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Introduction: High-fidelity simulation of the radar echo from the wind turbine (WT)
for accurate acquisition of Doppler features, is the key issue in addressing radiation
interference from the wind farm on the nearby radar station. In view of the limitation
of the conventional scattering center-based equivalent model to reflect the complex
surface of blades, it is difficult to simulate the rotating blades’echo accurately with
the existing algorithm. Therefore, we proposed a simulation method based on a 3D
scattering center extraction to deal with it.

Methods: Therefore, we proposed a simulation method based on a 3D scattering
center extraction to deal with it. First, themethod of scattering center equivalence to
blade scattering is used in order to reduce the modelling as well as the solution of
electromagnetic scattering from the multi-space attitude of the blade, which is
different from the existing algorithm. Since the geometry affects the parameters of
the scattering center, an orthogonal matching pursuit greedy algorithm is used to
extract the parameter of the 3D scattering center model.

Results: Therefore, the temporal correspondence between the scattering center and
the blade motion characteristics is established, resulting in a reconstruction of the
scattered field data of the rotating blades. Consequently, the real-time simulation
and Doppler characteristic of blades echoes are achieved using the Short Time
Fourier Transform (STFT).

Discussion: A comparison of the results with the data obtained from the GTD
scattering center model verififies the accuracy of the proposed method.
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1 Introduction

With the large-scale construction of wind farms in China, the interference from wind farms
on adjacent radar stations are becoming more and more serious (He et al., 2017b; Steven et al.,
2017). Engineering practice shows that with the stimulation of radar incident electromagnetic
waves, the radar echoes scattered by WT blades possess micro-Doppler characteristics, quite
different from static targets. Accordingly, the accurate acquisition of WT radar echoes to
identify the wind farm targets for radar filtering is the key problem to calculate the interference
on radar stations from wind farms.

The current methods for obtaining WT Doppler echoes can be divided into two categories,
namely the experimental measurement and the numerical simulation (Pooria et al., 2017; He
et al., 2021). Experimental measurement which is the most reliable is difficult to perform widely
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due to its high cost and rather complicated procedures (Chen, 2011;
Crespo-Ballesteros et al., 2017). In consequence, increasing efforts
have been devoted to the numerical simulation of WT Doppler echoes
(Chen et al., 2017; He et al., 2017a).

The earliest numerical method adopt the scattering point model
(Tang et al., 2019a; Tang et al., 2019b). However, as the discreteness of
scattering point spacing is neglected, the obtained echo is too ideal to
represent the real echo (Sun et al., 2016). The method of moments
(MoM) can accurately calculate the echo by means of an accurate and
intricate geometric model, but the calculation time and resources of
MoM increase dramatically with frequency, which is unacceptable in
the high-frequency band (Dunoon and Brown, 2013). With the aim of
improving calculation efficiency, high-frequency electromagnetic
algorithms (Tang et al., 2011; Yan et al., 2011) have been used to
calculate the echo, such as the physical optics method (PO) (Zheng
et al., 2020a), geometrical theory of diffraction (GTD) (Dai et al.,
2020), and others that allow for very fast calculations. However, these.
methods neglect the contribution of the edge’s diffraction field of the
WT during the calculation. So the calculation results are in a poor
accuracy, when solving such electromagnetic scattering problems of
complex shaped surface like the WT blade.

From the present point of view, scattering centers are used in radar
echo analysis of rotating targets such as missiles, which are introduced
into the electromagnetic scattering solution of WT blades. In (Zheng
et al., 2020b), the scattering center model was used to calculate the
scattered electric field of WT blades, laying the groundwork for the
solution of the echo. Then Tang et al. (Tang et al., 2019c) combined
the GTD scattering center model with the radar echo equation to
calculate the echo. Although the introduction of the scattering center
provides new ideas for calculating the echo simulation, the calculation
accuracy was still relatively low. That’s because the existing scattering
center models are based on a two-dimensional plane for equivalent
model reconstruction, so the existing equivalent models neglect the
scattering center occultation and anisotropy caused by the geometric
properties of WT blades (Gao et al., 2016). Therefore, the equivalent
model built from the current scattering center model is too rough to

represent the scattering properties from the actual shape of blades. As
a result, the simulation results are quite different from the real echo,
and the echo cannot be accurately obtained.

To address the problem that the conventional method is difficult
to obtain accurate WT radar echoes, a new simulation method using
scattering center parameters is proposed which could be considers the
influence on the variation of from the blades’ three-dimensional
geometric configuration. And then an echo simulation method
based on 3D scattering center extraction is proposed to solve the
anisotropy problem of the traditional scattering center model and
finally achieve a high-fidelity echo simulation.

2 WT radar echoes and scattering center

2.1 Radar echoes of WT

The WT is mainly composed of three parts: tower, nacelle, and
blades. The tower and nacelle are stationary parts and their echoes are
zero-frequency components that can be easily filtered out using the
high-pass filter. On the contrary, the rotating blades will generate
complex electromagnetic scattering problems.

As shown in Figure 1, this is the process of the Doppler effect
caused by WT blades, where dS is the scattering face element on the
blades and v is the radial velocity vector. At a time of t1, wave
1 reaches the surface of the blades, at the same time the radar emits
wave 2; at a time of t2, the radar receives an echo of wave 1, at which
time wave 2 arrives the surface of the blades. Due to the rotation of
the blades with the velocity of ω, there is a difference between the
time when the radar receives the wave 1 and wave 2 echoes, making
it possible to change the number of blade echoes received by the
radar per unit time, thereby changing the frequency of the blades
echoes. Therefore, the rotating blades will modulate the echo signal
(Bo et al., 2016).

The modulated echo signal is affected by the radar observation point
position, the complex heterogeneous surface of the blades, and the dynamic

FIGURE 1
Schematic diagram of passive interference of WT to radar signal.
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blade speed (Ding et al., 2017; Tang et al., 2017). So accurately obtaining the
echoes of blades is a prerequisite for filtering out WT clutter.

2.2 Existing blades echoes simulation
methods

At present, the numerical simulation algorithms of WT blades
radar echoes mainly include integral algorithm based on scattering
point model, scattering field algorithm based on precise geometry
model, and integral algorithm based on scattering center. According to
the results of echo simulation, the scattering point integration
algorithm is simple to calculate. Yet, owing to the theoretical
defects of the algorithm, the simulated echo lacks precision, and
can only be used for qualitative analysis. The scattered field
algorithm, although computationally accurate, relies on complex
electrical large size models and a large number of calculations.

The integral algorithm based on scattering center is a new
algorithm proposed in the literature (Zheng et al., 2020b) to
overcome the defects of the above 2 algorithms. The mathematical
model used in this algorithm is shown in Figure 2. The blade is rotated
on the z-axis, the rotation plane lies in the xoy plane, the radar is
located at point R, and the included angle between the radar incident
wave and the blades rotation plane is φ = 0°. Considering that the
blades of WT are electrode large size electromagnetic scatter, a
scattering center model based on GTD was used.

The method equates the entire blades’ scattering entity as a series
of scattering point sources by using the scattering field of the blades.
And these scattering point sources are represented by the set of
scattering center parameters. After the blades scattering center is
obtained, the point target radar echo equation is introduced in
literature (Zheng et al., 2020b) to simulate the blades radar echoes.
Considering that the echo equation contains the position coordinates
of the target point and the scattering intensity coefficient, only the
position coordinates and the scattering intensity factor are applied to
the echo equation.

In terms of the echo simulation process, the integral algorithm
based on GTD scattering center discarded the scattering center type

parameter αi when using the radar echo equation for echo simulation.
Equivalence of complex curved blade to isotropic scattering center (Li
and Du, 2017). Meanwhile, it is considered that the scattering center
exists only in the xoy plane, ignoring the anisotropy of the scattering
center caused by the 3D complex surface of the blades. Subsequently,
the scattering center-based integration algorithm still lacks accuracy in
the simulated echo signal.

2.3 Key steps to achieve accurate simulation
of blades echoes

Starting from Section 1, it can be concluded that to accurately
simulate the high-fidelity echo signal of dynamic blades, the
following two 2 key problems need to be solved: firstly, the
selection of a more accurate scattering center to accurately
describe the scattering characteristics of a complex blade; and
secondly, how to simulate a dynamic blade echo based on the
dynamic scattering center.

Following electromagnetic scattering center theory, a complete
scattering center dataset is required when the scattering center is
used to equate a target scattering entity with a complex special
shape structure (Li and Du, 2017). As a result, a length parameter L
and type parameter αi will be introduced in this paper as
quantitative indicators of the 3D geometry of WT blades
compared to the traditional GTD scattering center model.
Moreover, the 3D scattering center model based on physical
optics and geometric diffraction theory is used to distinguish the
various scattering structures of the blades, to realize the accurate
characterization of the scattering characteristics of the blades.

On this basis, considering that the scattering center parameters
of dynamic blades are closely related to the radar aspect, the
rotation angle of the blade throughout its motion cycle is
divided into multiple aspects, under which the 3D scattering
center parameters of each aspect are solved. In addition,
according to the idea of accurately solving the echo based on the
scattered electric field, the obtained blades scattering centers are
used to reconstruct the scattered electric field distribution

FIGURE 2
Diagram of integral algorithm based on scattering center.
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corresponding to the real-time dynamic rotation of the blades, and
the short-time Fourier transform is performed on the obtained
scattered electric field vector. Finally, the real-time and fidelity
simulation of blades echoes is achieved.

3 Simulation of WT blades radar echoes
based on 3D scattering center

3.1 3D scattering center mode

According to the 3D scattering center model and the scattering
characteristics of the blades, the total scattered electric field of the
blades E(f, θ,φ;Ψ) can be represented by a coherent superposition
oif the P scattering center responses Ei(f, θ,φ;Ψ i) (Xie et al., 2019).

E f, θ,φ;Ψ( ) � ∑P
i�1
Ei f, θ,φ;Ψ i( )

� ∑P
i�1
Ai · j

f

fc
( )αi

· exp −j 4πf
c

ri[ ]
· sinc 2πf

c
Li sin θ − �θi( )( ) · exp −2πfγi sin θ( ) (1)

where: fc is the central frequency of the radar electromagnetic wave; Li
is the length of the scattering center, where is the localized scattering
center when Li = 0 and the distributed scattering center when Li ≠ 0; γi
is the orientation-dependent term of the scattering center, of order
10–10, which can be approximated to 0;ΨT � [ΨT

1 ,Ψ
T
2 ,/,ΨT

i ,/ΨT
P]

is the attribute scattering center is the parameter matrix of the p
attribute scattering centers, complete with information on the
scattering properties of the target entity, where Ψi is the scattering
center parameter set xi, yi, zi, αi, Li, �θi, Ai{ }, (·)T denoting the
transpose; c is the velocity of light; position relation between the
blades and radar is shown in Figure 2, ri is the distance from the ith
scattering center to the scene origin, assuming that radar is in the far-
field, the range ri can be obtained by

ri � xi cos θ cosφ + yi sin θ cosφ + zi sin θ (2)

3.2 Extraction of 3D scattering center of WT
blades

It is necessary to build a large parametric dictionary to estimate
those parameters simultaneously. As the 3D scattering center includes
eight target parameters and three radar parameters, the dimension of
the parameterized dictionary is very high, which greatly increases the
cost of computation and storage.

According to Eq. 1, the total scattering from blades in the
frequency domain is a vector superposition of the electromagnetic
scattering from multiple attribute scattering centers, so by creating
an over-complete dictionary and dividing each column of the
dictionary into an atom (a parameter set representing a
scattering center), the total scattering from solid blades is a
linear combination of these atoms. Firstly, let the dictionary D
be given by the following equation.

D f, θ,φ;Θi( ) � dx,y,z · dL,�θ (3)

where: D(Θi) is the Θi |xi, yi, zi, Li, �θi{ } dictionary of partial
parameter sets for the ith scattering center; dx,y,z is the scattering
center position information term exp[−j 4πfc ri]; dL,�θ is the scattering
center orientation information term sinc(2πfc Li sin(θ − �θi)).

Due to D(Θ) the high spatial dimensionality, a direct solution
would lead to a sharp increase in the number of atoms in the
dictionary. Therefore, to reduce the dimensionality of the
dictionary processing, dictionary scaling and alternate optimization
methods are used to Θ | x, y, z, L, �θ{ } decompose the high-
dimensional joint dictionary into two sub-dictionaries Γ | x, y, z{ },
Η |L, �θ{ }, containing the scattering center coordinates and orientation
information, i.e., we have

D Γ( )T � Γ1, Γ2,/, Γj,/, Γn[ ]T
D Η( )T � H1,H2,/,Hj,/,Hn[ ]T
Γpq � vec dx,y,z( )/vec dx,y,z

���� ����2( )
Hpq � vec dL,�θ( )/vec dL,�θ

���� ����2( )

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(4)

where: n, j is the number of parameters quantized xi, yi, zi, Li, �θi{ },
respectively; vec(·) denotes the vector straightened into columns; ‖ · ‖
denotes the vector parametrization.

According to the principles of the OMP algorithm, after
constructing the atomic dictionary, the problem of estimating the
scattering center parameters is transformed into an optimal solution of
the sparse representation, as follows.

Ψ � argmin
Ψ

s − DA‖ ‖0
s.t. A‖ ‖2 ≤ n‖ ‖2

{ (5)

where: Ψ is the estimated sparse vector of scattering center
parameters; s is the column vectorisation of the observed data
E(f, θ,φ); A is the amplitude of the observed data in the
dictionary; n is the noise level.

For the acquisition of the observed data E(f, θ,φ), a well-
established high-frequency hybrid algorithm can be used to
calculate it, as described in the literature (Xie et al., 2019), and will
not be repeated here.

In the process of estimating the scattering center parameters using
the OMP algorithm, it is considered that the performance of the OMP
algorithm is disturbed by the scattering centers of neighboring WT
blades. For this reason, the RELAX algorithm is introduced to correct
the scattering center parameters calculated by the OMP algorithm for
each iteration and to determine the termination conditions that satisfy
the iterative process, then Eq. 5 is transformed into

Ψ i � argmin
Ψ i

si − AiDi‖ ‖22 (6)

The procedure for the joint solution using the OMP and RELAX
algorithms can be found in the literature (Xie et al., 2019). Once the
parameter set is obtained xi, yi, zi, Li, �θi{ }, the type parameter αi can be
determined from the length parameter Li of the scattering center, thus
giving a complete estimate of the set of parameters Ψ of the attribute
scattering center of the WT.

3.3 Simulation process of WT echoes

After obtaining the scattering centers of all the blades, the
scattering center parameters derived from the above steps Ψβ are
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used as local data, and according to the sub-aspect range of the blades
rotation angle at different time t, the scattering center parameter of the
corresponding sub-aspect is substituted into the 3D scattering center
model. According to the relationship between the blades motion
characteristics and the 3D scattering center in each aspect, the
scattering electric field distribution corresponding to the rotation of
the blades can be reconstructed, as follows Eq.

E f,ωt( ) � ∑P
i�1
Aji · j

f

fc
( )αji

· exp −j 4πf
c

xji cos θ cosφ + yji sin θ cosφ + zji sin θ( )[ ]
(7)

Where: ω is the angular velocity of the WT blades rotation; j is the jth
sub-angle domain to which the rotating WT blades belong at moment
t, where j � [M·ωt

2π ] + 1, [·] denotes rounding.
On this basis, in order to achieve the time-frequency characteristics of

the dynamic blade echo and Doppler characteristic analysis, the scattered
electric field vector obtained needs to be processed by Short Time Fourier
Transform (STFT), that is, there are

rect(t, f)∣∣∣∣∣t�m△t,f� r
MNΔt

� STFT(E(ωt, f))
� ∑MN−1

k�0
E(kΔt)w*(kΔt −mΔt)e−j2rkπ/MN (8)

where: Δt is the sampling interval associated with the amount of time,
i.e. the scattered electric field under the reconstructed continuous time
series is taken after each interval of Δt time to facilitate time-frequency
characterization; m, k, r = 0,1,2,3,..., (t/Δt-1), where t/Δt is the number
of angular sampling points for the entire rotation period of the blades;
E(k) is the reconstructed scattered electric field data. w(t) is the
window function; “*” denotes the complex conjugate.

4 Verification of echo simulationmethod
for 3D scattering center

The algorithm proposed in Section 2.1 for parameter estimation in
terms of the scattering center of blade properties was compared with
existing algorithms and the actual measurement experiments given in
reference (Tang et al., 2019c) in order to verify the accuracy of the
equivalent modelling of the blade 3D scattering center. Due to the fact
that the actual measured wind turbine model and parameters are
missing in the literature (Tang et al., 2019c), the typical Goldwind
GW82/1,500 wind motor is taken as an example.

The full-size model of the blades and their position in relation to
the radar is shown in Figure 3. To compare with the research results in
the literature (Tang et al., 2019c), the incident Angle of radar
electromagnetic wave is adopted by literature (Tang et al., 2019c),
that is, the incident wave is set parallel to the blades rotation plane, the
incident point is set on the y-axis, and the included Angle φ is 0°

between the incident wave and blades rotation plane xoy. The initial
frequency of electromagnetic wave f0 is 2.5 ghz, the center frequency fc
is 3 GHz, the step frequency is 10 MHz, the bandwidth is 1 GHz, and
the intensity is 1 V/m. The incidence direction of electromagnetic
waves of radar is fixed and unchanged. Given the single blade length L
of Goldwind GW82/1,500 wind motor is 41 m.

The electromagnetic scattering source data E(f, θ,φ) of static
blades were obtained using FEKO. The 3D scattering center extraction
method described in Section 2.1 was adopted to process the original
simulation data E(f, θ,φ) and obtain the scattering center distribution
of blades, as shown in Figure 4.

The 3D scattering centers of the blades are point-like or lamellar,
including local scattering centers and distributed scattering centers.
The uneven distribution of the scattering center is mainly related to
the shape and structure of the blades, being densely distributed at the
front and rear edges, axes and tips of the WT.

FIGURE 3
Geometry model of Goldwind82/1500 WT blades.
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FIGURE 4
Equivalent model of the 3-D scattering center.

FIGURE 5
The distribution of the scattered electric field of the blade.

FIGURE 6
Distribution of scattered electric field error results.
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It is evident from Figure 4 that the estimated scattering center is
consistent with the appearance profile of the body of the blades.
However, as a further step towards a more accurate quantitative
analysis of the equivalent modelling of the three-dimensional
scattering centers of the blade, the GTD scattering center and 3D
scattering center obtained were reconstructed respectively to obtain
the scattering electric field distribution of the blades, using the FEKO
simulation data as standard data. Figure 5 shows the error distribution
of the scattering electric field reconstructed by the two scattering
centers and the standard data.

It can be seen from Figure 5 that the distribution of the
scattering electric field reconstructed by the attribute scattering
center is in good agreement with the original scattering electric field
data simulated by the FEKO. While the distribution of the
scattering electric field reconstructed by the GTD scattering
center algorithm is in bad agreement with the original scattering
electric field.

As can be seen from Figure 6, out of a total of 401 data, only
5 scattered electric field data reconstructed by attribute scattering
center have an error of more than 3dB, while 144 scattered electric
field data reconstructed by GTD scattering center have an error of
more than 3dB, with a precision difference of 34.7%.

It can be seen from Figure 6 that among the total 12,001 sampling
points, there are 9,751 points with a difference less than 3 dB V/m, that
is, the rotating WT scattering electric field reconstructed by the
attribute scattering center method is 81.26% similar to the original
data. The average error between the electric field data obtained by the
algorithm proposed in this paper and the original electric field data
obtained by Feko is 3.16 dB V/m. For the convenience of calculation
while retaining the calculation accuracy, the value of 3 dB V/m is taken
as the criterion for the accuracy of the algorithm. It shows that the
extracted 3D scattering center can better replace the scattering
characteristics of the real rotating WT, which verifies the
correctness and accuracy of the equivalent modeling of the WT
based on the 3D scattering centers.

The 3D scattering centers of the blades are point-like or lamellar,
including local scattering centers and distributed scattering centers. Non-
uniform distribution of scattering centers is mainly related to the shape
and structure of the blade, with scattering centers of the blade densely
distributed at the front and back. As described in Section 1.2 of the paper,
the blades GTD scattering center is equivalent to the point-like scattering
center shown in Figure 2 for the blades of a complex profiled surface,
ignoring a large number of dihedral Angle reflections and straight edge
reflections of the front and rear edges of the blades. And 3D scattering

FIGURE 7
Comparison of time and frequency domain echo of blades obtained by differentmethods. (A)Integral algorithm based on scattering center, (B) proposed
method, (C) measured data.

FIGURE 8
Comparison of time-frequency echoes of blades at a different speed. (A)Time-frequency domain of echoes with a frequency of 1 GHz and the speed of
π/3 rad/s, (B) Time-frequency domain of echoes with a frequency of 1 GHz and the speed of π/6 rad/s, (C) Time-frequency domain of echoes with a
frequency of 1 GHz and the speed of π/12 rad/s.
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center model of leaf blades length, the curvature of the scattering entities
such as quantitative three-dimensional structure, thus distinguishing the
various scattering structures of the blade and allowing a more accurate
description of the scattering effects of straight blades, so that the accuracy
of the scattering field strength calculation using the three-dimensional
scattering center method is much higher than that of the GTD scattering
center.

5WT blades radar echoes simulation and
analysis

5.1 Echo simulation of WT blades

On this basis, the same blade model and its specific parameters
as in Section 3.1 are used to obtain the corresponding scattered
electric field data. We also set the rotation of the blades angular
velocity for 2π/3 rad/s, the pulse repetition frequency PRF for
4000 Hz and the observation time t for 3 s, by using Equation
7 to process the scattered electric field data obtained via the method
proposed in this paper and the traditional single-view scattering
center method respectively, which can obtain the time-frequency
characteristics. The radar echo with time-frequency characteristics
are obtained and compared with the blades radar time-frequency
echo maps obtained from experimental measurements, as shown in
Figure 6.

Comparing Figures 7A,B, it is observed that the maximum
Doppler frequency appears at the same time in the blade time-
frequency echogram, and both appear in the zero frequency band
with stronger energy. According to the literature (Zheng et al.,
2020b), the maximum Doppler frequency of the simulated blade
can be found to be consistent with the calculated value fdmax =
2fcωl/c = 1717.36 Hz.

Meanwhile, the measured results in Figure 7C show that the
time-frequency echo of the actual wind motor blades should also
have the following characteristics: 1) positive and negative time-
frequency flicker with energy difference; 2) time-frequency
scintillation with bending phenomenon (Zheng et al., 2020b).
These features are not shown in Figure 7A, but the simulation
results of the proposed method are in complete agreement with the
measured features.

The proposed algorithm uses a desktop computer, the CPU
model is Intel(R) Core(TM) i5-9,500, the CPU frequency is
3.00GHz, the memory is 8GB, and the simulation software is
matlab 2020B. The algorithm needs to complete the calculation
of the scattering center for about 660 s. This algorithm can
guarantee the calculation accuracy and simulate the radar echo
of wind turbines without consuming a lot of computing time and
computer memory.

5.2 Echo simulation analysis

An in-depth analysis of the Doppler characteristics shown in
Figure 6B shows that for the Doppler characteristic of positive and
negative time-frequency scintillation with energy difference
appearing alternately in Figure 7B, combined with the analysis
of the initial position of WT and the incident radar wave in
Figure 3, it can be seen that when WT and the incident wave

direction it is vertical, the effective irradiation range of the received
electromagnetic wave will reach the maximum. In one rotation
period, each blade will be vertically irradiated by electromagnetic
waves twice, and the WT will have larger energy. As a result, the
time-frequency echo of WT appears six times with energy
difference in a single rotation period. The positive and negative
alternating flicker is caused by the blades approaching or away
from the incident electromagnetic wave.

The bending flash appears in Figure 7B and is due to the complex
heterogeneous curved surface of the blade, considering the three-
dimensional structure of the blade, so that the scattering energy
provided by the blade surface is different when the electromagnetic
wave is directed vertically at the front and rear edges of the blade.
Combined with the 3D scattering center model, when the values of the
scattering center parameter α and the length parameter L are different,
the scattering forms of different structures can be characterized.
Consequently, the time-frequency echoes obtained by the method
in this paper shows the phenomenon of bending and flashing (Tang
et al., 2021).

According to the above analysis, the proposed method in this
paper can be seen to be superior to the traditional scattering center-
based integration algorithm.

5.3 Analysis of generalizability

In engineering practice making full use of wind energy, the
rotational plane of the WT blades will change accordingly with the
wind direction of the natural wind, while the electromagnetic wave
parallel to the blade rotational plane in Section 3.2 above belongs to a
very special state, in most cases, there will be a certain angle between
the radar incident electromagnetic wave and the blade rotational
plane. Therefore, it is necessary to carry out echoes simulations of
WT blades at different incidence angles β of the electromagnetic waves
to further illustrate the universality of the method proposed in this
paper.

Using the same bladesmodel and radar parameters in Section 3.2, and
setting the speed of the WT as π/3 rad/s,π/6 rad/s, π/12 rad/s, the radar
echoes of theWT blades simulated by themethod in this paper are shown
in Figure 8.

The maximum value of Doppler frequency in the blade time-
frequency echo is 250 Hz, 125 Hz and 50 Hz respectively when the
speed v is π/3 rad/s,π/6 rad/s, π/12 rad/s, as can be seen from
Figure 8, and the sub-flash phenomenon gradually disappears.
The reason for the above phenomenon is that, as the angle
between the radar incident electromagnetic wave and the blades
rotating plane increases, the incident electromagnetic wave in the
blades rotating plane irradiation component gradually decreases,
making the effective modulation effect of the blades on the incident
wave decreases, thus finally leading to the blades’ maximum
Doppler frequency of the time-frequency echoes is presented as
a zero frequency band.

Conclusion

(1) Considering the hidden and anisotropic nature of the scattering
center caused by geometric properties and rotation angle, an
equivalent calculation model for the WT blades based on 3D
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scattering centers is proposed, which solves the problem that
exists algorithms cannot accurately simulate echoes.

(2) Taking the GW82/1,500 as an example, the equivalent modelling
accuracy of the blade scattering center is improved by 34.7%
compared with the scattering center-based integration algorithm,
achieving an accurate echo simulation and providing a theoretical
reference for the next research on wind turbine array echoes.
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