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A novel FBG velocimeter with wind speed and temper-
ature synchronous measurement
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Based on frequency demodulation method, a novel fiber Bragg grating (FBG) velocimeter which can achieve wind
speed and temperature synchronous measurement is proposed in this paper. The wind speed and temperature synchro-
nous measurement is realized by cup anemometer (CA) signal modulation and Hilbert-Huang transformation (HHT)
signal processing. The working principle of the novel FBG velocimeter is demonstrated and its theory calculation
model is also set up by using basic mechanical knowledge and blade element momentum (BEM). Further, calibration
experiment is carried out on one prototype of the FBG velocimeter to obtain its measurement performance. HHT is in-
troduced to deal with calibration experiment data. After data analyses, the results show that the novel FBG velocimter
can achieve high-precision wind speed measurement of 0.012 m/s with minimum detection limit of 0.41 m/s, and its

temperature detection precision is 10.6 pm/°C.
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Due to cost-related issue, dispatch planning and energy
market operation, wind speed measurement is particu-
larly important, especially in wind power generation in-
dustry!l. Currently, the most commonly used wind speed
measurement methods mainly include cup anemometer
(CA)A, pitot tube anemometer (PTA)E], hot wire/film
anemometer (HWFA)M, acoustic doppler velocimeter
(ADV)EL, laser doppler velocimeter (LDV)®, particle
image velocimeter (PIV)1 and so on. However, harsh
detection environment, such as high-low temperature and
radioactive exposure, limits the application of these ve-
locity detection methods. Due to its unique advantages,
such as immunity to electromagnetic interference, com-
pact size, resistance to corrosion, high sensitivity, long
distance sensing and so on, several fiber Bragg grating
(FBG) velometers have been reported®12, All these FBG
velometers are suitable for breeze measurement and have
certain application limitations in outdoor operation, es-
pecially in large scale wind generation industry.
According to the above statement and the application
environment of wind generation industry, a novel FBG
velocimeter which can achieve synchronous measure-
ment of wind speed and temperature is proposed in this
paper. The FBG velocimeter is made up of the core sen-
sitive element FBG, mechanical transition system, and
protective shell. The mechanical transition system, which
contains wind speed transfer element, strain modulation
element and triangular cantilever beam, can achieve the
modulation between wind speed and frequency of FBG
center wavelength shift. Based on the basic mechanical
knowledge and blade element momentum (BEM)X314],
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theory calculation model of the mechanical transition
system is set up. Further, calibration experiment is also
carried out on one prototype of the FBG velocimeter. To
obtain detection environment temperature besides wind
speed, HHT is introduced to deal with the experiment
data. After experiment data analysis, wind speed and
temperature detection accuracy of this FBG velocimeter
are 84.91 Hz/(m/s) and 10.6 pm/°C, respectively. The
results confirm that this FBG velocimeter can achieve
wind speed and temperature synchronous measurement,
and has practical application in wind generation industry.

The cutaway view and top view of the FBG velocime-
ter are shown in Fig.1. It is made up of the core sensitive
element FBG, mechanical transition system, and protec-
tive shell. The mechanical transition system, which con-
tains wind speed transfer element, strain modulation el-
ement and triangular cantilever beam, can achieve the
frequency modulation between wind speed and FBG
center wavelength shift. The working principle of the
mechanical transition system can be explained as fol-
lows.

Step 1: According to the BEM theory, wind speed
transfer element will be rotated by external wind speed.

Step 2: As the rotating force caused by wind speed
transfer element is greater than the alternating resistance
between strain modulation element and triangular canti-
lever beam, the strain modulation element will modulate
the variation frequency of cantilever beam. When the
rotating force equals the alternating resistance, the
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external wind speed is called the minimum detection
limit of the FBG velocimeter.

Step 3: As strain modulation element and triangular
cantilever beam are separated, the surface strain of the
cantilever beam is changed regularly. The surface strain
change leads to FBG wavelength shift.

Fiber tail hole
(a) Cutavway view

(b) Top view
Fig.1 Schematic of FBG velocimeter

As the external wind continues, the mechanical transi-
tion system repeats from step 1 to 3. Then, HHT is uti-
lized to obtain frequency and tendency signal of the
wavelength shift of FBG. Further, wind speed and tem-
perature can be obtained through the inversion of fre-
quency and tendency signal.

Assuming that the external wind speed is V, the rotating
force F on the wind speed transfer element can be expressed as

F=pSer(V-V')? , @
where p is the air density, V' is the wind speed after the

velocimeter, and Set represents the effective area of the
cup included in the wind transfer element as
Seﬁ:2nrc2 , (2)

where r¢ is the radius of the cup. Assuming that the in-
terleaving length between strain modulation element and
triangular cantilever beam is x, the alternating resistance
Fa can be expressed as

F.={ERW[L?>—(L—x)?]*?}/6L® , (3)
where E, L, h and W are the elastic modulus, length,
thickness and width at the fixed end of the cantilever
beam, respectively.

As the rotating force F equals the alternating resistance
Fa which means V' is zero, the minimum detection limit
of the FBG velocimeter Vmin can be expressed as
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Vmin={ER®W[L?—(L—X)?]/2/6pSesrL3}*2. (4)
The relationship between the rotating frequency of the
strain modulation element fy, and the frequency of FBG
wavelength shift f; is

f=N-fm , (5)
where N represents the number of teeth of the strain
modulation element.

The wind speed transfer element and the strain modu-
lation element are with coaxial connection. So, their ro-
tating frequencies have the same value. Further, the
measured wind speed V can be expressed as

V=R¢fn/(2m), (6)
where Rc represents the length between the center of the
cup and the axis of the wind speed transfer element.

After HHT analyses, wavelength shifts of FBG rgc
can be expressed as

Arec=At+Ci, i=1,2..n , )
where A and ¢; stand for tendency signal and intrinsic mode
function of the FBG wavelength shift signal. The tendency
signal is utilized to obtain the testing environment tempera-
ture and their relationship can be expressed ast™

(A8)! Ag = (a+EAT, (8)
where o is the thermal expansion coefficient, ¢ is ther-
mo-optic coefficient of FBG, g is initial center wave-
length of FBG, and AT represents the testing environment
temperature variation.

To verify its measurement performance, one prototype of
this FBG velocimeter is designed and manufactured. Main
material of the protective shell is stainless steel. To reduce the
influence of friction force caused by weights of wind speed
transfer element and strain modulation element, their materi-
als are both polyvinyl chloride. Based on its outstanding me-
chanical properties, low weight and corrosion resistance!®l,
carbon fiber composite board is chosen as the material of
triangular cantilever beam. The core sensitive element FBG is
adhered on the front surface of the triangular cantilever beam.
Basic geometrical parameters of this prototype are shown in
Tab.1.

Tab.1 Geometrical parameters of the FBG velocimeter
prototype

Symbol Parameter Value
E Elasticity modulus 1.65x10° MPa
| Length of triangular cantilever beam 15x10%m
w Width of fixed end 10x10° m
h Height of triangular cantilever beam 0.3x10°m
p Density of the air 1.29 kg/m?®
X Interleaving length 0.5x10°m
re The radius of the cup 15103 m
N The number of teeth 60
Length between the center of the cup and
R . 25x10° m
the axis

g Initial center wavelength 1545.956 9 nm
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Fig.2 shows the schematic of the calibration experi-
ment platform. Sense 20/20 (demodulation wavelength
range 1 525—1 565 nm with precision of 1 pm) is cho-
sen as the optical fiber interrogator in the platform. Its
detection frequency range is 0—5 kHz and frequency
demodulation precision is 1 Hz.

Fig.2 Schematic of the calibration experiment plat-
form

At the beginning of the calibration experiment, the
cup in the FBG velocimeter is kept still and personal
computer acquires FBG center wavelength for almost
10 min. Mean value of the acquired data is chosen as the
initial center wavelength Ag. In the whole process of the
calibration experiment, the airflow velocity in the wind
tunnel is controlled to change in the range 0—15 m/s and
the wind tunnel is placed in the room environment. Fig.3
shows the amplitude-frequency curves of the FBG
wavelength signals corresponding to the airflow veloci-
ties of 5 m/s and 10 m/s.
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Fig.3 Calibration experiment data
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Signal to noise ratio (SNR) of the frequency amplitude
curve of the FBG wavelength shift increases with the
airflow velocity. Fig.4 shows the extracted frequency
signal as a function of the airflow velocity.
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Fig.4 Extracted frequency signal versus applied air-
flow velocity

By using the least square method, the fitting curve
between extracted frequency signal fr and airflow veloc-
ity V can be expressed as

fi=84.91-f—34.875, R?=0.92, 9)

where R? represents the linearity of the fitting curve. As
its value is closer to 1, the linearity is better. According
to the fitting curve, the wind speed detection sensitivity
of the FBG velocimeter is 84.91 Hz/(m/s). So, its detec-
tion precision is 0.012 m/s due to the frequency demod-
ulation precision of the fiber interrogator is 1 Hz. After
calibration data analyses, the minimum detection limit of
the FBG velocimeter is 0.41 m/s which is bigger than its
theory calculation value 0.21 m/s. This phenomenon is
mainly caused by the friction force between the wind
speed transfer element and the protective shell. In con-
clusion, the FBG velocimeter can achieve high precision
wind speed measurement with detection precision of
0.012 m/s and minimum detection limit of 0.41 m/s.

The airflow velocity in the wind tunnel is fixed at
5 m/s and the calibration experiment of testing environ-
ment temperature is carried out by changing the temper-
ature of input airflow. In this experiment, the airflow
temperature is changed from 20 °C to 50 °C with an in-
terval of 5 °C. HHT! is introduced to extract tendency
signal of the calibration experiment data and further ob-
tain the testing environment temperature. The calibration
experiment data corresponding to airflow temperature of
35 °C is chosen as the sample data to explain the HHT
data processing, just as shown in Fig.5.

Tendency signal of the sample data only has a small
decrease during the data sampling. This may be caused
by the influence of the airflow velocity. After using the
same data processing to analyze the experiment data and
choosing the mean of tendency signal as the temperature
corresponding data, Tab.2 shows the FBG wavelength
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data with different external temperatures.
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Fig.5 Calibration experiment data processed by HHT

Tab.2 FBG wavelength data versus external tempera-
ture

Temperature (°C) FBG wavelength (nm)

20 15457915
25 1545.846 9
30 1545.902 4
35 1545.9579
40 1546.014 4
45 1546.068 9
50 1546.1154

The least square method is introduced to obtain the fit-
ting curve between FBG wavelength Ag and temperature
T, which can be expressed as

Jg =0.010 6-T+1 545.6, R?=0.94. (10)

Therefore, the measurement sensitivity of the testing
environment temperature of the FBG velocimeter is
10.6 pm/°C with good linearity. Based on the above data
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analyses, the FBG velocimeter proposed in this paper can
achieve high-precision synchronous measurement of
wind speed and environment temperature.
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