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Abstract: Limited by scaling effects, the physical model tests of FOWTs (floating offshore wind
turbines) cannot simulate the aerodynamic loads on rotors correctly. To solve this problem, the
real-time hybrid model tests in wind tunnels were developed and provided a feasible solution for the
aerodynamic simulation. To perform the wind tunnel tests, the design of aerodynamic equivalent
rotor models is most critical. In this study, an innovative methodology of aerodynamic equivalent
design for the wind turbine rotors is developed based on GA (genetic algorithm). The NREL (National
Renewable Energy Laboratory) 5 MW and DTU (Technical University of Denmark) 10 MW rotors
are employed for the case studies to validate the proposed methodology. According to the results,
the model-scale aerodynamic thrust performance can be accurately matched with the prototype in
the entire region between cut-in and cut-out wind speeds, which allows the rotor model to provide
correct thrust at different wind speeds. The variance of the aerodynamic torque with the wind speeds
for the developed model is also in good agreement with the prototype, which could be beneficial for
the design of the model-scale active pitch control strategy. Moreover, the applicability of the fitness
functions of GA is discussed.

Keywords: floating offshore wind turbine; wind tunnel; model test; aerodynamic design; genetic algorithm

1. Introduction

The employment of floating offshore wind turbines has become an inevitable trend
for the development of wind power in deep water areas [1]. Due to the existence of rotors,
FOWTs (Floating Offshore Wind Turbines) are affected by hydrodynamic and aerodynamic
loads simultaneously, which have significant coupling effects leading to complex global
dynamic behaviors [2–4]. Numerical tools have been developed for the analysis and
prediction of the coupled dynamic responses [5,6], while their accuracy and reliability are
still faced with challenges under complex environmental conditions [7,8]. Therefore, the
model tests are required for validation and modification.

Since the aerodynamic and hydrodynamic loads are dominated by viscous and inertial
forces, the simulation of these two loads should satisfy the Reynolds and Froude similar-
ity criteria, respectively. However, these two criteria cannot be satisfied simultaneously,
and the Reynolds similarity criterion is extremely difficult to satisfy under model-scale
conditions, with the most common way at present being the wave basin tests under the
Froude similarity criterion. In the wave basin tests, the hydrodynamic loads are simulated
accurately, but the aerodynamic loads cannot be generated correctly via geometry-matched
rotors [9–11]. The simulation of aerodynamics is usually achieved via the thrust-matched
rotors which are redesigned using the low-Reynolds airfoils [12,13]. However, due to the
significant decrease in the Reynolds number under the Froude similarity criterion, the
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thrust produced by the redesigned rotor can only obtain the target values under several
specific wind speeds instead of the entire region between cut-in and cut-out wind speeds.
Moreover, the variance of the model-scale aerodynamic torque with the wind speeds cannot
be matched with the prototype [14,15]. Therefore, the effects of unsteady aerodynamics
and active blade pitch control strategies are difficult to be considered in the wave basin
tests. Additionally, the quality and controllability of wind fields in wave basins are usually
not sufficient to obtain accurate aerodynamic loads.

Based on these problems of wave basin tests, it is obvious that the principal obstacle
is to generate accurate aerodynamic loads. The wind tunnels can provide a high-quality
wind field, compared to the wave basins. In order to obtain accurate aerodynamic loads,
the real-time hybrid model tests in wind tunnels were developed [16]. Different from the
physical models, the hybrid models consist of physical and numerical sub-models. In wind
tunnel tests, the aerodynamic loads are generated physically by the rotor models, while the
dynamic responses of floating platforms and mooring systems are calculated numerically
and applied to the physical sub-models with 6-DOF Stewart platforms. The coupled
dynamic responses of FOWTs can be obtained via the real-time calculation, actuation,
measurement, and feedback between two sub-models [17]. Moreover, the independent
scaling of the length and velocity are adopted instead of Reynolds or Froude similarity
criterions in wind tunnel tests. It brings benefits to the redesign of rotor models due to
the increase in the Reynolds number, compared to the Froude similarity criterion [18].
The development of real-time hybrid model tests in wind tunnels made it possible to
consider the effects of unsteady aerodynamics and active blade pitch control.

According to the discussions above, the most critical issue is the aerodynamic equiv-
alent design of rotor models. To simulate the aerodynamic thrust accurately, the rotor
models should have a matched thrust performance with the prototypes in the entire region
between the cut-in and cut-out wind speeds. To take active blade pitch control strategies
into account, the variance of aerodynamic torque with wind speeds between models and
prototypes should have good agreements.

At present, in order to achieve the aerodynamic equivalent design, the most common
methodology was to calculate the correspondence between prototype-scale and model-scale
radial distributions of twist angles and chords, based on the correspondence between airfoil lift
coefficients of prototypes and models. However, this methodology only considers the AOAs
(angles of attack) in the approximately linear region of lift coefficients. According to the research
from Politecnico di Milano [18,19], in the region between cut-in and rated wind speeds, the
model-scale thrust and torque were both matched with target values. However, in the region
between the rated and cut-out wind speeds, there were significant errors.

In order to achieve the aerodynamic equivalence in the entire region between the
cut-in and cut-out wind speeds, an innovative aerodynamic equivalent design method-
ology is proposed in this study, based on the genetic algorithm (GA). Based on previous
investigations, the GA was extensively adopted for the performance optimization of wind
turbines under the prototype scale to improve the power efficiency or reduce the struc-
tural mass and loads, which was validated to be effective [20–22]. In this paper, the
scaling laws of wind tunnel real-time hybrid model tests and the aerodynamic equiva-
lent design methodology are first introduced in Sections 2 and 3. In Section 4, the NREL
(National Renewable Energy Laboratory) 5 MW and DTU (Technical University of Den-
mark) 10 MW rotors are used for the case studies to validate the proposed design method-
ology, and the applicability of fitness functions is also discussed.

2. Scaling Methodology

In order to achieve similarity between the prototype and the model, the characteristics
of fluid dynamics under two scale conditions should be the equivalent, which are controlled
by the Navier–Stokes (N-S) equations.

ρ
DV
Dt

= ρf−∇p + µ∇2V (1)
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Transform the N-S equation to component form, as follows:

∂u
∂t

+ u
∂u
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∂z
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1
ρ
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µ

ρ
(

∂2u
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∂2u
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Among the N-S equation, ρ is the density of the fluid, V = (u, v, w) is the velocity
vector of the fluid, f = ( fx, fy, fz) is the inertial acceleration, p is the pressure of the fluid,
and µ is the dynamic viscosity of the fluid.

The scale factors of each value can be expressed as:

[
λl , λV , λt, λa, λρ, λp, λµ

]
= [

lm
lp

,
Vm

Vp
,

tm

tp
,

am

ap
,

ρm

ρp
,

pm

pp
,

µm

µp
] (5)

The scaled values of model can be expressed as:

[lm, Vm, tm, am, ρm, pm, µm]
= [lpλl , VpλV , tpλt, apλa, ρpλρ, ppλp, µpλµ]

(6)

Among the equations above, l, V, t, a, ρ, p and µ are respectively the length, velocity,
time, acceleration, density, pressure, and dynamic viscosity. The subscripts p and m
respectively indicate the prototype and the model.

Plugging the model-scale values into the N-S equations, there is:
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2
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∂up
∂x + vp

∂up
∂y + wp

∂up
∂z )

= λa fx −
λp

λρλl
1

ρp

∂pp
∂x +

λµλV

λρλl
2

µp
ρp
(

∂2up
∂x2 +

∂2up
∂y2 +

∂2up
∂z2 )

(7)
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(9)

The N-S equations should be satisfied under both model- and prototype-scale condi-
tions. Therefore, an equation can be obtained as follow:

λV
λt

=
λV

2

λl
= λa =

λp

λρλl
=

λµλV

λρλl
2 (10)

As long as the scale factors satisfy Equation (10), it indicates that an aerodynamic
similarity between the model and the prototype is achieved.

It is well known that the Reynolds number for model-scale rotors is significantly
decreased under the Froude similarity criterion, compared to the prototype, which brings
challenges to the aerodynamic equivalent design for the rotor models. Since the hydrody-
namic loads in the wind tunnel tests are calculated numerically instead of physical tests, to
benefit the design of rotor models, the length and velocity values are scaled independently
instead of satisfying the Froude similarity criterion. In this way, the model-scale Reynolds
number could be significantly increased, compared to that under the Froude similarity
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criterion. This scaling methodology was also adopted in previous research, which has been
proven to be effective [19].

The NREL 5 MW and DTU 10 MW rotors are adopted for case studies [23,24]. The ex-
pressions and values of scale factors are given in Table 1. The relevant parameters of
prototype and model-scale rotors are given in Table 2.

Table 1. Scale factors (λρ = 1).

Factor Expression Values

Length λl 1/75
Velocity λV 1/2

Mass λρλl
3 1/421,875

Time λl/λV 1/37.5
Frequency λV/λl 37.5

Acceleration λV
2/λl 18.75

Force λρλV
2λl

2 1/22,500
Moment λρλV

2λl
3 1/1,687,500

Table 2. Specifications of rotors.

Parameters

Values

NREL 5 MW DTU 10 MW

Prototype Model Prototype Model

Cut-in wind speed 3 m/s 1.5 m/s 4 m/s 2 m/s
Rated wind speed 11.4 m/s 5.7 m/s 11.4 m/s 5.7 m/s

Cut-out wind speed 25 m/s 12.5 m/s 25 m/s 12.5 m/s
Hub diameters 3 m 0.04 m 5.6 m 0.075 m
Rotor diameters 126 m 1.68 m 178.3 m 2.38 m

Cut-in rotational speed 6.9 rpm 258.75 rpm 6 rpm 225 rpm
Cut-out rotational speed 12.1 rpm 453.75 rpm 9.6 rpm 360 rpm

3. Design Methodology

The proposed design methodology is established based on the genetic algorithm and
the fitness function is constructed using weighted errors of aerodynamic performances
calculated via the BEM (blade element momentum) theory. Moreover, the aerodynamic
takes into account the variation in the lift and drag coefficients under different Reynolds
number conditions.

3.1. Aerodynamic Calculation

The BEM theory is used to perform the aerodynamic calculation. The blade is dis-
cretized into several elements. The velocity and aerodynamics on the blade element are
shown in Figures 1 and 2. The aerodynamics on each element can be obtained via the
theorem of momentum. The aerodynamic thrust and torque on the whole rotor can be
calculated via radial integration.
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The iterative steps of the methodology can be expressed as follow [25]:
A. Initialization of normal, tangential induction factors:

a = a′ = 0 (11)

B. Solve the angle of wind velocity:

φ = tan−1 (1− a)V0

(1 + a′)ωr
(12)

C. Solve the AOA:
α = φ− θ = φ−

(
θp + β

)
(13)

D. Calculate the corresponding lift, drag coefficients Cl(α), Cd(α) of the airfoil. Since
the aerodynamic coefficients vary with the Reynolds number, it is needed in order to
update Cl(α), Cd(α) at each iterative step based on the rotational speeds, wind velocities,
and radius of the blade element.

E. Solve the normal and tangential force coefficients:

Normal : Cn = Clcosφ + Cdsinφ (14)

Tangential : Ct = Clsinφ− Cdcosφ (15)

F. Update the normal and tangential induction factors:

Normal : a =
1

4sin2φ
σCn

+ 1
(16)

Tangential : a′ =
1

4sinφcosφ
σCt

− 1
(17)

G. Repeat the steps B–F until convergence (a and a′ are not changing) and calculate a,
a′, φ, Cn and Ct;

H. Solve the relative wind speed:

Vrel =
V0(1− a)

sinφ
(18)

I. Solve the aerodynamic loads on the blade elements:

Thrust : dT =
1
2

ρaVrel
2cCndr (19)
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Torque : dQ =
1
2

ρaVrel
2cCtrdr (20)

J. The aerodynamic loads on the rotor can be calculated via the radial integration:

Thrust : T = n
∫ R2

R1

dT (21)

Torque : Q = n
∫ R2

R1

dQ (22)

Among Equations (11)–(22), ω is the rotational speed, V0 is the inflow wind velocity,
θp is the pitch angle, β is the twist angle, θ is the local pitch angle, n is the number of blades,
r is the radius of the blade element, σ = nc/2πr is the solidity, c is the chord, ρa is the air
density, R1 is the radius of the hub, and R2 is the radius of the rotor. Moreover, the tip/hub
loss is included during the calculation, to consider their influences on aerodynamics.
Additionally, Glauert’s correction is also employed under the conditions of high normal
induction factors [26].

3.2. Genetic Algorithm

The genetic algorithm originated from the computer simulation of biological systems.
It is a random global search optimization methodology which simulates the phenomena of
crossover and mutation occurring in natural evolution. Starting from an initial population,
the genetic algorithm generates a group of individuals more suitable for the constraints via
random selection, crossover, and mutation operation, to mimic the evolution of the population.
Therefore, the population continues to reproduce, evolve, and finally converge to a global
optimal solution of the problem [27,28]. The schematic of GA is shown in Figure 3.
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3.3. Design Variables and Fitness Functions

In this study, the BEM theory and GA are employed to achieve the aerodynamic
equivalent design of rotor models. The schematic of the design process is shown in Figure 4.
Under the model-scale conditions, the aerodynamic coefficients of airfoils are unstable
and varies with the Reynolds number. Consequently, the lift and drag coefficients of the
airfoil are updated at each iterative step to consider the variation in rotational speeds, wind
speeds, and the radius of blade elements.
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The twist angles, chords, and steady-state pitch angles are used as design variables.
Moreover, the blade is discretized into elements and the governing equations of the radial
distributions are employed to avoid break points. Similarly, the variation in the steady-state
pitch angles with the wind speeds is also governed by the equation. The interpolation
polynomials are adopted as governing equations mentioned above. In this way, the number
of design variables could be significantly decreased, which is beneficial for the simplification
of the design. The governing equations of the twist angles, chords, and pitch angles could
be expressed as follow:

β(r) =
k

∑
i=0

(
k

∏
j=0
j 6=i

r− rj

ri − rj
)·βi (23)

c(r) =
k

∑
i=0

(
k

∏
j=0
j 6=i

r− rj

ri − rj
)·ci (24)

θp(V0) =
m

∑
i=n

(
m

∏
j=n
j 6=i

V0 −V0 j

V0i −V0 j
)·θpi (25)

Among the equations above, k is the radius of the blade elements, m is the number of
wind speeds used for the design, and n is the serial number of rated wind speeds. In this
study, the interpolation polynomials adopted are respectively cubic, quartic, and quintic.
The results are compared for the analysis of accuracy and convergency.

Two fitness functions are used for the design, respectively, and are expressed as follows:
Fitness function fA

fA = wT ·eT + wQ·eQ

eT = max
[(∣∣Tmi − Tpi

∣∣/Tpi

)
i=1∼m

]
eQ = max

[(∣∣Qmi −Qpn

∣∣/Qpn

)
i=n∼m

] (26)
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Fitness function fB

fB = wT ·eT + wQ·eQ

eT = max
[(∣∣Tmi − Tpi

∣∣/Tpi

)
i=1∼m

]
eQ = max

[(∣∣Qmi −Qpi

∣∣/Qpi

)
i=1∼m

] (27)

Among the equations above, wT and wQ are the weighting functions of thrust and
torque errors, eT and eQ are the errors of the thrust and torque, Tm and TP are the thrust
of the rotor model and the prototype, Qm and Qp are the torque of the rotor model and
the prototype, m is the number of the wind speeds used for the design, and n is the serial
number of the rated wind speed.

Both fitness functions A and B require the thrust to be matched with the target values in
the entire region between cut-in and cut-out wind speeds, so as to simulate the aerodynamic
thrust accurately. As for the torque performance, function A only requires the variance
of the model-scale torque with the wind speeds to be matched with that of the prototype,
while function B requires the torque values of the model and the prototype to be accurately
matched. The primary difference between these two fitness functions is the requirements
of the torque performance. Fitness function A allows the model-scale active pitch control
system to use the same strategy with the prototype. However, once fitness function B was
satisfied, the parameters of the model control system could be directly scaled down from
the prototype, which brings significant benefit to the design. In this study, the effects of
these two fitness functions are both analyzed and compared.

4. Validation of the Aerodynamic Design
4.1. Selection of Airfoil

Under the model-scale conditions, the prototype airfoils cannot be used for the design
of the rotor models. The low-Reynolds airfoil is adopted to redesign the rotor models, which
can provide a good aerodynamic performance under model-scale conditions. According
to previous investigations, the airfoil SD7032 is used for the design and the aerodynamic
coefficients under different Reynolds number conditions, as shown in Figures 5 and 6 [29].
As shown in the figures, there are significant differences in the lift and drag coefficients
between different Reynolds numbers in the transition region between linear and stall AOAs,
which proves that it is necessary to update the aerodynamic coefficients at each iterative
step in the proposed design methodology.
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4.2. Output of Aerodynamic Design

Since the fitness function A is easier to be satisfied, it is used for validation in the
design cases of Sections 4.2 and 4.3. The twist angles, chords, and steady-state pitch angles
are adopted as design variables. As mentioned before, the variations in the design variables
with the radius or wind speeds are governed by the interpolation polynomials. The degrees
of equations are respectively cubic, quartic, and quintic. The interpolating points consist of
the tip, root, and equipartition points. The initial population is generated randomly and
the number of individuals is set to 100. Furthermore, to exclude the influence of accidental
factors, each case is run 10 times every time and the maximum iterative generation is set to
100. The best-fitting individuals are selected for validation. For clarity, the fitness function
and degrees of interpolation polynomials used in each case of Sections 4.2 and 4.3 are given
in Table 3.

Table 3. Design cases.

Case Fitness Function Degree of Interpolation
Polynomial

I
A

Cubic
II Quartic
III Quintic

The radial distributions of the twist angles and chords are generated after the design
iterations, as shown in Figures 7–10. The scaled values of the prototype are also presented
for comparison. It can be clearly seen that the radial distributions of the discretized elements
are quite smooth and governed by the interpolation polynomials, which brings benefits to
the aerodynamic calculation accuracy. It also shows that the overall distributions of the
chords and twist angles in Case I and III are similar, while Case II is significantly different
from other cases. It can be inferred that the above phenomenon might be caused by the
local optimal solutions and it would be further analyzed in the following discussion.
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Since the model-scale active pitch control strategies need to be redesigned for a similar
dynamic performance, the steady-state pitch angles are not necessary to be the same with
the prototype. Therefore, they could be used as design variables, so as to loosen the
constraints. The variation in the steady-state pitch angles with the wind speeds is obtained,
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as shown in Figures 11 and 12. The model-scale pitch angles of the three cases are all close
to the target values, especially for Case II. Moreover, similar to the results of the twist
angles and chords, the variation trends of the pitch angles in Cases I and III are almost the
same. As mentioned above, it might be caused by the local optimal solutions.
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4.3. Comparison of Aerodynamic Performance

To validate the aerodynamic performance, the model-scale thrust and torque of three
cases are calculated by using Aerodyn of FAST (aerodynamic calculation module), as shown
in Figures 13–16, compared with the target values. Furthermore, for clear comparison, the
statistics of thrust errors are also given in Table 4.
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Table 4. Statistics of thrust errors (Case I, II, and III).

Case
NREL 5 MW DTU 10 MW

Maximum Average Maximum Average

I 16.57% 6.32% 11.72% 5.51%
II 3.28% 1.09% 4.11% 2.21%
III 19.18% 6.55% 11.01% 5.38%

According to the comparison in Figures 13 and 14, the model-scale thrust performance
of each case is in satisfactory agreement with the prototype. Among them, the agreement
between the model and the prototype of Case II is better than Cases I and III, especially
in the region around the rated wind speed, which is also proved via the statistics in
Table 4. The maximum and average errors of thrust in Case II are both below 5%, which
is significantly lower than the other two cases. Combined with the previous analysis
in Section 4.2, it is obvious that Cases I and III are stuck on the local optimal solutions.
The primary difference between the three cases is the number of the interpolating points.
If the interpolating points are too few, it is difficult to find the best-fitting individual.
If the interpolating points are too many, the convergence of the design iteration is reduced.
The influences of interpolation points are mainly caused by the limitations of GA, which
would find the local optimal solution instead of the global optimal solution. Therefore, it can
be inferred that the quartic interpolation polynomials in Case II provide the most suitable
governing equation of the design variables for the rotor models, from the perspectives of
both the accuracy and convergence.

Governed by fitness function A, the variance of the model-scale torque with the wind
speeds reaches good agreement with the prototype. Although the aerodynamic torque has
slight effects on the global coupled dynamic responses, it is the primary basis for the design
of the active pitch control strategy. Similar variance of the torque with the wind speeds
allows the model-scale active pitch control system to use the same logic with the prototype.
In this way, it is not necessary for the model-scale torque values to be exactly equal to the
target values, which will significantly reduce the design restrictions.

Based on the analysis above, it is approved that the aerodynamic design of the rotor
model achieves satisfying results, combined with the quartic interpolation polynomials
and fitness function A.

4.4. Comparison of Fitness Functions

As mentioned before, two fitness functions are introduced and the primary difference
between them is the requirements of the torque performance. Function A only requires the
variance of the model-scale torque with the wind speeds to be matched with the prototype,
while Function B requires the torque values of the model and the prototype to be matched
accurately. Function A is significantly easier to be satisfied and it has been proved to be
effective. However, if satisfied, Function B can bring more convenience to the redesign of
the active pitch control strategy. Therefore, Function B is also employed for the design and
compared with Function A. Based on the discussion in Sections 4.2 and 4.3, the NREL 5
MW rotor and the quartic interpolation polynomials are selected for case studies.

The aerodynamic thrust and torque are shown in Figure 17 and the statistics of the
thrust errors are given in Table 5. Both these two fitness functions can generally lead to
matched thrust performances with the prototype. However, Function A achieves lower
errors of thrust in the region near the rated wind speed than Function B. It can be inferred
that the evolution of the thrust performance during iterations is affected by the stricter
constraints of the torque performance. As for the torque performance, it shows significant
differences between the two fitness functions. As mentioned before, Function A achieves a
similar variance of the model-scale torque with the prototype, which allows the redesigned
active pitch control strategy to use the same logic with the prototype. Nevertheless, under
the effects of Function B, not only do the torque values fail to match with the prototype, but
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also the variance of the torque is significantly different from the prototype, which cannot
hold constant between the rated and cut-out wind speeds. It is indicated that the control
logic of the prototype could not be used directly under model-scale conditions.
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Table 5. Statistics of the thrust errors (Fitness function A, B).

Fitness Function Maximum Average

A 3.28% 1.09%
B 5.56% 2.70%

To sum up, based on the analysis above, Function A achieves better results than
Function B and is more suitable for the aerodynamic design of the rotor model.

5. Conclusions

An innovative methodology of the aerodynamic equivalent design is proposed for the
wind turbine rotor models in wind tunnel real-time hybrid model tests, based on the BEM
theory and GA. The effectiveness of the design methodology is validated and the applicability
of fitness functions is discussed. Several conclusions can be outlined as follows:

1. Based on the case studies of NREL 5 MW and DTU 10 MW, the model-scale aerody-
namic thrust performance matches with the prototype accurately in the entire region
between the cut-in and cut-out wind speeds, which allows the rotor model to provide
a correct thrust at variant wind speeds. The maximum errors of the thrust between
the model and the prototype are below 5%.

2. Based on the case studies of NREL 5 MW and DTU 10 MW, the variance of the
aerodynamic torque with the wind speeds reaches good agreement between the
model and the prototype, which allows the redesigned active pitch control strategy to
use the same logic as the prototype.

3. Based on the case studies of NREL 5 MW and DTU 10 MW, the degree of interpolation
polynomials used for the governing equations of the design variable has significant
influences on the accuracy and convergence of the design iteration. The quartic
interpolation polynomials could achieve satisfying results for the design, compared
to the cubic and quintic cases.

4. Based on the case studies of NREL 5 MW with quartic interpolation polynomials,
the fitness Function A achieves better results than Function B and the maximum
errors of thrust are respectively 3.28% and 5.56%, which indicates that function A is
more suitable for the aerodynamic design of the rotor model. The requirement of
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the matched torque values is too strict to be reached and the accuracy of the thrust
performance will be reduced.

According to the results, compared with the previous design methodology of the
aerodynamic equivalent rotor model, the proposed methodology in this paper can achieve
thrust and torque equivalence simultaneously within the whole wind speed region, rather
than thrust equivalence under certain wind speed conditions. In summary, it can be
proved that the proposed methodology is effective and will provide an essential support
for the real-time hybrid model tests of FOWTs in wind tunnels. For future research, the
structural equivalence of the blade should also be taken into account, to obtain more
accurate structural responses.
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