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Abstract: Accurately acquiring and analyzing the dynamic radar cross-section (RCS) of wind turbine have a great
significance to solve the reradiation interference between wind farms and radar stations. Since the results of high-
frequency approximation algorithm are only applicable to the qualitative analysis of electromagnetic scattering, it is
almost impossible to accurately acquire the dynamic RCS of wind turbine in actual engineering cases. To this end,
we proposed to acquire the dynamic RCS of wind turbine based on the scaled model experimental measurement in a
large anechoic chamber. The key techniques of setting up the scaled model as well as the experimental platform were
described based on the principle of electromagnetic similarity. The accuracy of experimental result is verified by the
comparison with numerical calculation and full-sized experiment reported in literature. By using the control variable
method, we were able to measure and analyze the amplitude and phase variation of dynamic RCS with frequency,
azimuth, and rotational speed, and achieved the transformation of RCS data into engineering practice. This not only
lays a foundation for solving the reradiation interference between wind farms and radar stations, but also provides data
support for subsequent theoretical research.

Key words: Reradiation interference, wind turbine scaled model, dynamic radar cross-section, experimental measure-
ment

1. Introduction
Large array-arranged wind turbines would induce serious reradiation interference to nearby radar stations, due
to the site conflict between wind farm and radar stations [1–3]. According to the basic radar equation, a way
for suppressing this interference by reducing the radar cross-section (RCS) on wind turbine side was proposed
[4,5]. In addition, the rotational motion of the wind turbine blades will cause the RCS to change with time.
Therefore, this calls for the accurate acquirement and characteristic analysis of dynamic RCS of wind turbine,
which would be difficult using the existing measures.

On the one hand, recent studies on acquiring dynamic RCS are mainly based on either numerical calcu-
lation or experimental measurements. A common numerical calculation method is to adopt the high-frequency
approximation algorithm to solve the static RCS for different stances of blades using the quasistatic method,
and then reconstructs the time series of dynamic RCS [5,6]. While having a large amount of computation, this
method can only obtain RCS not accurate enough, so it is normally used for qualitative analysis.

On the other hand, most of the experimental measurements were carried out on scaled models since the
accuracy of full-sized experiment are greatly affected by environmental factors [7]. Lots of reported scaled model
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experiments were only able to measure static RCS. For example, Bornkessel et al. established a wind turbine
scaled model of 1:73 and they measured and analyzed the static RCS of the scaled model under different
parameters such as yaw angle, blade position, and pitch [8]. However, the acquired static RCS is far from
satisfying the analysis of dynamic scatting characteristic of wind turbine in actual engineering, experiments
to acquire dynamic RCS is necessary. Ballesteros et al. measured the dynamic RCS of an iron blade model
under normal and fault conditions to analyze the fault type of wind turbine blades. Unfortunately, the shape
of blades were very casual, which made the RCS data unavailable [9]. La et al. made a 1:10 iron blade scaled
model and measured the static RCS of blade at different stances, and then similar to the quasistatic method,
reconstructed the dynamic RCS. However, further application of this method is limited since accuracy of the
measurement is related to not only the rotation step of blade, but also the material of blade [10]. Zhang et al.,
aiming at the measurement of radar echo of wind turbine, used resin to produce a 1:100 scaled model of wind
turbine controlled by clicker [11]. However, since this scaled model was covered with aluminum foil to enhance
the amplitude of RCS, its RCS data were only useful in qualitative analysis.

In order to improve the accuracy of dynamic RCS measurement of wind turbine, we produced a wind
turbine scaled model with full consideration of material properties, and achieved accurate measurement of
dynamic RCS which was verified by comparison with the numerical calculation and full-sized measurements
reported in the literature. By measuring and analyzing the variation characteristics of dynamic RCS with
frequency, azimuth, and rotational speed, the acquired dynamic RCS was able to be transformed in engineering
practice, and it could be considered as data support for solving the reradiation interference of wind turbine to
radar station.

2. Wind turbine interference to radar station and its evaluation parameter

2.1. Theory of reradiation interference

When the radar detects the surrounding targets, the antenna will emit electromagnetic waves within a certain
range of angles. Wind turbine as an electrically large size target, when electromagnetic wave irradiates it, it
will generate induced current on wind turbine, which in turn radiates electromagnetic wave outwards, making
the space electromagnetic environment complex. Therefore, the working performance of the radar station was
affected seriously [12–14]. This formed the reradiation interference of wind turbine to radar station.

In particular, as the capacity of the wind turbine increases significantly, the blade size, tower height, and
cabin length of wind turbine also increase, which leads reradiation interference of wind turbine to radar station
to become increasingly prominent.

2.2. Evaluation parameter of reradiation interference

According to the radar principle, the most intuitive description parameter for radar performance is the target
echo power received by radar:

Pr = Pt ·Gt ·
1

4πR2 · σ · 1

4πR2 · λ
2Gr

4π
· 1L (1)

Here Pr is the echo power received by radar, Pt is the transmitting power, Gt is the transmitting antenna
gain, Gr is the receiving antenna gain, R is the distance from radar to target, σ is the radar cross-section of
the target, λ is the wavelength of the electromagnetic wave, L is the coefficient of the system propagation loss.
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Equation (1) is the basic radar equation, which reflects the relationship between the radar detection
range and the factors such as the transmitting antenna, the receiving antenna, and the target RCS. It can be
seen from Equation (1) that the parameter that change with the change of the target is σ , and the others are
the fixed parameters of the radar system. Therefore, current researches use wind turbine RCS parameter to
evaluate the reradiation interference level of wind turbine to radar station.

According to the above analysis, the reradiation interference of wind turbine to radar station is actually
the electromagnetic scattering problem of wind turbine after being irradiated by external electromagnetic wave.
However, due to the blade rotation, the electromagnetic scattering characteristic exhibited by wind turbine is
quite different from those of general stationary targets, which is represented by a set of dynamic RCS time
series with Doppler characteristic. Therefore, the key to solving the reradiation interference of wind turbine to
radar station is to acquire accurate dynamic RCS.

2.3. Theory of numerical calculation of dynamic RCS and its existing problems

At present, the researches on the numerical calculation of wind turbine dynamic RCS are based on the idea
of quasistatic. This method requires accurate modeling of the running attitude of the wind turbine at each
moment. Furthermore, a high-frequency approximation algorithm such as physical optics (PO) is used to solve
the blade RCS at each moment. Finally, the dynamic RCS of the wind turbine is acquired [5].

If the numerical calculation method is used to solve the wind turbine dynamic RCS, the calculation
amount and complexity are too large to be accepted. Experimental measurement of the wind turbine scaling
model will avoid these problems.

The position diagram of radar and wind turbine is shown in Figure 1. When the radar is working,
electromagnetic waves of different frequencies are emitted from different directions, and the rotational speed of
the wind turbine blade also changes according to changes in wind direction and wind speed. These factors all
affect the wind turbine dynamic RCS. Therefore, when performing the dynamic RCS experimental measurement
of wind turbine scaled model, the control variable method is adopted, wind turbine dynamic RCS at different
frequencies, azimuths, and rotational speeds are measured.
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Figure 1. The position diagram of radar and wind turbine.
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3. Experimental measurement
3.1. Theory of experimental measurement on scaled model
The scattering field in both full-size space and scaled-size space must satisfy the Maxwell equations:

∇× E = −µ
∂H
∂t

, (2)

∇× H = ε
∂E
∂t

+ σE, (3)

where E and H are the electromagnetic field vectors; σ , µ , and ε are electrical conductivity, permeability,
and dielectric constant, respectively; t is time.

Assume the electromagnetic field parameters in the two spaces are as follows:

E1 = kEE2, (4)

H1 = kHH2, (5)

d1 = kd2, (6)

f1 = kff2, (7)

σ1 = kσσ2, (8)

µ1 = kµµ2, (9)

ε1 = kεε2, (10)

where E1 , H1 , d1 , f1 , σ1 , µ1 , and ε1 are the scaled-size space parameters; E2 , H2 , d2 , f2 , σ2 , µ2 , and
ε2 are the full-size space parameters; kE , kH , k , kf , kσ , kµ and kε are the corresponding scale factors.
Substituting equation (4) - (10) into equation (2) and (3), then if the scattering fields of the two spaces are
accurately approximated, there must be:

kkσkE
kH

=
kkfkεkE

kH
=

kkfkµkH
kE

= 1. (11)

Since the medium of the two spaces in measurement environment are ordinary air, the wave impedance of the
test medium is constant, that is, E1/H1 = E2/H2 , and kH = kE . In addition, the dielectric constants of the
two spaces are the same under ideal test conditions, namely kµ = kε , then equation (11) can be converted into:

kσ = kf =
1

k
. (12)

On the other hand, wind turbine blades are normally made of nonmagnetic resin materials that have extremely
small electrical conductivity. Therefore, the influence of conductivity on the experiment can be neglected, and
only the conversion of the electromagnetic wave emission frequency is considered.
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3.2. Procedure of the experimental measurement

The size parameter of a full-size model of Jinfeng77/1500 wind turbine is shown in Figure 2a. Considering
the limits of the frequency band in the measurement, the fidelity of the scaled model etc., the scale factor k

was determined to be 1 : 60 , and the scaled model is shown in Figure 2b. The equipment and parameters used
for the experiment are shown in Table 1.
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(a)  e parameters offull-size model diagram

B lade

Nacelle

Wind turbine

scaled model

(b)  e production details of scaled model

Figure 2. The parameters of full-size model and the production of scaled model.

Table 1. Experimental equipment and related parameters.

Equipment Parameter Remark
Vector network analyzer Type: AV 3672C − S Signal transmission and reception
Antenna 1 Type: SAS − 571 Signal transmission
Antenna 2 Type:AT4418 Signal reception
Microwave cables 1 Length: 10 m Vector network analyzer to transmitting antenna
Microwave cables 2 Length: 5 m Vector network analyzer to receiving antenna
Standard ball Diameter: 500 mm Determine the target
Anechoic chamber Size: 35 m × 25 m × 15 m Semianechoic SAR absorber

The procedure of the experimental measurement is as follows:
Step 1: Experimental platform establishing. It is necessary for this platform to ensure the scaled model

lying in the far field, so the distance between the scaled model and the antenna was determined to be 3.5 m by
simplified calculation.

Step 2: Equipment checking. The main object needs to be checked is the microwave cable. By setting
up the short circuit connection of the microwave cable on the vector network analyzer, the status of microwave
cable was judged by whether the cable had leakage.

Step 3: Experimental parameters setting. This mainly includes electromagnetic wave transmitting
frequency and polarization mode, sampling points and sampling frequency.
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Step 4: Measurement and data storage. Since a clicker controlled the blade, we started to measure and
save relevant data after the blade rotation was stable.

The experimental arrangement and measurement site of the anechoic chamber are shown in Figure 3.

S tandard ball

Insulating foam

(a) Standard ball used in the calibration process

Transmitting
antenna

Receiving
antenna

Scaled model

Absorber

(b) !e experimental arrangement

Figure 3. Experimental site.
The specific measure process of wind turbine dynamic RCS is as follows. Firstly, the results should be

calibrated; measure the RCS value of the standard ball of known RCS, as shown in Figure 3a, and compare the
two values, if the same, the calibration is successful; then replace the standard ball with the scaled model, as
shown in Figure 3b; then, measure the RCS of the scaled model. Finally, according to Equation (13), the RCS
of scaled model can be obtained.

σ(t) = σ2(t)− (σ1(t)− σ0(t)), (13)

where σ(t) is the RCS data of the scaled model; σ1(t) is the measurement data of the standard ball in the
environment during the calibration process, σ2(t) is the measurement data of the wind turbine scaled model,
σ0(t) is the RCS value of the standard ball. In our experiments, the standard ball was 250 mm in radius, and
its RCS σ0(t) was −7.0 dBsm; it did not change with time.

3.3. Verification of the experimental result
The same geometry model is established by using of FEKO electromagnetic calculation software. The high-
frequency approximation algorithm is used to calculate the RCS of this model, and the variation law of RCS
data curve is analyzed to verify the validity of the experimental measurement results. Since FEKO cannot
achieve electromagnetic scattering calculation of dynamic target, in order to simulate the dynamic rotation
characteristics of wind turbine, the idea of quasistatic is adopted. The effect of the rotational motion is achieved
by changing the position of the excitation. The idea of quasistatic for solving dynamic RCS of wind turbine
requires very strict azimuth angle, and only when azimuth angle α=90◦ can accurately simulate this rotational
motion. Therefore, when the azimuth angle α=90◦ , we calculate the dynamic RCS of wind turbine to verify
the accuracy of the experimental measurement.
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It should be noted that in the process of model establishment, a glass-fiber-reinforced plastic, whose
ε is 4.0 , is used. In the simulation calculation, the blade rotation speed can be adjusted by controlling the
simulation step size and the pulse repetition frequency. The comparison between experimental measurement
and simulation calculation at a frequency of 10 GHz, an azimuth angle of α=90◦ , and a rotational speed of
0.435 r/s is shown in Figure 4a.

We compared the experimental result with the calculation and the full-size wind turbine measurement
result reported by Kent et al. in [7] as shown in Figure 4b, to see the validity of the experimental results.
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Figure 4. Comparison diagram of experimental result and calculation result.

As can be seen from Figure 4a, due to the approximation of PO algorithm, the scattering of electromag-
netic waves on the wind turbine was different from those of the practical situation, which makes the peaks of
RCS inconsistent and the maximum and minimum values of RCS appear at the same time. The full-size wind
turbine measurement results shown in Figure 4b can completely illustrate these differences. In addition, the time
intervals between the peaks are the same. This shows that the Doppler effect exhibited by the dynamic RCS
are similar, which is an important reason why the numerical calculation method could be used to qualitatively
analyze the dynamic RCS of wind turbines.

It is worth noting that we use the glass fiber reinforced plastic to build the scaled model to acquire the
actual electromagnetic scattering of the wind turbine. Nevertheless, in actual engineering, in order to protect
the wind turbine from lightning, the steel wires are covered on the surface, which will enhance its electrical
conductivity and make the amplitude of RCS larger. This is the main reason for the error in our experimental
results.

4. Measurement results and analysis

Dynamic RCS of wind turbine is different from the RCS of stationary targets. It is related not only to the
frequency and direction of the electromagnetic wave emitted by the radar, but also to the rotational speed of
the blades. Therefore, in order to analyze the characteristics of dynamic RCS of wind turbine, our experiment
used control variables method and considered parameters including the frequency, azimuth, and the rotational
speed of the blade.
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4.1. Influence of frequency on dynamic RCS

The measurements were performed with azimuth α=0◦ , rotational speed of blade 0.435 r/s, and electromagnetic
wave emission frequencies of 5 GHz,10 GHz, and 15 GHz. The amplitude and phase data of measured dynamic
RCS are shown in Figure 5.
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Figure 5. Influence of frequency on dynamic RCS.
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As shown in Figure 5a, it is easy to tell that the RCS peaks show a trend of decreasing with increasing
frequency. Considering the theory of scaled model and using Equation (13), we calculated the maximum values
of RCS for the wind turbine of the Jinfeng77/1500 at 83.3 MHz, 166.6 MHz, and 250.0 MHz in actual
engineering, which would be 29.43 dbsm, 28.69 dbsm, and 28.21dbsm, respectively. These rather big values
show an important reason why wind turbines are often used as the size of electric power structures in the
research field of electromagnetic scattering.

The Doppler effect exhibited by the RCS phase curve is more obvious during a rotation cycle, as shown
in Figures 5b and 5c, among them, Figure 5b is phase curve at 10 GHz frequency, Figure 5c is the phase curves
at various frequencies. It is easy to see that there are 6 peaks in the RCS phase; starting at 30◦ , a peak
occurs every 60◦ , which indicates that the scattering intensity of different blade positions are different during
the rotation of wind turbine blade.

4.2. Influence of azimuth on dynamic RCS

The influence of azimuth on dynamic RCS are shown in Figure 6. The measurements were performed with
blade rotation speed of 0.435 r/s, frequency of 10 GHz, and azimuth of 0◦ , 45◦ , and 90◦ .

As shown in Figure 6a, the wind turbine RCS is maximal when the electromagnetic wave is perpendicular
to the plane of wind turbine blade, that is, azimuth α=0◦ . This is because when α is 0◦ , the wind turbine
blade provides specular reflection, so the RCS is the largest and the occlusion effect is also the most serious.
When α is 90◦ , the wind turbine blade provides edge diffraction, so the RCS is small, and the corresponding
occlusion influence is also slightly reduced. The maximum difference between the two RCS amplitudes is 4.102

dbsm.
The phase curve are shown in Figures 6b and 6c, among them, Figure 6b is phase curve at 0◦ azimuth,

Figure 6c is the phase curves at various azimuths. The phase peak of RCS exhibits a band shape when the
azimuth α is 0◦ , which indicates that the wind turbine blade has large scattering intensity at a certain stance
and the vicinity of this stances. When the azimuth α is 90◦ , the RCS phase peak exhibits a spike shape,
which indicates that the stances of the wind turbine provide instantaneous maximum scattering intensity. This
is obviously different from the conclusions obtained by the traditional numerical calculation method of wind
turbine scattering point superposition model [15]. This simplified wind turbine model equivalents a wind turbine
into a series of linear discrete scattering points; using it comes to a conclusion that when the azimuth α is 0◦ ,
the distance between the scattering point of the wind turbine blade and the radar does not change, that is, the
blade rotation does not affect the electromagnetic wave modulation. The difference between the experimental
results in this paper and the simplified numerical model comes mainly because the scattering point superposition
model ignores the irregular curved surface shape of the blade and considers that the scattering intensity of each
scattering point is the same. Therefore, the simplified model is generally only used to qualitatively analyze the
scattering characteristics of wind turbines.

4.3. Influence of rotational speed on dynamic RCS

For rotational speed, the measurements are performed with frequency of 10 GHz, azimuth α of 90◦ , and blade
rotation speeds of 0.435 r/s and 0.250 r/s.

As shown in Figure 7a, when the frequency and azimuth angle are fixed, the rotational speed barely
influences the amplitude of RCS, instead it changes the moment when the peaks occur obviously. The speed
of wind turbine blades can be estimated from the time interval between two adjacent peaks in the amplitude
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Figure 6. Influence of azimuth on dynamic RCS.

curve of dynamic RCS. It is not difficult to find that in the red curve and the blue curve, the two adjacent peak
time intervals are 0.67 s and 0.38 s, respectively. Considering the strict symmetry of the blades, this is the
time required for the blade to rotate by 60◦ , from which the corresponding blade speed can be derived.

The RCS phase data is transformed into the variation with blade attitude as shown in Figures 7b and 7c,
among them, Figure 7b is phase curve at 0.435 r/s, Figure 7c is the phase curves at various rotational speeds.
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The RCS phase peaks appear at the same time, which indicates that the wind turbine blades will have RCS
phase peaks in a unique attitude. Combined with the initial analysis of the experimental measurement process,
it is concluded that under the condition of azimuth angle of 90◦ , the RCS phase peak appears when the wind
turbine blade is perpendicular to the direction of electromagnetic wave emitted by radar, which is consistent
with the conclusion obtained by the numerical calculation method.

5. Conclusion
(1) Using the proposed experimental measurement platform, we were able to measure the dynamic RCS of wind
turbine scaled model accurately. The obtained data can be used in quantitative analysis of Doppler effect in
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subsequent research.
(2) The dynamic RCS value of the wind turbine is negatively correlated with frequency and azimuth.

Among of them, the maximum RCS value can reach up to 29.43 dbsm when the frequency is 83.3 MHz, and
the Doppler effect still exists while the azimuth is 0◦ .

(3) The rotational speed of blades affects the Doppler effect, which is reflected by the moments of peaks,
but does not affect the value of dynamic RCS. When the blade is also perpendicular to the radar line of sight,
there would be peaks of dynamic RCS.
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