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Abstract: Fiber optic pressure sensors utilizing ultra-high sensitive fiber loop ringdown (FLRD) spectroscopy were
fabricated using a bare single mode fiber. The fiber optic pressure sensors were applied to monitor pressure change on
a plastic pipe embedded into a sea sand filled container in laboratory conditions to simulate a tower. As the pressure
applied to the sensor head was changed from 66.4 kPa to 331.6 kPa, changes in the ringdown time (RDT) were recorded.
The lowest baseline stability of 0.20% was obtained in these simple FLRD pressure sensors. The minimum detectable
optical loss was 992 µdB. The results showed that FLRD pressure sensors tested by applying to a pipe embedded into
sea sand simulating a tower are highly sensitive and have high potential to be applicable for monitoring wind turbine
components such as blades and towers in the sea or on land to determine the pressure on structures due to damage,
excessive waves, or strong winds. The study also suggests that this type of FLRD pressure sensor can be utilized for the
purpose of early detection in other important structures such as dams, buildings, and bridges.
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1. Introduction
Renewable energy sources have been focused on due to the high demand for clean energy and the growing energy
crisis. One of the most important renewable energy sources is wind energy and many countries all around the
world are expected to increase wind turbines owing to their being a cost-effective energy production system.
Among several obstacles, the maintenance and repair of wind turbines are a challenge because of their setup
locations such as on mountains and in rough seas. Therefore, remote control and continuous monitoring is highly
important for early detection and reduction of the overall cost. One promising candidate is fiber-based sensors
as fairly cheap monitoring systems. Fiber optic sensors have widespread application fields because of their high
sensitivity, light weight, minimized volume, low optical loss, immunity to interference from electromagnetic
radiation, and long-range applications/remote sensing. Fiber loop ringdown spectroscopy (FLRDS) is a versatile
fiber optic measuring technique based on cavity ringdown spectroscopy (CRDS). Since an empty air gap between
two reflective mirrors called the cavity length is employed as a waveguide for the laser beam in CRDS, a part
of a fiber optic loop is utilized as the cavity in FLRDS. Similar to CRDS, the high interaction rate of the beam
with the sample yields enhanced measurement sensitivity in FLRDS. FLRDS has been applied in many areas to
measure several parameters such as refractive indexes [1–4], strain [5–7], pressure[8–11], temperature [11, 12],
chemical trace detection [13–15], and biologic species [16, 17]. Pressure sensors are the fiber optic sensors used
most for continuous monitoring of an important parameter, loading limit, which reasonably causes structure
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deformation. Hence, to take advantage of early detection to minimize the failure ratio in wind turbines, fiber
optic pressure sensors were utilized for monitoring. Wind turbines can be separated into two parts: i) the
head carrying the blades and ii) the turbine nacelle and the tower. While the tower supports the nacelle and
the head and allows access to optimum wind resources, the blades in the heads transfer horizontal wind force
into rotational force to drive the turbine’s generator. Since blades have a crucial role in wind turbines, their
properties such as length and geometry versus their bending stiffness are analyzed in many studies using fiber
optic sensors [18–22]. On the other hand, strain monitoring of the towers of wind turbines was carried out
in few studies by utilizing fiber Bragg grating (FBG) sensor systems [23, 24]. Monitoring parameters on the
tower part such as stress, pressure, bending, and corrosion is as crucial as monitoring the blades’ or nacelle
parts’ parameters. Types of damage that commonly occur in wind turbines were summarized in good reviews
previously [19, 25, 26]. Possible types of wind turbine damage in both the blades and tower components are
emphasized as bending, corrosion, and cracks. Blade and tower component failure rates per hour are given as
1.116× 10−5 and 1.0× 10−7 , respectively [25]. Another review reports the proportion of blade failure as 34%
of the total failure so that blade cost makes up 30% of the total cost [27]. Even though the tower component
failure rate is lower, the early detection of bending in the tower part would be life saving. The turbine dynamics
would be affected when the blades were bent and hence the total amount of generated energy would fall over
a long period. Among the tower monitoring studies, Bang et al. studied strain measurement and bending of a
tower of a wind turbine by utilizing an FBG-based sensor system [24]. In the present study, measurements at
different points along a single sensor line were obtained and a displacement strain transformation matrix by the
model approach to estimate tower deflection was determined. Mieloszyk et al. presented a study on monitoring
of a model offshore water turbine structure by installing FBG strain sensors on the underwater part of the
turbine [28]. Artificial waves and blade rotating effect of wind blowing at different velocities were simulated.
Strain data from damaged and undamaged structures were collected and structure conditions were analyzed
by data comparisons. For blade monitoring, Lee et al. presented a system for monitoring deflection in blades
of wind turbines depending on analyses employing a network system that includes a strain sensor [20]. They
detected signals due to strain by using strain gauges on the blade of a 300-W scale wind turbine. Coscetta et
al. utilized a Brillouin-based distributed fiber optic strain sensor for blade monitoring [18]. Since they obtained
static and dynamic strain data at different positions of a 14-m blade, static strain data were recorded by adding
50-kg weights. When the FLRD pressure sensor utilized in the present study is compared with its counterparts,
the FLRD strain sensor offers easy setup, lower cost, basic system components, small size, portable sensor
networking, and enhanced sensitivity. In the present study, part of a single mode fiber was utilized to create
pressure sensors for the modeled wind turbine tower in laboratory conditions. The fiber was wrapped around a
plastic pipe by crossing at each 2.0 cm on the across sides halfway through the pipe and was embedded into a
cube filled with sea sand. By manually creating pressures on the pipe, changes in ringdown time were recorded.
Obtained results showed that single mode fiber optic sensors with FLRD spectroscopy technique offers low cost,
fast real-time response, longtime monitoring, high sensitivity and simple setup and can be used for the purpose
of early detection to monitor changing pressure on the wind turbine due to excessive wind, bending or damage.

2. Materials and methods
2.1. The FLRD system

The setup of the FLRD spectroscopy system consists of 4-ns pulsed, 1535-nm central wavelength laser source
(Cobolt Tango), a fiber loop designed with single mode fiber (SMF28 , Thorlabs Inc.) (35.00 ± 0.15 m),
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a collimator, an isolator (Lightel), a 99:1 coupler, a photodetector (EOT 3010 , DET08CFC, Electro-Optics
Technol.), and an oscilloscope (Tektronix, MSO 4104). The properties of the laser and FLRD setup were
explained in detail in our previous work [6].

The FLRD system presents the decay of the traveling light inside the fiber loop since the system has in-
ternal losses due to system components and external losses due to scattering/absorption and/or strain/pressure.
The fiber loop ringdown time (RDT, τ0 ) with no pressure on the sensor is correlated with the intrinsic, isola-
tor/coupler, and splice losses. Each set of data is recorded with the average of 512 on a 50.0Ω oscilloscope.
To optimize the FLRD system, the oscilloscope’s parameters were adjusted to eliminate its impact on the noise
of the system. An FLRD system setup is presented in Figure 1 . The measurement system was composed of
a FLRD setup, a plastic pipe, and a box filled with sea sand. The sensor region was created by wrapping the
bare single mode fiber around the plastic pipe by crossing at each 2.00 cm up to half of its length. The plastic
pipe was 4.00 cm in diameter and 42.0 cm in length. The cross points were reciprocally placed and strongly
glued to eliminate sliding and loosening. Subsequently, half of the pipe was embedded into the cube filled with
the sea sand. The manual forces were applied with the weights loaded on the pan. This created pressure on the
cross points and resulted in increased optical loss and decreased RDT.

Computer
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Fiber Loop
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Coupler 99:1

Isolator 99:1
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Weight
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Figure 1. FLRD pressure sensor setup (front view with applied weights).

2.2. Working principles

Only a small part of a laser beam can be coupled into a fiber loop. Once it is transferred into the loop, the laser
beam turns several round trips inside the loop until it vanishes because of optical losses at every single round.
Meantime, a very small part from the coupled beam in the loop is sent to a photodetector. Relative to initial
light intensity I0 , intensity of the pulse I varies in the loop due to losses according to Equation (1):

I = I0e
−(Act/nL), (1)

where A is total light transmission loss at each round, c is the speed of light, n is the mean refractive
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index of the medium (fiber), and L is the length of the loop. The time for decreasing intensity from I0 to I0/e

is called the RDT, τ0 , and is written as

τ0 =
nL

cA
(2)

Whenever an external activity is applied to the sensorhead, i.e. pressure, it creates an extra optical loss,
B , resulting in a difference in RDT, τ . The additional optical loss B can be expressed as

B =
nL

c
(
1

τ
− 1

τ0
) (3)

Optical loss can be related to applied pressure by [9, 29]

(
1

τ
− 1

τ0
) = (

c

nL
)B = (

cγlS

nL
)P = αP, (4)

where γ is the loss coefficient due to pressure, l is the fiber length directly in contact with the applied
force, S is the interaction area, and α is a constant equal to cγlS/nL .

The obtained minimum optical loss can be obtained by

Bmin = (
tr
τ0

)(
σ

τave
) = (

1

m
)(

σ

τave
), (5)

where tr is the time for the laser beam to take a round trip through the fiber loop, σ is the standard
deviation, m is the round number, and σ/τave is the stability of the baseline. The minimum measurable RDT,
τmin , can be obtained by utilizing the stability of the baseline and the loop RDT in air (τ0 ). In the present
study, the round trip time of a 35.00 ± 0.15 m fiber loop was calculated as 151.8 ns and the number of rounds
was obtained as 5 . Additional details for the stability of the baseline can be obtained in the literature [29–33].

3. Results and discussion
Baseline stability is an important parameter to check signal stability showing minimum detectable optical loss
[6]. In Figure 2 the stability of the FLRD pressure sensors is presented. Calculation by considering an average
RDT of 773 ns over 150 data yields a very good baseline stability (σ/τave ) of 0.20% for the pressure sensor of
150 cm sensor head.

Figure 3 shows various data sets of RDT versus applied weight. Each data set was collected from the
same sensor setup with a 35.00 ± 0.15 m fiber loop, but in each experiment the sensor head was replaced
due to breakage and hence each setup had small differences because of cut and spliced fiber. Manually added
weights created a force on the pipe (and slight additional noises), but it will be doubled on the sensor head
because the force was applied from the top of the pipe and the sensor head was placed on the bottom half of
the pipe embedded into the sea sand filled cube. Increasing force increased the pressure on the sensor head
and resulted in increased optical loss; therefore the RDT decreased gradually as presented in Figures 3a–3c.
Figure 3d represents the estimated loss produced by applied force on the pipe. Comparison of Figures 3a–3c
with Figure 3d shows that when RDT decreases in the loop the optical loss increases. As shown in Figure 3d,
by increasing applied pressure, an additional optical loss is created on the sensor head region, which causes a
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Figure 2. Baseline stability of the FLRD pressure sensor.

decrease in RDT as seen in Figures 3a–3c. Sensor heads might be broken by further applied force because the
signal observed in the oscilloscope was lost and became undetectable.

After being embedded into the sea sand the average RDT of the sensor with no pressure on the sensor
head was 306.07 ns (Figure 3 a). When 1.33 N force was applied, the RDT was averaged as 304.76 ns. The
calculated optical loss between these two numbers was 2.14 mdB, which is much higher than the minimum
optical loss of 992 µdB calculated using Equation (5). The results show that an optical loss higher than 992

µdB can be measured with the sensor setup. On the other hand, the minimum measurable optical loss with
the next sensor setup was calculated as 1.01 mdB. The small change in minimum measurable optical losses
of sensor setups can be attributed to changed RDT values due to several cut–splice processes. The average
RDT of the sensor was 300.82 ns when the pressure on the sensor head was zero (Figure 3b). Once a force of
3.22 N was applied to the sensor head, the average RDT of the loop was decreased to 299.25 ns, creating an
optical loss of 2.66 mdB. Created optical loss was higher than the minimum detectable optical loss, 1.01 mdB.
The average RDT of the third sensor setup was 305.50 ns when no pressure was applied to the sensor head
(Figure 3c). The minimum detectable loss of this setup was calculated as 994 µdB. When 1.33 N force was
applied to the sensor head, the average RDT was recorded as 305.03 ns, resulting in an optical loss of 765 µdB.
Unfortunately, this optical loss cannot be differentiated by this sensor setup. The next applied force of 2.66 N
decreased the average RDT to 303.63 ns. The optical loss created due to additional applied forces of 1.33 N
was calculated as 2.28 mdB, which is higher than the minimum measurable loss. The rest of the step by step
RDT changes in the three different sensor setups with the further applied pressure were measured distinctively.
Estimated losses were calculated for each step and plotted versus applied force as shown in Figure 3d. All three
trends of the fits are in good agreement with Figures 3a–3c because decreasing RDT refers to increasing optical
loss. The lowest and the highest average pressures on the pipe are 204.6 Pa and 1.02 kPa, respectively. By
considering the total area of cross points of the sensor head as 80 µm2 [9], the lowest and highest average
pressures on the sensor head are calculated as 66.4 kPa and 331.6 kPa, respectively. To date, numerous studies
have focused on monitoring wind turbine blades by employing fiber optic sensors [18–22]. Very few studies were
carried out on strain/pressure/bending measurements of wind turbines. Among all, Bang et al. [24] measured
−10.5 MPa to 31.5 MPa pressures on a 70-m height wind turbine tower using an FBG interrogator. In other
work, Benedetti et al. [34] presented a study on the possibility of employing strain sensors to reveal cracks in
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Figure 3. a), b), c) Variation in RDT with applied pressure for three different sensor setups and d) their correlation of
estimated loss versus applied pressures.

wind turbine tower structures. From their theoretical calculation, 77.1 kPa pressure per unit area is obtained.
Cracks can be created by excessive force applied to the structure. Sensing lower pressure values may supply
foreknowledge and time to intervene before structural damage occurs. Therefore, fabricated FLRD pressure
sensors in the present work may be applied for early detection. This kind of FLRD pressure sensor developed
in our study offers a simpler design, lower cost, basic system components, and higher sensitivity. Hence, FLRD
pressure sensors can be applied for the early detection of any type of damage, such as cracks, bending, and
corrosion, for not only wind turbine towers but also wind turbine blades.

4. Conclusions
FLRD pressure sensors were fabricated by using a bare single mode fiber. Pressure sensors with the FLRD
technique have extraordinary features such as low cost, high sensitivity, easy setup, light weight, simple design,
and portability. Sensors were wrapped around a plastic pipe and then embedded into sea sand in laboratory
conditions. Pressure sensors were created with very low baseline stability of 0.20%. The lowest detectable
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loss by this kind of pressure sensor was calculated as 992 µdB. From the laboratory simulated experiment
results, simple setup and low cost fiber optic pressure sensors with FLRD spectroscopy have high potential to
be applied for wind turbines both embedded into the seabed to obtain the pressure ratio on the turbine’s crucial
components such as the tower and blades due to bending/pressure and built on land to monitor the change in
the structural pressure of the components due to excessive wind and bending. Hence, FLRD pressure sensors
can be utilized for the purpose of early detection to restore ruined or damaged parts of not only wind turbines
but also other structures such as dams, buildings, and bridges. Furthermore, for upcoming research, because of
their considerable advantages, FLRD sensors can be multiplexed by connecting in series or parallel to create a
sensor network system for monitoring various parameters simultaneously for structural health monitoring.
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