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Abstract. The present work deals with the issues faced by authors in the implementation of a
variable-speed variable-pitch (VS-VP) controller on a wind turbine scale model for wind tunnel
tests. The PoliMi 1/75 model of the DTU 10MW reference wind turbine (RWT) is presented,
focusing on the mechatronic system used to control the machine. The main di↵erences between
the PoliMi wind turbine model (WTM) and the DTU 10MW RWT are highlighted out pointing
out their influence on the behavior of the controlled machine. Then, the control logic adopted
for the PoliMi WTM is introduced. Finally, results from wind tunnel tests on the controlled
model are shown and the performance of the closed-loop system is discussed.

1. Introduction
Within last years, floating o↵shore wind power has been recognized as a high potential source of
renewable energy, and di↵erent research projects are currently being developed to push further
the limits of this technology. In this scenario, experimental data are of fundamental importance
for tuning numerical simulation tools, as well as for validating their final output [1]. Making
experiments at reduced scale is often preferred, since it allows to perform tests in dedicated
facilities, where environmental conditions can be closely controlled, limiting uncertainties and
improving the repeatability of measurements, but at the same time it leads to new challenges
[2].

The ability to provide the same control functionalities of a full-scale machine on a scale
model, is required to improve the experiment fidelity. Even if designed under a precise set of
scale factors, a wind turbine scale model is not a perfectly scaled version of the full-scale machine,
mainly due to limitations coming from commercially available components, technological limits
and the di↵erent flow conditions experienced by the rotor inside a wind tunnel. As shown in
this work, in reason of these di↵erences it is not possible to control a wind turbine scale model
with a scaled version of the full-scale controller and achieve the target performance.

2. Wind turbine scale model
A 1/75 wind turbine scale model was designed and realized at PoliMi [5] within LIFES50+
project [8] to perform wind tunnel tests aimed at studying unsteady aerodynamics [10]-[14] and
for hybrid/HIL wind tunnel tests on floating o↵shore wind turbines [7, 9]. The scale model
is based on the DTU 10MW [4], a multi-megawatt wind turbine concept currently used for
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Figure 1. General view of the wind turbine scale model (left) and detail of the rotor-nacelle
assembly and mechatronic system (right).

di↵erent research projects. The general model configuration, as well as a detail of the rotor-
nacelle assembly (RNA), are shown in Figure 1.

The scale factors adopted for model design, as well as for wind tunnel experiments, are
reported in Table 1. These were derived through dimensional analysis once the length scale
factor �L and the velocity scale factor �v were chosen. The first one was fixed to 1/75 to
limit the blockage e↵ect avoiding, at the same time, an excessive miniaturization of the model
components. The second one was set to 1/3 to limit the Reynolds number discrepancy with
respect to full-scale, while setting reasonable design requirements for the model actuators and
for the natural frequencies of aeroelastic components [5].

The wind turbine rotor was designed according to a performance scaling procedure [6] aimed
at matching the DTU 10MW aerodynamic performance and aeroelastic response at the low
Reynolds numbers expected during wind tunnel experiments. An aero-elastic optimization [15]
was used to achieve the reference thrust coe�cient, considered of major importance for FOWTs
dynamics, the blade weight and first flap-wise natural frequency.

A complete mechatronic system was designed to provide the wind turbine model the same
functionalities and regulation capabilities of a full-scale machine, enabling the possibility to test
control laws and study their e↵ect on the global system response. As it can be seen on the left of
Figure 1, the rotor shaft is connected through a synchronous belt transmission to the drive unit,
a Maxon EC-4pole 30 brushless motor. The torque actuator is controlled setting a continuous
torque demand, computed in real-time by the wind turbine control system. The scale model was

Table 1. Scale factors for the PoliMi WTM.

Scale Expression Value
Length �L 75
Velocity �v 3
Mass �M = �3

L 753

Time �T = �L/�v 25
Frequency �! = �v/�L 1/25
Acceleration �a = �2

v/�L 32/75
Force �f = �2

L�2
v 752 · 32



designed to have the possibility of independently control the blades pitch angle, thus each blade
is connected to a dedicated zero-backlash Harmonic Drive RSF-5B-30-E050-C servo actuator,
driven by a Maxon EPOS 24/2 motion controller. The pitch angle trajectory is generated, for
each blade, by the wind turbine controller and sent, via analog signals, to the motion controllers.

The actuators mounted on the wind turbine model are controlled by a dedicated embedded
control and monitoring (ECM) system, based on a NI PXIe-8133. The latter runs a real-time
application developed in NI VeriStand where the wind turbine control algorithm is combined
with communications loops and an FPGA interface. In this way it is possible to continuously
acquire signals from the turbine model sensors and send the torque demand and the pitch angle
set-point to the machine control boards.

Two six-components load cells are installed respectively at tower top (ATI Mini45 ) and tower
base (RUAG 192-6I ) and are used to measure loads generated by the wind turbine model. The
instantaneous motor speed is measured by a magnetic encoder and actual motor current reading
is provided by the Maxon EC-4pole 30 servo-controller.

3. Scale model non-idealities
The main di↵erences between the DTU 10MW RWT and the PoliMi WTM are found in the
rotor behavior and in the drivetrain properties.

The aerodynamic performance of the wind turbine scale model is analyzed in terms of power
coe�cient Cp, that directly a↵ects the implementation of a VS-VP power controller, and thrust
coe�cient Ct, since the thrust force is fundamental for floating wind turbines dynamics. The
scale model power and thrust coe�cients measured at steady-state for di↵erent combinations of
tip-speed ratio � and pitch angle � are compared to the corresponding values from the FAST
v8.16 model of the DTU 10MW RWT in Figure 2.

Figure 2. Power (Cp) and thrust (Ct) coe�cients for the DTU 10MW (blue) and for the PoliMi
WTM (red).

For low values of � the scale model Cp curves are convex and are notably lower than the
target, especially for small pitch angles. This makes the wind turbine start-up process, where
rotor speed is low, particularly di�cult. It also a↵ects the steady-state response in above rated



conditions, where rotor speed is limited and low values of � are reached: being the WTM Cp

lower than the DTU 10MW target, a lower pitch angle is required on the model to keep power at
its rated value. The maximum Cp of 0.54 is reached for � = 0� and � = 8.26. For intermediate
values of � the slope of power characteristics is the same for the model and the RWT, however,
in the first one, a pitch angle variation results in a larger power variation. This a↵ects the pitch
controller response and the dynamic behavior of the controlled drivetrain, being pitch controller
gains tuned for the DTU 10MW rotor. The di↵erent power sensitivity to pitch angle variations
makes the aerodynamic gain scheduling (see Section 4) defined for the DTU 10MW unsuitable
for the PoliMi WTM.

The WTM Ct characteristics are closer to target and this is in agreement with the goals of
the rotor design process. The scale model curves are slightly steeper and are close to target for
intermediate values of �. Some di↵erences are instead evident for small pitch angles and high
values of TSR.

Di↵erences between the scale model and the reference wind turbine can also be found in the
drivetrain properties that are summarized in Table 2. A di↵erent transmission ratio ⌧ (high-

Table 2. Comparison between drivetrain properties of the DTU 10MW (at model scale) and
PoliMi WTM.

Parameter Symbol Unit Scaled DTU 10MW PoliMi WTM
Transmission ratio ⌧ � 50 42
LSS inertia JR kgm2 0.066 0.279
HSS inertia JG kgm2 6.323·10�7 6.438·10�6

Mechanical e�ciency ⌘M � 1 0.735
Electrical e�ciency ⌘E � 0.94 0.894

speed shaft (HSS) to low-speed shaft (LSS)) is imposed by the transmission system adopted on
the scale model to have a a compact packaging of the di↵erent mechatronic components in the
RNA. Moreover, the commercial components used for power conversion (i.e. the motor/generator
unit) and transmission are characterized by non-ideal electrical and mechanical e�ciencies.
Finally, the generator side (HSS) and rotor side (LSS) inertia are di↵erent from the scaled
targets. In the first case, the di↵erence raises since it is not possible to have a scaled version of
the RWT generator but it is necessary to resort to commercially available parts. In the second
case, the di↵erence is due to technological limits in the blades realization process [6].

Non-idealities in the drivetrain properties have e↵ects both on the steady-state ad dynamic
response of the VS-VP controlled scale model. The wind turbine control system is based on the
generator speed feedback and controller parameters are referred to the high-speed shaft. In order
to have the target steady-state rotor performance, it is required to adapt the original parameters
of the RWT controller, taking into account the di↵erent transmission ratio and e�ciencies. The
drivetrain inertia (HSS and LSS) a↵ects the wind turbine rotor dynamics. In particular, the
RWT pitch controller gains are tuned to have a specific dynamic response of the DTU 10MW
drivetrain. It is then evident that the same response cannot be achieved on the wind turbine
scale model, simply using scaled gains.

4. Wind turbine controller
The PoliMi WTM controller is derived from the Basic DTU Wind Energy Controller [16],
developed by DTU to complement the DTU 10MW RWT. The wind turbine controller is based
on the standard variable-speed variable-pitch control strategy used by modern wind turbines



to regulate power production and rotor speed through the machine operating range. Some
modifications were introduced with respect to the original controller to make more e↵ective the
implementation on the scale model. Figure 3 gives an overview of the control strategy and the
di↵erent operating modes adopted for the WTM.

4.1. Partial load
In partial load conditions (i.e. for below-rated wind speeds) the wind turbine is operated at
constant pitch angle while the generator torque is set according to Equation 1.

QG = KG!2
G (1)

where !G is the generator speed and KG is a constant. In particular, in the Basic DTU Wind
Energy Controller KG is the optimal mode-gain for tracking the maximum power coe�cient at
a pitch angle � = 0�. In partial load conditions, the PoliMi WTM is operated at a pitch angle
� = 5� and KG is chosen accordingly in order to maximize the power coe�cient.

QG,0

QG(!G,max)

!G,max !G,0

Figure 3. Generator torque control strategy implemented on the PoliMi WTM.

A linear transition is used, in place of a PI controller [16], to pass from the generator torque
reached at the end of the partial load control region (set by !G,max) to the rated torque QG,0

reached at !G,0.

4.2. Full load
In full load conditions (i.e. for above rated wind speeds) the generator torque is held constant
and the rotor collective pitch angle adjusted according to Equation 2, as the sum of the output
of two PI controllers, on the generator speed error and the mechanical power error.
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where e! is the di↵erence between the actual and rated generator speed and eP is the di↵erence
between the actual and rated generator mechanical power.



A gain scheduling law is added to adapt the pitch controller gains to the di↵erent aerodynamic
conditions faced by the rotor. The total gain scheduling factor is the product of two terms ⌘A
and ⌘NL. The first one, expressed by Equation 3, is the aerodynamic gain scheduling.

⌘A =
1

1 + �
KK1

+ �
2

KK2

(3)

where � is the variation of pitch angle with respect to the value used in partial load
conditions, KK1 and KK2 are constants obtained fitting with a quadratic law the aerodynamic
torque sensitivity to collective pitch angle evaluated, under the assumption of quasi-steady
aerodynamics, at di↵erent operating points [16]. The second contributions, expressed by
Equation 4, is based on the generator speed error and is added to increase the sensitivity of
the pitch controller to large speed excursions (see [16] for further details).

⌘NL = 1 +
e2!

(!2 � !0)2
(4)

where !2 is the speed where pitch controller gains are doubled.

5. Wind tunnel tests
Wind tunnel tests were performed in order to experimentally assess the WTM closed-loop
response. Experimentally measured data were compared to the result of corresponding numerical
simulations on the FAST model of the DTU10 MW coupled with the same controller used for
wind tunnel tests.

The steady-state response in terms of rotor speed, rotor-collective pitch angle, rotor power
and rotor thrust force, was measured in laminar flow conditions, for wind speeds ranging from 3
to 8.3 m/s at steps of 0.3 m/s (9 to 25 m/s, 1 m/s step at full-scale). The dynamic response of
the pitch controlled drivetrain was instead assessed for a single steady-state operating conditions
corresponding to a mean wind speed of 6 m/s (18 m/s full-scale). For the wind turbine
scale model single-harmonic horizontal wind speed variations were simulated imposing a rigid
translation to the wind turbine base, at the di↵erent frequencies and amplitudes reported in
Table 3. For the DTU 10MW it was instead defined a uniform, sinusoidally varying wind field

Table 3. Single-harmonic along wind motion frequencies and amplitudes used to simulate
sinusoidal horizontal wind speed variations.

U [m/s] f [Hz] x [mm]
6.000 0.125 0.125
6.000 0.250 0.125
6.000 0.500 0.100
6.000 0.750 0.065
6.000 1.500 0.030
6.000 2.000 0.025

across the swept rotor area, with variations of amplitudes corresponding to the experiment.
Controller parameters were defined considering the floating o↵shore version of the DTU

10MW of the LIFES50+ OO-Star Wind Floater Semi 10MW [18]. All the original parameters
were adapted to model scale from dimensional analysis and according to the scale factors of



Table 1. Parameters referred to the high-speed shaft were also corrected to take into account
the di↵erent transmission ratio and drivetrain e�ciencies of the PoliMi WTM (see Section 3
and Table 2). The generator torque constant KG, as anticipated in Section 4, was modified in
order to maximize power extraction in partial load conditions. The minimum pitch angle �min

was increased from 0� to 5� to improve operations at low rotor speeds. No further modifications
were applied to pitch controller gains and gain scheduling parameters. The final parameters set
used for wind tunnel tests is reported in Table 4.

Table 4. Parameters for the PoliMi WTM controller.

Parameter Symbol Unit Value
Rated generator speed !G,0 rpm 10080
Region 2 transition speed !G,max rpm 8550
Rated generator power PG,0 W 70.044
Generator torque constant KG Nm/(rad/s)2 8.143·10�8

Minimum pitch angle �min deg 5
Proportional speed gain k!

P s 1.831·10�4

Integral speed gain k!
I � 2.095·10�4

Proportional power gain kP
P rad/W 8.265·10�4

Integral power gain kP
I rad/(Ws) 2.070·10�2

Linear gain scheduling factor KK1 deg 198.329
Quadratic gain scheduling factor KK2 deg2 693.222
Speed for doubled gains !2 rpm 13104

5.1. Steady-state response
Steady-state values of rotor speed, rotor-collective pitch angle, rotor power and thrust were
obtained from the average of 30s signals acquired from the motor encoder, pitch angle set-point
and tower-top load cell.

The steady-state performance of the PoliMi WTM is compared in Figure 4 to the DTU
10MW RWT (at model scale). The PoliMi WTM works in partial load conditions for wind
speeds up to 4.6 m/s. This corresponds to a full-scale rated wind speed of 14 m/s, whereas the
DTU 10MW RWT reaches rated conditions at 11.4 m/s. The generator torque curve, set by
KG, and the increased pitch angle � = 5�, make the wind turbine model operating at angular
speeds lower that those reached by the DTU 10MW for the corresponding wind speeds. The
lower rotor speed and TSR, together with the increased pitch angle result in a rotor power and
thrust force lower than target.

Above 4.6 m/s the wind turbine scale model works in full load conditions up to the cut-o↵
wind speed of 8.3 m/s (25 m/s full-scale). For above rated wind speeds, the rotor collective
pitch angle is increased to keep the rotor power at its rated value. The steady-state pitch angle
required to achieve constant power is lower for the PoliMi WTM than for the DTU 10MW. The
WTM rotor was designed to have the DTU 10MW thrust coe�cient at the nominal pitch angles
defined for the reference wind turbine. The lower pitch angle required to limit power results in
a thrust force above target (see Figure 2).

5.2. Dynamic response
The dynamic response was assessed in terms of the ideal closed-loop transfer function for the
pitch controlled rotor. The transfer function describes how a horizontal wind speed variation



Figure 4. Comparison of steady-state operational data (at model scale) of the DTU 10MW
and the PoliMi WTM (experimental).

a↵ects the rotor speed at di↵erent frequencies. When the wind turbine works in above-rated
conditions, the drivetrain dynamics, linearized in the neighborhood of any steady-state operating
point can be described by the block diagram of Figure 5.
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<latexit sha1_base64="9jW9mjFmaWNOuCQv33IrdPuQA/A=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUWNH6sgmnnM/W3RopivINtFDRIVo+h4J/wTYuIGGq0cyudnbCRElLrvvprKyurW9sVraq2zu7e/u1g8O2jVMj0Bexik03BItKavRJksJuYhCiUGEnnNzkfucRjZWxvqdpgkEEYy1HUgBlkt8PkWBQq7sNtwBfJl5J6qxEa1D76g9jkUaoSSiwtue5CQUzMCSFwnm1n1pMQExgjL2MaojQBrMi7JyfphYo5gkaLhUvRPy9MYPI2mkUZpMR0INd9HLxP6+X0ugqmEmdpIRa5IdIKiwOWWFk1gLyoTRIBHly5FJzAQaI0EgOQmRimtVSzfrwFr9fJu3zhuc2vLuLevO6bKbCjtkJO2Meu2RNdstazGeCSfbEntmLM3VenTfn/Wd0xSl3jtgfOB/fdNKTKQ==</latexit><latexit sha1_base64="9jW9mjFmaWNOuCQv33IrdPuQA/A=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUWNH6sgmnnM/W3RopivINtFDRIVo+h4J/wTYuIGGq0cyudnbCRElLrvvprKyurW9sVraq2zu7e/u1g8O2jVMj0Bexik03BItKavRJksJuYhCiUGEnnNzkfucRjZWxvqdpgkEEYy1HUgBlkt8PkWBQq7sNtwBfJl5J6qxEa1D76g9jkUaoSSiwtue5CQUzMCSFwnm1n1pMQExgjL2MaojQBrMi7JyfphYo5gkaLhUvRPy9MYPI2mkUZpMR0INd9HLxP6+X0ugqmEmdpIRa5IdIKiwOWWFk1gLyoTRIBHly5FJzAQaI0EgOQmRimtVSzfrwFr9fJu3zhuc2vLuLevO6bKbCjtkJO2Meu2RNdstazGeCSfbEntmLM3VenTfn/Wd0xSl3jtgfOB/fdNKTKQ==</latexit><latexit sha1_base64="9jW9mjFmaWNOuCQv33IrdPuQA/A=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUWNH6sgmnnM/W3RopivINtFDRIVo+h4J/wTYuIGGq0cyudnbCRElLrvvprKyurW9sVraq2zu7e/u1g8O2jVMj0Bexik03BItKavRJksJuYhCiUGEnnNzkfucRjZWxvqdpgkEEYy1HUgBlkt8PkWBQq7sNtwBfJl5J6qxEa1D76g9jkUaoSSiwtue5CQUzMCSFwnm1n1pMQExgjL2MaojQBrMi7JyfphYo5gkaLhUvRPy9MYPI2mkUZpMR0INd9HLxP6+X0ugqmEmdpIRa5IdIKiwOWWFk1gLyoTRIBHly5FJzAQaI0EgOQmRimtVSzfrwFr9fJu3zhuc2vLuLevO6bKbCjtkJO2Meu2RNdstazGeCSfbEntmLM3VenTfn/Wd0xSl3jtgfOB/fdNKTKQ==</latexit><latexit sha1_base64="9jW9mjFmaWNOuCQv33IrdPuQA/A=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUWNH6sgmnnM/W3RopivINtFDRIVo+h4J/wTYuIGGq0cyudnbCRElLrvvprKyurW9sVraq2zu7e/u1g8O2jVMj0Bexik03BItKavRJksJuYhCiUGEnnNzkfucRjZWxvqdpgkEEYy1HUgBlkt8PkWBQq7sNtwBfJl5J6qxEa1D76g9jkUaoSSiwtue5CQUzMCSFwnm1n1pMQExgjL2MaojQBrMi7JyfphYo5gkaLhUvRPy9MYPI2mkUZpMR0INd9HLxP6+X0ugqmEmdpIRa5IdIKiwOWWFk1gLyoTRIBHly5FJzAQaI0EgOQmRimtVSzfrwFr9fJu3zhuc2vLuLevO6bKbCjtkJO2Meu2RNdstazGeCSfbEntmLM3VenTfn/Wd0xSl3jtgfOB/fdNKTKQ==</latexit>G�
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KuQ
<latexit sha1_base64="67ptAJ4XvF+QMCGjXM3/vzGviH0=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNEg0iUQeUmJF58smHDmfrbs9pGDlH2ihokO0/A0F/4JtXABhqtHMrnZ2glgKg6774ZSWlldW18rrlY3Nre2d6u5ex0RWc2jzSEa6FzADUihoo0AJvVgDCwMJ3WB6mfnde9BGROoGZzH4IZsoMRacYSp1roeJbc2H1Zpbd3PQReIVpEYKNIfVz8Eo4jYEhVwyY/qeG6OfMI2CS5hXBtZAzPiUTaCfUsVCMH6Sp53TI2sYRjQGTYWkuQg/NxIWGjMLg3QyZHhr/nqZ+J/Xtzg+9xOhYougeHYIhYT8kOFapDUAHQkNiCxLDlQoyplmiKAFZZynok17qaR9eH+/XySdk7rn1r3Waa1xUTRTJgfkkBwTj5yRBrkiTdImnNyRR/JEnp0H58V5dd6+R0tOsbNPfsF5/wJKM5Oj</latexit><latexit sha1_base64="67ptAJ4XvF+QMCGjXM3/vzGviH0=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNEg0iUQeUmJF58smHDmfrbs9pGDlH2ihokO0/A0F/4JtXABhqtHMrnZ2glgKg6774ZSWlldW18rrlY3Nre2d6u5ex0RWc2jzSEa6FzADUihoo0AJvVgDCwMJ3WB6mfnde9BGROoGZzH4IZsoMRacYSp1roeJbc2H1Zpbd3PQReIVpEYKNIfVz8Eo4jYEhVwyY/qeG6OfMI2CS5hXBtZAzPiUTaCfUsVCMH6Sp53TI2sYRjQGTYWkuQg/NxIWGjMLg3QyZHhr/nqZ+J/Xtzg+9xOhYougeHYIhYT8kOFapDUAHQkNiCxLDlQoyplmiKAFZZynok17qaR9eH+/XySdk7rn1r3Waa1xUTRTJgfkkBwTj5yRBrkiTdImnNyRR/JEnp0H58V5dd6+R0tOsbNPfsF5/wJKM5Oj</latexit><latexit sha1_base64="67ptAJ4XvF+QMCGjXM3/vzGviH0=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNEg0iUQeUmJF58smHDmfrbs9pGDlH2ihokO0/A0F/4JtXABhqtHMrnZ2glgKg6774ZSWlldW18rrlY3Nre2d6u5ex0RWc2jzSEa6FzADUihoo0AJvVgDCwMJ3WB6mfnde9BGROoGZzH4IZsoMRacYSp1roeJbc2H1Zpbd3PQReIVpEYKNIfVz8Eo4jYEhVwyY/qeG6OfMI2CS5hXBtZAzPiUTaCfUsVCMH6Sp53TI2sYRjQGTYWkuQg/NxIWGjMLg3QyZHhr/nqZ+J/Xtzg+9xOhYougeHYIhYT8kOFapDUAHQkNiCxLDlQoyplmiKAFZZynok17qaR9eH+/XySdk7rn1r3Waa1xUTRTJgfkkBwTj5yRBrkiTdImnNyRR/JEnp0H58V5dd6+R0tOsbNPfsF5/wJKM5Oj</latexit><latexit sha1_base64="67ptAJ4XvF+QMCGjXM3/vzGviH0=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNEg0iUQeUmJF58smHDmfrbs9pGDlH2ihokO0/A0F/4JtXABhqtHMrnZ2glgKg6774ZSWlldW18rrlY3Nre2d6u5ex0RWc2jzSEa6FzADUihoo0AJvVgDCwMJ3WB6mfnde9BGROoGZzH4IZsoMRacYSp1roeJbc2H1Zpbd3PQReIVpEYKNIfVz8Eo4jYEhVwyY/qeG6OfMI2CS5hXBtZAzPiUTaCfUsVCMH6Sp53TI2sYRjQGTYWkuQg/NxIWGjMLg3QyZHhr/nqZ+J/Xtzg+9xOhYougeHYIhYT8kOFapDUAHQkNiCxLDlQoyplmiKAFZZynok17qaR9eH+/XySdk7rn1r3Waa1xUTRTJgfkkBwTj5yRBrkiTdImnNyRR/JEnp0H58V5dd6+R0tOsbNPfsF5/wJKM5Oj</latexit>

KuT
<latexit sha1_base64="HFhYmeNAlPPc6U/EFfbZW4uwKQU=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNEg0QcpLSqzofNmEI+ezdbeHFKz8Ay1UdIiWv6HgX7CNCyBMNZrZ1c5OEEth0HU/nNLS8srqWnm9srG5tb1T3d3rmMhqDm0eyUj3AmZACgVtFCihF2tgYSChG0wvM797D9qISLVwFoMfsokSY8EZplLnepjY1nxYrbl1NwddJF5BaqRAc1j9HIwibkNQyCUzpu+5MfoJ0yi4hHllYA3EjE/ZBPopVSwE4yd52jk9soZhRGPQVEiai/BzI2GhMbMwSCdDhrfmr5eJ/3l9i+NzPxEqtgiKZ4dQSMgPGa5FWgPQkdCAyLLkQIWinGmGCFpQxnkq2rSXStqH9/f7RdI5qXtu3bs5rTUuimbK5IAckmPikTPSIFekSdqEkzvySJ7Is/PgvDivztv3aMkpdvbJLzjvX07jk6Y=</latexit><latexit sha1_base64="HFhYmeNAlPPc6U/EFfbZW4uwKQU=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNEg0QcpLSqzofNmEI+ezdbeHFKz8Ay1UdIiWv6HgX7CNCyBMNZrZ1c5OEEth0HU/nNLS8srqWnm9srG5tb1T3d3rmMhqDm0eyUj3AmZACgVtFCihF2tgYSChG0wvM797D9qISLVwFoMfsokSY8EZplLnepjY1nxYrbl1NwddJF5BaqRAc1j9HIwibkNQyCUzpu+5MfoJ0yi4hHllYA3EjE/ZBPopVSwE4yd52jk9soZhRGPQVEiai/BzI2GhMbMwSCdDhrfmr5eJ/3l9i+NzPxEqtgiKZ4dQSMgPGa5FWgPQkdCAyLLkQIWinGmGCFpQxnkq2rSXStqH9/f7RdI5qXtu3bs5rTUuimbK5IAckmPikTPSIFekSdqEkzvySJ7Is/PgvDivztv3aMkpdvbJLzjvX07jk6Y=</latexit><latexit sha1_base64="HFhYmeNAlPPc6U/EFfbZW4uwKQU=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNEg0QcpLSqzofNmEI+ezdbeHFKz8Ay1UdIiWv6HgX7CNCyBMNZrZ1c5OEEth0HU/nNLS8srqWnm9srG5tb1T3d3rmMhqDm0eyUj3AmZACgVtFCihF2tgYSChG0wvM797D9qISLVwFoMfsokSY8EZplLnepjY1nxYrbl1NwddJF5BaqRAc1j9HIwibkNQyCUzpu+5MfoJ0yi4hHllYA3EjE/ZBPopVSwE4yd52jk9soZhRGPQVEiai/BzI2GhMbMwSCdDhrfmr5eJ/3l9i+NzPxEqtgiKZ4dQSMgPGa5FWgPQkdCAyLLkQIWinGmGCFpQxnkq2rSXStqH9/f7RdI5qXtu3bs5rTUuimbK5IAckmPikTPSIFekSdqEkzvySJ7Is/PgvDivztv3aMkpdvbJLzjvX07jk6Y=</latexit><latexit sha1_base64="HFhYmeNAlPPc6U/EFfbZW4uwKQU=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNEg0QcpLSqzofNmEI+ezdbeHFKz8Ay1UdIiWv6HgX7CNCyBMNZrZ1c5OEEth0HU/nNLS8srqWnm9srG5tb1T3d3rmMhqDm0eyUj3AmZACgVtFCihF2tgYSChG0wvM797D9qISLVwFoMfsokSY8EZplLnepjY1nxYrbl1NwddJF5BaqRAc1j9HIwibkNQyCUzpu+5MfoJ0yi4hHllYA3EjE/ZBPopVSwE4yd52jk9soZhRGPQVEiai/BzI2GhMbMwSCdDhrfmr5eJ/3l9i+NzPxEqtgiKZ4dQSMgPGa5FWgPQkdCAyLLkQIWinGmGCFpQxnkq2rSXStqH9/f7RdI5qXtu3bs5rTUuimbK5IAckmPikTPSIFekSdqEkzvySJ7Is/PgvDivztv3aMkpdvbJLzjvX07jk6Y=</latexit>

K�T
<latexit sha1_base64="XkWjkp1HDfI9AkoOCOaS/4GHAaw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF8FLhLwgWULvpBOHzD6Y6RXCEvwKr3ryJl79Fg/+i7vrHjSxTkVVN11dXqSkIdv+tEorq2vrG+XNytb2zu5edf+gY8JYC2yLUIW654FBJQNskySFvUgj+J7Crje9zvzuA2ojw6BFswhdHyaBHEsBlEr922Ey8JCAt+bDas2u2zn4MnEKUmMFmsPq12AUitjHgIQCY/qOHZGbgCYpFM4rg9hgBGIKE+ynNAAfjZvkkef8JDZAIY9Qc6l4LuLvjQR8Y2a+l076QPdm0cvE/7x+TONLN5FBFBMGIjtEUmF+yAgt0y6Qj6RGIsiSI5cBF6CBCLXkIEQqxmk5lbQPZ/H7ZdI5qzt23bk7rzWuimbK7Igds1PmsAvWYDesydpMsJA9sWf2Yj1ar9ab9f4zWrKKnUP2B9bHN6PZlXs=</latexit><latexit sha1_base64="XkWjkp1HDfI9AkoOCOaS/4GHAaw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF8FLhLwgWULvpBOHzD6Y6RXCEvwKr3ryJl79Fg/+i7vrHjSxTkVVN11dXqSkIdv+tEorq2vrG+XNytb2zu5edf+gY8JYC2yLUIW654FBJQNskySFvUgj+J7Crje9zvzuA2ojw6BFswhdHyaBHEsBlEr922Ey8JCAt+bDas2u2zn4MnEKUmMFmsPq12AUitjHgIQCY/qOHZGbgCYpFM4rg9hgBGIKE+ynNAAfjZvkkef8JDZAIY9Qc6l4LuLvjQR8Y2a+l076QPdm0cvE/7x+TONLN5FBFBMGIjtEUmF+yAgt0y6Qj6RGIsiSI5cBF6CBCLXkIEQqxmk5lbQPZ/H7ZdI5qzt23bk7rzWuimbK7Igds1PmsAvWYDesydpMsJA9sWf2Yj1ar9ab9f4zWrKKnUP2B9bHN6PZlXs=</latexit><latexit sha1_base64="XkWjkp1HDfI9AkoOCOaS/4GHAaw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF8FLhLwgWULvpBOHzD6Y6RXCEvwKr3ryJl79Fg/+i7vrHjSxTkVVN11dXqSkIdv+tEorq2vrG+XNytb2zu5edf+gY8JYC2yLUIW654FBJQNskySFvUgj+J7Crje9zvzuA2ojw6BFswhdHyaBHEsBlEr922Ey8JCAt+bDas2u2zn4MnEKUmMFmsPq12AUitjHgIQCY/qOHZGbgCYpFM4rg9hgBGIKE+ynNAAfjZvkkef8JDZAIY9Qc6l4LuLvjQR8Y2a+l076QPdm0cvE/7x+TONLN5FBFBMGIjtEUmF+yAgt0y6Qj6RGIsiSI5cBF6CBCLXkIEQqxmk5lbQPZ/H7ZdI5qzt23bk7rzWuimbK7Igds1PmsAvWYDesydpMsJA9sWf2Yj1ar9ab9f4zWrKKnUP2B9bHN6PZlXs=</latexit><latexit sha1_base64="XkWjkp1HDfI9AkoOCOaS/4GHAaw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF8FLhLwgWULvpBOHzD6Y6RXCEvwKr3ryJl79Fg/+i7vrHjSxTkVVN11dXqSkIdv+tEorq2vrG+XNytb2zu5edf+gY8JYC2yLUIW654FBJQNskySFvUgj+J7Crje9zvzuA2ojw6BFswhdHyaBHEsBlEr922Ey8JCAt+bDas2u2zn4MnEKUmMFmsPq12AUitjHgIQCY/qOHZGbgCYpFM4rg9hgBGIKE+ynNAAfjZvkkef8JDZAIY9Qc6l4LuLvjQR8Y2a+l076QPdm0cvE/7x+TONLN5FBFBMGIjtEUmF+yAgt0y6Qj6RGIsiSI5cBF6CBCLXkIEQqxmk5lbQPZ/H7ZdI5qzt23bk7rzWuimbK7Igds1PmsAvWYDesydpMsJA9sWf2Yj1ar9ab9f4zWrKKnUP2B9bHN6PZlXs=</latexit>

T
<latexit sha1_base64="vEqJs8pLcmQjKea7xXbgtuE0VI8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGBvCBZQu+kE4fMPpjpEULIF3jVkzfx6gd58F/cXfegiXUqqrrp6goSJQ257qeztr6xubVd2inv7u0fHFaOjjsmtlpgW8Qq1r0ADCoZYZskKewlGiEMFHaD6V3mdx9RGxlHLZol6IcwieRYCqBUaraGlapbc3PwVeIVpMoKNIaVr8EoFjbEiIQCY/qem5A/B01SKFyUB9ZgAmIKE+ynNIIQjT/Pgy74uTVAMU9Qc6l4LuLvjTmExszCIJ0MgR7MspeJ/3l9S+Mbfy6jxBJGIjtEUmF+yAgt0waQj6RGIsiSI5cRF6CBCLXkIEQq2rSSctqHt/z9Kulc1jy35jWvqvXbopkSO2Vn7IJ57JrV2T1rsDYTDNkTe2YvjnVenTfn/Wd0zSl2TtgfOB/fTm2RXQ==</latexit><latexit sha1_base64="vEqJs8pLcmQjKea7xXbgtuE0VI8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGBvCBZQu+kE4fMPpjpEULIF3jVkzfx6gd58F/cXfegiXUqqrrp6goSJQ257qeztr6xubVd2inv7u0fHFaOjjsmtlpgW8Qq1r0ADCoZYZskKewlGiEMFHaD6V3mdx9RGxlHLZol6IcwieRYCqBUaraGlapbc3PwVeIVpMoKNIaVr8EoFjbEiIQCY/qem5A/B01SKFyUB9ZgAmIKE+ynNIIQjT/Pgy74uTVAMU9Qc6l4LuLvjTmExszCIJ0MgR7MspeJ/3l9S+Mbfy6jxBJGIjtEUmF+yAgt0waQj6RGIsiSI5cRF6CBCLXkIEQq2rSSctqHt/z9Kulc1jy35jWvqvXbopkSO2Vn7IJ57JrV2T1rsDYTDNkTe2YvjnVenTfn/Wd0zSl2TtgfOB/fTm2RXQ==</latexit><latexit sha1_base64="vEqJs8pLcmQjKea7xXbgtuE0VI8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGBvCBZQu+kE4fMPpjpEULIF3jVkzfx6gd58F/cXfegiXUqqrrp6goSJQ257qeztr6xubVd2inv7u0fHFaOjjsmtlpgW8Qq1r0ADCoZYZskKewlGiEMFHaD6V3mdx9RGxlHLZol6IcwieRYCqBUaraGlapbc3PwVeIVpMoKNIaVr8EoFjbEiIQCY/qem5A/B01SKFyUB9ZgAmIKE+ynNIIQjT/Pgy74uTVAMU9Qc6l4LuLvjTmExszCIJ0MgR7MspeJ/3l9S+Mbfy6jxBJGIjtEUmF+yAgt0waQj6RGIsiSI5cRF6CBCLXkIEQq2rSSctqHt/z9Kulc1jy35jWvqvXbopkSO2Vn7IJ57JrV2T1rsDYTDNkTe2YvjnVenTfn/Wd0zSl2TtgfOB/fTm2RXQ==</latexit><latexit sha1_base64="vEqJs8pLcmQjKea7xXbgtuE0VI8=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGBvCBZQu+kE4fMPpjpEULIF3jVkzfx6gd58F/cXfegiXUqqrrp6goSJQ257qeztr6xubVd2inv7u0fHFaOjjsmtlpgW8Qq1r0ADCoZYZskKewlGiEMFHaD6V3mdx9RGxlHLZol6IcwieRYCqBUaraGlapbc3PwVeIVpMoKNIaVr8EoFjbEiIQCY/qem5A/B01SKFyUB9ZgAmIKE+ynNIIQjT/Pgy74uTVAMU9Qc6l4LuLvjTmExszCIJ0MgR7MspeJ/3l9S+Mbfy6jxBJGIjtEUmF+yAgt0waQj6RGIsiSI5cRF6CBCLXkIEQq2rSSctqHt/z9Kulc1jy35jWvqvXbopkSO2Vn7IJ57JrV2T1rsDYTDNkTe2YvjnVenTfn/Wd0zSl2TtgfOB/fTm2RXQ==</latexit>

+
<latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit>

+
<latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit>

+
<latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit>

+
<latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit><latexit sha1_base64="gHrDDN9tJgEGYuYLt5+5zzMRpho=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLspBOHzD6Y6RFCyBd41ZM38eoHefBf3F33oNE6FVXddHUFiZKGXPfDKa2srq1vlDcrW9s7u3vV/YOOia0W2BaxinUv4AaVjLBNkhT2Eo08DBR2g+lN5ncfUBsZR3c0S9AP+SSSYyk4pVLrbFituXU3B/tLvILUoEBzWP0cjGJhQ4xIKG5M33MT8udckxQKF5WBNZhwMeUT7Kc04iEaf54HXbATazjFLEHNpGK5iD835jw0ZhYG6WTI6d4se5n4n9e3NL7y5zJKLGEkskMkFeaHjNAybQDZSGok4llyZDJigmtOhFoyLkQq2rSSStqHt/z9X9I5r3tu3Wtd1BrXRTNlOIJjOAUPLqEBt9CENghAeIQneHas8+K8Om/foyWn2DmEX3DevwAOhpE0</latexit>

u
<latexit sha1_base64="jSJyunBb25qE71R1hujaavxpv3k=">AAAB9HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjIg8pASK1pfNuGU80N3e5GiKH9ACxUdouV/KPgXbOMCEqYazexqZydIlDTkup/Oyura+sZmaau8vbO7t185OGyZ2GqBTRGrWHcCMKhkhE2SpLCTaIQwUNgOxjeZ356gNjKOHmiaoB/CKJJDKYBS6d6W+5WqW3Nz8GXiFaTKCjT6la/eIBY2xIiEAmO6npuQPwNNUiicl3vWYAJiDCPspjSCEI0/y5PO+ak1QDFPUHOpeC7i740ZhMZMwyCdDIEezaKXif95XUvDK38mo8QSRiI7RFJhfsgILdMKkA+kRiLIkiOXEReggQi15CBEKtq0k6wPb/H7ZdI6r3luzbu7qNavi2ZK7JidsDPmsUtWZ7eswZpMsCF7Ys/sxZk4r86b8/4zuuIUO0fsD5yPb7bWkZI=</latexit><latexit sha1_base64="jSJyunBb25qE71R1hujaavxpv3k=">AAAB9HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjIg8pASK1pfNuGU80N3e5GiKH9ACxUdouV/KPgXbOMCEqYazexqZydIlDTkup/Oyura+sZmaau8vbO7t185OGyZ2GqBTRGrWHcCMKhkhE2SpLCTaIQwUNgOxjeZ356gNjKOHmiaoB/CKJJDKYBS6d6W+5WqW3Nz8GXiFaTKCjT6la/eIBY2xIiEAmO6npuQPwNNUiicl3vWYAJiDCPspjSCEI0/y5PO+ak1QDFPUHOpeC7i740ZhMZMwyCdDIEezaKXif95XUvDK38mo8QSRiI7RFJhfsgILdMKkA+kRiLIkiOXEReggQi15CBEKtq0k6wPb/H7ZdI6r3luzbu7qNavi2ZK7JidsDPmsUtWZ7eswZpMsCF7Ys/sxZk4r86b8/4zuuIUO0fsD5yPb7bWkZI=</latexit><latexit sha1_base64="jSJyunBb25qE71R1hujaavxpv3k=">AAAB9HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjIg8pASK1pfNuGU80N3e5GiKH9ACxUdouV/KPgXbOMCEqYazexqZydIlDTkup/Oyura+sZmaau8vbO7t185OGyZ2GqBTRGrWHcCMKhkhE2SpLCTaIQwUNgOxjeZ356gNjKOHmiaoB/CKJJDKYBS6d6W+5WqW3Nz8GXiFaTKCjT6la/eIBY2xIiEAmO6npuQPwNNUiicl3vWYAJiDCPspjSCEI0/y5PO+ak1QDFPUHOpeC7i740ZhMZMwyCdDIEezaKXif95XUvDK38mo8QSRiI7RFJhfsgILdMKkA+kRiLIkiOXEReggQi15CBEKtq0k6wPb/H7ZdI6r3luzbu7qNavi2ZK7JidsDPmsUtWZ7eswZpMsCF7Ys/sxZk4r86b8/4zuuIUO0fsD5yPb7bWkZI=</latexit><latexit sha1_base64="jSJyunBb25qE71R1hujaavxpv3k=">AAAB9HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjIg8pASK1pfNuGU80N3e5GiKH9ACxUdouV/KPgXbOMCEqYazexqZydIlDTkup/Oyura+sZmaau8vbO7t185OGyZ2GqBTRGrWHcCMKhkhE2SpLCTaIQwUNgOxjeZ356gNjKOHmiaoB/CKJJDKYBS6d6W+5WqW3Nz8GXiFaTKCjT6la/eIBY2xIiEAmO6npuQPwNNUiicl3vWYAJiDCPspjSCEI0/y5PO+ak1QDFPUHOpeC7i740ZhMZMwyCdDIEezaKXif95XUvDK38mo8QSRiI7RFJhfsgILdMKkA+kRiLIkiOXEReggQi15CBEKtq0k6wPb/H7ZdI6r3luzbu7qNavi2ZK7JidsDPmsUtWZ7eswZpMsCF7Ys/sxZk4r86b8/4zuuIUO0fsD5yPb7bWkZI=</latexit>
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Figure 5. Block diagram of the pitch-controlled wind turbine model transfer functions.

Being the rotor speed setpoint constant, rotor speed variations are due to dynamic changes
of the horizontal wind speed only. This dependance is expressed by the transfer function G(f)



of Equation 5.

G(f) =
⌦R

u
=

Gu!

1 � G�G�!
(5)

where ⌦R is the complex rotor speed variation as function of frequency and u is the horizontal
hub-height e↵ective wind speed variation in frequency. The transfer function G(f) was then
obtained from experimental and numerical data as the ratio between the FFT of rotor speed
and e↵ective wind speed at the frequency for which wind speed was mono-harmonically varied.
Results for the wind turbine scale model and for the DTU 10MW are shown in Figure 6. The
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Figure 6. Comparison of wind speed to rotor speed closed-loop transfer function of the DTU
10MW and the PoliMi WTM (experimental).

amplitude of G(f) has the same trend for the DTU 10MW and the WTM, however for the
full-scale system it is almost doubled than for the scale model. Minor discrepancies are instead
seen for the transfer function phase.

The transfer function of Equation 5 may be expressed also as function of G� , the PI-pitch
controller transfer function, Gu! and G�! that give the information of how a wind speed and
rotor-collective pitch angle variations respectively are transformed into a rotor speed variation.
Being G� the same for the DTU 10MW and WTM (i.e. the same controller was used), the
di↵erences highlighted by Figure 6 are mainly due to Gu! and G�!. In particular, these depend
on the rotor aerodynamic behavior and the drivetrain mechanical properties that are slightly
di↵erent for the analyzed systems.

6. Conclusions
A slightly modified version of the Basic DTU Wind Energy Controller was implemented on a
1/75 scale model of the DTU 10MW. The response of the controlled wind turbine scale model
was assessed through wind tunnel tests and analyzed to understand any di↵erence with respect
to the DTU 10MW RWT. In particular it is shown how di↵erences in the performance-scaled
rotor of the model result in a lower steady-state power and thrust force in below-rated conditions
and an excessive thrust force in high winds.



Some actions may be taken once the main di↵erences between the wind turbine scale model
and the reference full-scale machine are known. In particular, if the main goal of wind tunnel
tests is the validation of numerical models it is possible to tune those to reflect the scale
model properties. Di↵erences in the wind turbine closed-loop response resulting from numerical
simulations and wind tunnel tests would then be caused by modeling choices only. If, instead,
the main goal of wind tunnel tests is the study of the wind turbine global dynamics it is possible
to tune the scale model controller to approximate as best as possible the closed-loop response
of the reference full-scale system [17].
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