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This study designed and experimentally verified a simple and low-cost anemometer based on Fresnel reflection
using Polymer Optical Fiber (POF). The system was developed especially for wind speed measurement in harsh
environmental conditions such as high electromagnetic interference. System verification was performed using a
controlled wind source and a high-standard anemometer. In measurements made under normal temperature

conditions, the dynamic range of the anemometer is between 3 m/s and 15 m/s. Experiments were carried out
with two propellers of different diameters to evaluate the propeller diameter effect. According to the results
obtained from the wind speed measurement experiments, it was observed that the mean error value for all
measurements was 0.16, and the mean percentage relative error value was 1.85%.

1. Introduction

Wind energy is an essential type of energy among renewable energy
sources, so it has grown by 30% annually in the last ten years and has
shown a significant development [1]. Wind power generation’s effi-
ciency is affected mainly by wind speed, air density, air pressure,
ambient temperature, wind speed distribution, and turbulence density
parameters [2]. Since the power to be obtained from the wind turbine is
proportional to the cube of the wind speed [3], in most cases, whether
the wind turbine will be installed or where it will be installed depends on
the wind speed [4].

Anemometers have measured wind speed differently since they were
first developed by the Italian mathematician Leone Battista Alberti [5].
They are crucial devices in terms of increasing the energy efficiency
obtained from the wind, thus reducing the energy costs, and incorpo-
rating new wind power plant locations into electrical energy generation,
thanks to the accurate determination of the wind speed [6]. Another
issue that has made anemometers more important in recent years is the
spread of small wind turbines and their inclusion in micro and smart
grids within the scope of microgeneration [7]. For these reasons, the
need for anemometers with low-cost and simple measurement systems
has also increased. In addition, the more widespread use of anemome-
ters will make small-scale wind turbines more common [8].

Anemometers can be produced mechanically [9], hot wire [10], ul-
trasonic [11], lidar [12], fiber optic [13] according to sensing principles.

* Corresponding author.

In addition to classical mechanical anemometers, which can be of the
cup [14,15], propeller [16], and vane type [17,18], studies are also
carried out on airflow detection that use a pitot tube to increase wind
density [19]. However, classical mechanical anemometers have the
disadvantage of being affected by electrical environments [20,21].
While exposure to electromagnetic interference limits ultrasonic ane-
mometers [22], deterioration in calibration due to ambient temperature
and limited operating temperature range [23] are factors that negatively
affect the widespread use of hot-wire anemometers.

Fiber optic sensing is another method used to detect wind and
airflow. Although the detection of wind speed by fiber optic methods
dates back to the 1980s [24], studies on fiber optic anemometers have
intensified since 2017 [25-34] due to the acceleration of fiber optic
products and the absence of disadvantages in other types of anemome-
ters. The basic principle of fiber optic sensors is based on observing
changes in the optical signal traveling along the fiber. An optical field
consists of four essential parameters: intensity, polarization, phase, and
frequency (wavelength). This effect can be determined by perceiving
these parameters’ changes with the external effect. Accurately
measuring and evaluating changes in parameters is very important for
optical sensor reliability. In optical research, phase or frequency
detection is called the interferometric technique. Although the sensi-
tivity and resolution of interferometric sensors are better than intensity
and polarization-based sensors for some applications, they are more
complex than most sensor structures. When we look at the studies made
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Fig. 1. Schematic representation of the proposed FO-WSMS.
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Fig. 2. Fiber sensing tip and reference anemometer (a) no wind, (b) with wind, and (c) the FO-WSMS.

for anemometer in the literature, we see that almost all constitute these
Fiber Bragg Grating (FBG)-based systems. Although the FBG technique is
one of the widely used techniques in single or multimode fibers for wind
speed determination by fiber optic method [25-39], it is a significant
disadvantage that it has expensive peripherals such as a broadband light
source and optic spectrum analyzer. In addition, such peripherals create
a distinct disadvantage for on-site measurement applications. Despite

portable, low-cost, and high-performance FBG-based sensor applications
available in the literature, they have not yet been used in wind speed
measurement studies [40].

There are a few non-FBG-based studies in the literature. Liu et al.
report a new fiber-optic anemometer based on a Fabry-Pérot interfer-
ometer formed by a thin silicon film adhered to the end face of a single-
mode fiber [41]. Although FBG was not used in this study, there are
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expensive and complex peripherals. Costa et al. were designed a flow
sensor and an anemometer with an optical fiber single
mode-multimode-single mode multimodal interference reflective bend
structure covered with the gold film [42]. Although Polymer Optical
Fibers (POFs) have disadvantages over glass optical fibers in long-range
data transmission, POFs offer some advantages in sensor applications
based on short-range intensity modulation. POF sensors are applied in
different areas like robotics [43], flexible sensor [44], biochemical [45,
46], refractive index [47], oil aging in power transformers [48]. It can be
said that these advantages are having more uncomplicated and low-cost
components, allowing to operate in the visible spectrum, allowing for
greater flexibility and bending, and ease of connection [49]. The number
of fiber optic anemometers made with POFs is almost non-existent in the
literature. In one of these studies, the POF-based sensor was combined
with a wind generator to determine the wind speed [50]. In the study, a
Wind Speed Measurement (WSM) was carried out based on the rotation
speed of the shaft connected to the wind propeller, so this measurement
setup cannot be used to measure an external wind speed [50]. A recent
study developed a WSM system based on an intensity-modulated fiber
optic curvature sensor [51]. The rotation speed of the propeller used in
the system, which has a measuring range of 3-15 m/s, causes tension in
the curvature sensor, and the tension is indirectly associated with the
wind speed. However, in the related study, the wind speed is measured
with losses due to the many mechanical mechanisms.

This study has developed a Fiber Optic-Based Wind Speed Mea-
surement System (FO-WSMS). The wind speed can be determined by
directly measuring the rotation speed of a rotating propeller depending
on the wind speed. An Opto-mechanic mechanism based on Fresnel
reflection was established by increasing the reflectivity of a single point
of the propeller. A bidirectional low-cost 1 x 2 POF coupler with a Poly
(Methyl Methacrylate) (PMMA) fiber core is used, which allows the
optical transceiver to operate on a single line. A micro-card, which is
located on the transceiver pair operating at a wavelength of 650 nm, was
used compactly. The micro-card is connected to a simple microcontroller
circuit. The Power Spectral Density (PSD) was found by applying the
Welch method to the signals obtained according to each different wind
speed. Thus, the fundamental frequencies indicated by the PSD values
were obtained. Wind speeds were determined and compared with the
reference anemometer according to these obtained frequencies. As a
result of repeated measurements, the mean and percentage relative er-
rors were determined as 0.16% and 1.85%, respectively.
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2. Materials and methods
2.1. Design and manufacture of the sensing system

The schematic representation of the FO-WSMS is given in Fig. 1. The
measurement system consists of a wind guide that is made of a plastic
material with a length of 45 cm and a diameter of 10 cm, a free rotating
propeller with a single point reflective surface, a 1 x 2 POF coupler, a
fiber opt click card with transceiver inputs, a microcontroller, a PC, and
a reference anemometer. The wind guide located at the output of the
controlled wind source is approximately the propeller’s diameter. The
propeller is made of plastic, has a diameter of 5.5 cm, and has an
aluminum reflective surface measuring 3 mm x 3 mm, as shown in Fig. 2
(a). The coupler is operationally wavelength-independent and is limited
only by the physical properties of the PMMA fiber core. The fiber with a
core/cladding diameter of 980/1000 um in the coupler has a minimum
attenuation value at a wavelength of 650 nm. A microe-1940 fiber opt
click card features IF-D91 fiber-optic photodiode, IF-E97 fiber-optic LED
as well as two operational amplifiers. An Arduino Uno microcontroller
was used based on an ATmega328P with a software of Arduino IDE
1.8.19. A Kimo CTV 200-BO Air Velocity/Air Flow Transmitter 24VAC/
DC, whose pre-measurement calibrations were made in accordance with
the standards, was used.

The proposed FO-WSMS is shown in Fig. 2. Experimental operation
under normal conditions (ambient temperature 23 °C, 1 atmospheric
pressure, and humidity 60%). First, the propeller is rotated because of
the controlled wind passing through the guide and hitting the propeller
(Fig. 2(b)). As shown in Fig. 2(a), the desired wind speed value is
adjusted and fixed with the help of the reference anemometer placed in
the same position as the propeller. The sensing tip of the POF coupler is
aligned and fixed to the reflective surface. Thus, it is ensured that the
light rays reflected from the surface can be collected. Light rays are sent
from the transmitter on the fiber optic card. The rays coming to the
sensing tip via the coupler come out from the tip. Then, the rays that
coincide with the reflective surface are reflected from the surface and
enter back to the sensing tip. Since the used coupler has a 50:50 split
ratio, approximately 50% of the light rays reach the receiver of the fiber
optic card. The received light is processed on the fiber optic card and
transferred to the microcontroller unit from the RX pin as an analog
signal. The microcontroller unit converts this analog signal into a digital
signal by sampling it in a suitable sampling period and then sends it to
the computer via the serial port.

2.2. Obtaining the PSD of the signals and wind speed

The periodogram method is a fast Fourier transform method based
on a non-parametric approach and is one of the classical spectral esti-
mation methods. The PSD equation is given in Eq. (1).

2
= SXOP M

N-1

Zx(n)e’jz"f"

n=0

Pu(f) =

1
N

Where N is the number of samples of the discrete-time signal x(n), and X
(f) is the Fourier transform of x(n). The Welch method was used to
calculate the PSD due to the noise in the signals obtained in the time
domain. Welch’s method can reduce frequency resolution to reduce
noise in the estimated power spectrum. Thus, a noiseless modified PSD is
obtained according to the Bartlett power spectral method. In order to
obtain the modified structure of the periodogram with the Welch
method, the signals are first segmented. Then, applying a window to
each segment’s modified periodogram is found. Segments are typically
multiplied by a window function such as a Hamming window. Then, an
average periodogram of these obtained periodograms is found. Seg-
ments are overlapped while performing the operations mentioned
above. The iy modified periodogram is given by Eq. (2) [52].
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where M is the length of each segment, L is the number of segments, and
U is the normalization factor for the power in the window function, w(n),

and is given by Eq. (3).

1 M
_ 2
U= i ,,2:0 w*(n)

3)

The Welch PSD estimation is,

P =1 YL,

C)

The frequency found by the Welch method is equal to the number of
rotations of the propeller per second (f,=rotate per minute/60 s). As
given in Eq. (5), the circumference (2xr) of the propeller is multiplied by
its rotation frequency, f,, to obtain the wind speed, V,, acting on the

propeller [53,54].
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Vy = 2rrf, 5)

where the propeller rotation frequency, fp, is theoretically equal to the
maximum amplitude-frequency, f, component of the Welch PSD
function.

When the literature is examined, there is a linear equation that in-
cludes slope (a) and offset (b) values as in Eq. (6) regarding obtaining the
wind speed from the rotating propeller frequency. However, to create
this equation, frequency values (f,) are obtained corresponding to the
wind speed applied in a controlled way. Then slope and offset are found

by using these frequency values.

Vi =af, +b )
3. Experimental results and discussion

Wind speeds ranging from 3 m/s to 15 m/s were obtained by
adjusting the wind source in a controlled manner with the help of the
reference anemometer. Each wind speed was changed in 1 m/s step
intervals. The same wind speed also affects the propeller, which is in the
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Table 1
Measurement frequencies of the propeller.
Vi (m/s) fp1 11 (Hz) fp2 22 (Hz) fp3 33 (Hz)

3 17 17.5 18
4 23.5 22.5 23.5
5 28.5 29 30
6 35.5 34 34
7 41 40 39
8 47.5 47.5 48
9 53 52 51.5
10 59 58.5 58.5
11 65 65.5 64.5
12 70.5 71 71.5
13 74 73 73.5
14 81 82 80.5
15 88 89 87

same position as the reference anemometer probe. For each fixed wind
speed, the analog signal coming to the microcontroller unit is sampled
with a sampling period of T = 5 ms, converted into a digital signal, and
sent to the computer via the serial port. Therefore, the sampling fre-
quency in the study is f;= 200 Hz. The signals used in the study consist of
400 samples (2 s). The sampled signal was processed in the MATLAB
environment via PC. The Welch PSD of the signals was found using the
discrete Fourier transform for 400 points with a segment length of 200
samples and 100 overlapping samples. The time amplitude graph of the
received signal against a wind speed of 3 m/s is given in Fig. 3(a). In
Fig. 3(b), Welch PSD graph of the signal is given.

Similarly, different wind speeds ranging from 4 m/s to 15 m/s are
adjusted in 1 m/s steps, and amplitude-time graphs in 2 s and Welch
PSD graphs with 100 Hz bandwidth are shown in Figs. 4 and 5,
respectively.

Some amplitude values in Fig. 4 are high (53 Hz, 59 Hz), and some
are low (41 Hz, 47.5 Hz). High and low amplitudes are related to the
parallelism of the reflective surface and the fiber tip. This change in
signal amplitudes does not affect the frequency of the signal.

This whole measurement process was repeated for the second and
third times, and the frequencies corresponding to each reference wind
speed were obtained by making a total of 39 (3 x 13) separate mea-
surements. The frequencies of the rotating propeller obtained from the
measurements are given in Table 1. Here, f, is the measured frequency
values of the propeller rotating at different reference wind speeds.
Subscripts represent repeated measurements. As shown in Table 1, the
propeller frequency is different for a wind speed measurement because
of the change in frictions in the mechanical system to which the pro-
peller is connected. Another reason is the fluctuations in the wind speed
of around + 0.1 m/s. Wind speed is tried to be kept as constant as
possible. It has been observed that the propeller frequency at the output
of the sensor setup remains constant in long-term measurements as long
as the wind speed is kept constant. Accordingly, the wind speed calcu-
lated with the help of Eq. (5) remains constant. For this long-term use,

Table 2
V, A, and ¢, for three measurements.
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Table 3
Measurement results for the propeller with a diameter of 3 cm.
V,, (m/s) f(Hz) V (m/s) A

3 30.5 2.87 -0.13
4 43 4.05 0.05
5 52 4.90 -0.10
6 62 5.84 -0.16
7 72.5 6.83 -0.17
8 85 8.01 0.01
9 97 9.14 0.14
10 109 10.27 0.27
11 120 11.31 0.31
12 124.5 11.73 -0.27
13 136.5 12.86 -0.14
14 147 13.85 -0.15
15 157 14.80 -0.20

after the first two measurement periods, measurements were taken for
30 min for all wind speeds in the third, and it was observed that the wind
speeds remained constant.

The diameter of the rotating propeller is 2r = 5.5 cm. Accordingly,
the frequencies in Table 1 and the wind speeds calculated using Eq. (5)
are given in Table 2. In Table 2, V shows the calculated wind speeds for
three different measurements, A shows the errors corresponding to each
speed measurement and &, percentage relative errors. Subscripts repre-
sent repeated measurements.

In Table 2, the maximum errors for the first, second, and third
measurements are + 0.23 m/s at 11 m/s, — 0.39 m/s at 13 m/s, and
+ 0.35 m/s at 12 m/s, respectively. In addition, the mean errors in the

Vi (m/s) V1 (m/s) Va (m/s) V3 (m/s) Aq Az Ag er1 11 (%) €r2 22 (%) €r3 33 (%)
3 2.94 3.02 3.11 -0.06 0.02 0.11 2.09 0.79 3.67
4 4.06 3.89 4.06 0.06 -0.11 0.06 1.51 2.81 1.51
5 4.92 5.01 5.18 -0.08 0.01 0.18 1.51 0.22 3.67
6 6.13 5.87 5.87 0.13 -0.13 -0.13 2.23 2.09 2.09
7 7.08 6.91 6.74 0.08 -0.09 -0.26 1.20 1.26 3.73
8 8.21 8.21 8.29 0.21 0.21 0.29 2.59 2.59 3.67
9 9.16 8.98 8.90 0.16 -0.02 -0.10 1.75 0.17 1.13
10 10.19 10.11 10.11 0.19 0.11 0.11 1.94 1.08 1.08
11 11.23 11.32 11.14 0.23 0.32 0.14 2.10 2.89 1.32
12 12.18 12.27 12.35 0.18 0.27 0.35 1.51 2.23 2.95
13 12.79 12.61 12.70 -0.21 -0.39 -0.30 1.64 2.97 2.31
14 14.00 14.17 13.91 0.00 0.17 -0.09 0.03 1.20 0.65
15 15.21 15.38 15.03 0.21 0.38 0.03 1.37 2.52 0.22
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Fig. 7. Measurement results for the propeller with a diameter of 3 cm.

first, second, and third measurements were found to be 0.14, 0.17, and
0.17, respectively. The mean error of all measurements was found to be
0.16. This situation is also shown in Fig. 6 according to linear wind speed
variation. The & shown in Table 2 were calculated using Eq. (7).

V=V,
= 100 7
g TR @)

w

Where V is the measured speed, and V,, is the reference speed of the
wind.

According to the calculations, the maximum ¢, for the first mea-
surement is 2.59% at 8 m/s, the second measurement 2.97% at 13 m/s,
and finally 3.73% at 7 m/s for the third measurement. In addition, the
mean &, in the first, second, and third measurements were found to be
1.65%, 1.76%, and 2.15%, respectively. The average ¢, of all measure-
ments was 1.85%.

In addition to the analyzes made using Eq. (5), Eq. (6) was also
evaluated. For this purpose, the wind speed was calculated as
V= 0.17129f,+ 0.02029 according to the average frequency values
with R? = 0.9982.

The measurement process was repeated to evaluate the effect of
propeller size on the measurement, replacing the 5.5 cm diameter pro-
peller in FO-WSMS with another 3 cm diameter propeller. The purpose
of this is to show that different propeller sizes do not affect the measured
wind speed. For a constant wind speed, the larger diameter propeller has
a lower frequency, and the smaller diameter propeller has a higher
frequency. This will not cause a change in the measured wind speed.
Similar results will be obtained for propellers with different diameters
based on Eq. (5). Due to this hardware change, some software changes
have also been made. For each wind speed measurement, the signal to
the microcontroller was sampled with T = 2.5 ms. Thus, the sampling
frequency is f;= 400 Hz. The signals consist of 800 samples. A Welch
PSD of the signals was obtained using a segment length of 200 samples
and 100 overlapping samples with 800 discrete Fourier transform
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points. The obtained frequencies, wind speeds, and values of errors are
given in Table 3. Eq. (5) has been experimentally verified that the pro-
pellers with a lower diameter at constant wind speeds have a higher
frequency than those with larger ones.

As shown in Table 3, reasonable errors occur for the 3 cm diameter
propeller, like the 5.5 cm diameter propeller results. As shown from
Table 3, like the results for the 5.5 cm diameter propeller, reasonable
errors also occur for the 3 cm diameter propeller. Fig. 7 is given to show
this situation more clearly.

When all these experimental results were examined, lower error
values were obtained compared to the closest similar study in the
literature. In a similar study, mechanical transmission losses occur due
to the presence of mechanical parts, and this increases the error rate
[51]. Although there is no mechanical component in our study, the wind
is directly applied to the free rotating propeller.

Compared to other methods, the sensor’s usability in the wind speed
measurement is demonstrated due to its advantages such as technology,
cost, ease of manufacturing, EMI interference, ease of measurement, and
based on fiber optic. A comparison of the generally used methods was
made, as indicated in Table 4.

When the sensor setup is formed by reassembling the units such as
the propeller with a reflective surface and the POF coupler, the fre-
quency of the propeller rotating with the effect of the wind can be easily
and efficiently re-measured. Different propellers with 3 and 5.5 cm di-
ameters were used in the study, and it was shown that the obtained wind
speed was independent of the propeller’s diameter. The important point
is to know precisely the propeller’s diameter used in the setup. It also
doesn’t matter where the reflective surface is placed on the propeller.
The reflective surface and the coupler tip must be aligned. When these
simple conditions are met, different sensor setups can operate at the
same performance.

4. Conclusion

In this article, an optomechanical fiber anemometer based on Fresnel
reflection is designed and realized. Depending on the effective wind
speed, the rotating propeller’s frequency is measured with high accuracy
by a rotate per minute detection system. This measurement process is
based on the return of the light hitting the reflector on the propeller
surface to a fiber optic card with the help of an optical coupler, then
converting it into an electrical signal and transferring it to the micro-
controller chip (ATmega328P) and converting it into a digital signal by
processing in this chip. Then, the frequency of the digital signal is ob-
tained via a PC, and the wind speed is determined. When the multiple
measurement results are evaluated, the highest error value is 0.39 m/s,
and the highest percent relative error value is 3.73%. The mean error
value for all measurements was 0.16, and the mean percentage relative
error value was 1.85%. In addition, experiments were carried out for
propellers of different diameters to evaluate the propeller diameter ef-
fect. The results show that the proposed FO-WSMS is successful in wind
speed measurement. This system provides convenience to users in
challenging environmental conditions as it has the advantages of fiber
optics such as electromagnetic immunity, lightness, and low cost.

Table 4

Comparison of literature.
Technology Cost Ease of manufacturing EMI interference Ease of measurement Based on fiber optic References
Mechanical Medium Medium High High No [9]
Hot wire Medium Low High High No [10]
Ultrasonic High Low High High No [11]
Lidar High Low High High No [12]
FBG based High Low Low Medium Yes [25-39]
Fabry-P é rot interferometer High Low Low Medium Yes [41]
SMS-MMI reflective bend High Low Low Medium Yes [42]
Fiber optic curvature sensor Medium Low Low High Yes [51]
Fresnel reflection Low High Low High Yes This study
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