

4 
Jan 

2018 

Test and 

validation of 

4-wind state 

observer 

Below and 

above 

rated wind 

speed. High 

turbulence 

Comparison between 

measurements of the 

upstream flow and wind 

state observations 

1 G2 

turbine 
3.5 

Yes, at several 

locations 

upstream. 
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Table 6: Test matrix for the activities concerning the subtask 3.2.3 “Testing in the wind tunnel of integrated 

wind turbine/wind farm controllers”. 

Exp. Date Purpose 
Inflow 

conditions 

Wind turbine/wind farm 

control method 
Wind farm layout 

Num. of 

testing  

days 

Flow 

measure

ments 

5 

April 

2018 

Test of model-

based axial 

induction 

control 

strategies  

Below rated 

wind speed. 

Low and 

high 

turbulence 

The optimal G1s power 

demand is computed by 

means of pre-tuned look-

up tables. 
3 G1 turbines, 5D 

long. spaced 

4 

Meas. at 1D 

upstream of 

each WTs 

(speed and 

direction), at 

hub height 

and aligned 

with the 

rotor center. 

Test of model-

based wake 

redirection 

control 

strategies 

Below rated 

wind speed. 

Low and 

high 

turbulence 

The optimal G1s yaw 

misalignment is 

computed by means of 

pre-tuned look-up tables. 

3.5 

6 

Oct. 

2018 

Test of model-

based wake 

redirection 

control 

strategies 

Below rated 

wind speed. 

Low and 

high 

turbulence 

The optimal G1s yaw 

misalignment is 

computed by means of 

online-tuned look-up 

tables. 

3 G1 turbines, 5D 

long. spaced 3.5 

7 

Oct. 

2018 

Test of model-

free data-

driven wake 

redirection 

control 

strategies 

Below rated 

wind speed. 

Low and 

high 

turbulence 

The optimal G1s yaw 

misalignment is 

computed by means of a 

model-free gradient-

based optimization 

process. 

3 G1 turbines, 5D 

long. spaced 2.5 

8 

Oct. 

2018 

Test of model-

based wake 

redirection 

control 

strategies 

Below rated 

wind speed. 

Low and 

high 

turbulence 

The optimal G1s yaw 

misalignment is 

computed by means of 

MPC algorithms applied 

to dynamic models 

coupled to state 

observers.  

3 G1 turbines, 5D 

long. spaced 6 

9 

Jan 

2019 

Test of 

combined 

model-based 

and model-

free data-

driven wind 

farm control 

Below rated 

wind speed. 

Low and 

high 

turbulence 

The optimal G1s yaw 

misalignment is 

computed by means of a 

combination of model-

based and model-free 

control strategies.  

2 columns of 3 G1 

models, 5D long. 

spaced, 3D lat. 

Spaced 

2 

10 

Jan 

2019 

Test best 

control 

algorithm on 

larger wind 

farm 

Below rated 

wind speed. 

Low and 

high 

turbulence 

Best of previous 

experiments 

2 columns of 3 G1 

models, 5D long. 

spaced, 3D lat. 

spaced 

4 
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6 OUTPUTS AND MEASUREMENTS OF WIND TUNNEL EXPERIMENTATION  

For every experiment conducted within the wind tunnel, a detailed description of the 

number of used models, their location within the wind tunnel, as well as information 

concerning the reference frame adopted to report the measured flow data, will be given, as 

depicted in Figure 23. 

 

Figure 23 Description of wind turbine model locations within the wind tunnel, as well as the reference frame 

adopted to report the measured flow data. 

For every test conducted within the wind tunnel, structured Matlab .mat files, that collect all 

the data measured during testing, will be generated. A Matlab structure, called WTs_Data, 

will contain the synchronized signals gathered by each model (Model1, Model2, ModelN). A 

Matlab structure, called FLOW_DATA, will instead contain the outputs of the flow 

measurements conducted within the wind tunnel during the testing activities. An overview 

of the information stored within the Matlab structures is reported in Table 7. 

Moreover, clear information concerning the reference frames adopted to report the 

measured quantities onboard the G1s will be provided, as shown in Figure 24. 

Z, Uz
 

X, Ux
 

Y, Uy
 

Yaw > 0 

Wind 

Turn 

Table 

Variable 

distance 
 

Variable 

distance 
 

Variable distance 

Turn Table 

Center Line 

X, Ux
 

FLOW DATA 

U
x
 : Longitudinal flow speed 

U
y
 : Upflow speed 

U
z
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Table 7 Wind tunnel flow and wind turbines data stored in the Matlab structure. 

Wts_Data. 

Time 

ModelsData 

Model1 

Pitch. 

     Blade1 

     Blade1Dem 

     Blade2 

     Blade2Dem 

     Blade3 

     Blade3Dem 

RotorSpeed: 

Azimuth: 

Hub. 

Torque: 

Nodding: 

Yawing: 

Tower. 

FA: 

SS: 

Pitot Velocity: 

PowerReference 

Abs: 

Rel: 

Yaw: 

YawDem: 

 

                    Model2 

                          … 

                    ModelN 

                          … 

FLOW_Data. 

          Probe1. 

                 InitTime 

                 Rho 

                 Position. 

X: 

Y: 

Z: 

                 Ux: 

                 Uy:  

                 Uz: 

          Probe2. 

                   … 

 

         ProbeN. 

 

 

Time, vector of length Time [s]*2500 [Hz] 

 

 

 

Blade 1 pitch [deg] , vector of length Time [s]*250 [Hz] 

Control Demanded Blade 1 pitch [deg] , vector of length Time [s]*250 [Hz] 

Blade 2 pitch [deg] , vector of length Time [s]*250 [Hz] 

Control Demanded Blade 2 pitch [deg] , vector of length Time [s]*250 [Hz] 

Blade 3 pitch [deg] , vector of length Time [s]*250 [Hz] 

Control Demanded Blade 3 pitch [deg] , vector of length Time [s]*250 [Hz] 

Rotor speed [rpm], vector of length Time [s]*250 [Hz] 

Rotor azimuth [deg], vector of length Time [s]*2500 [Hz] 

 

Main shaft torque [Nmm], vector of length Time [s]*2500 [Hz] 

Main shaft Nodding [Nmm], vector of length Time [s]*2500 [Hz] 

Main shaft Yawing [Nmm], vector of length Time [s]*2500 [Hz] 

 

Tower base Fore-Aft moment  [Nm], vector of length Time [s]*250 [Hz] 

Tower base Side-Side moment [Nm], vector of length Time [s]*250 [Hz] 

Pitot speed (if Pitot is installed) [m/s], vector of length Time [s]*250 [Hz] 

 

Control Demanded Power Reference [W] , vector of length Time [s]*125 [Hz] 

Control Demanded Power Reference [%] , vector of length Time [s]*125 [Hz] 

Yaw angle with respect to wind [deg] , vector of length Time [s]*250 [Hz] 

Control demanded yaw angle [deg] , vector of length Time [s]*250 [Hz] 

         

 

 

 

 

 

 

Initial Recording Time [s], scalar 

Average wind tunnel density [Kg/m^3], scalar 

 

Probe1 position, coordinate X, scalar [mm] 

Probe1 position, coordinate Y, scalar [mm] 

Probe1 position, coordinate Z, scalar [mm] 

Probe1 Ux velocity [m/s], vector of length Time [s]*1000 [Hz] 

Probe1 Uy velocity [m/s], vector of length Time [s]*1000 [Hz] 

Probe1 Uz velocity [m/s], vector of length Time [s]*1000 [Hz] 
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Figure 24 Reference frames adopted to report the data measured onboard the G1 model. 

The data stored in the Matlab .mat files will then be distributed to involved partners for 

further post-processing, analysis and comparison with simulation outputs. Post-processing 

tools developed in WP1.3.1 will be used for the purpose. 
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7 CONCLUSION 

The present deliverable has considered the definition of the wind tunnel tests, which should 

be executed within the WP3/Task 3.2 “Demonstration by wind tunnel testing” during the 

three years of CL-Windcon project. 

The following conclusions can be drawn. 

• The GVPM (POLIMI wind tunnel) facility has been described along with the 

measurement instrumentation, which can be used for characterizing the flow in- and 

out-of-wake.  

• Among different wind tunnel setups, two specific arrangements have been chosen, 

so as to replicate two realistic atmospheric boundary layers. The first refers to an on-

shore condition characterized by 12% TI and vertical shear exponent of 0.2 whereas 

the second reproduces an off-shore condition with 6% TI and vertical shear exponent 

of 0.079. 

• Two wind turbine wind tunnel models are described, the G1 and G2 machines, 

respectively with diameter of 1.1 and 2 meters. Both models, specifically designed for 

wind tunnel applications, have been already used multiple times for wind energy 

related projects. They comprise active pitch, torque and yaw controls enabling 

testing of modern wind turbine/wind farm control strategies and a comprehensive 

onboard instrumentation. 

• The coupled G1-G2 wind turbines / GVPM system represents an effective 

international scientific reference for wind energy experimentation.  

• The test matrix for the three-year experimentation has been finally defined. The 

campaign will comprise tests of single machine for providing wake data for model 

validation, tests for evaluating the performance of different wind turbine controllers 

(e.g. power curtailment, active yaw, etc…) as well as of supporting technologies (e.g. 

wind observers) and finally tests of coupled wind turbine/wind farm controllers. 

• The scenarios considered in the test matrix are realistic and will allow a quantitative 

characterization of the single turbine and coupled turbine/farm control performance. 
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