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ind energy as a renewable energy source has
gained in popularity in recent years as a via-
ble means to replacing fossil fuels [1]. Wind
turbines form extremely sophisticated systems, operating
under extreme and time-varying loads of polymorphic na-
ture (e.g., wind, waves) and under adverse environments
(highly varying temperatures and icing conditions). This im-
plies that beyond the operation of mechanical components
such as the gearbox, the robustness and resilience of structural
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components are of the essence but certainly overlooked so
far in terms of monitoring. The operation of wind turbines
relies on the use of supervisory control and data acquisi-
tion (SCADA) systems for their monitoring and control [2].
These systems typically measure operational quantities in and
around the nacelle [3], such as wind speed and direction, gen-
erator temperature, as well as the generated power [4], and are
provided as ten-minute averages. Currently, no standard mon-
itoring solution exists that can be easily integrated to assess
the performance of critical structural components, such as the
blades (e.g., its aerodynamics) [5]. However, the need for this is
becoming increasingly important as wind turbine dimensions
rapidly increase and blades become more flexible [1]. Such in-
tegrated monitoring systems would need to withstand harsh
weather and operational conditions on a blade, which is a non-
trivial task. This makes published measurements on operating
rotor blades in real conditions extremely rare [6]. However, re-
cent advances in electronics, wireless communications, and
micro-electromechanical systems (MEMS) have enabled the
acquisition of data directly on the blade, in a cost-effective and
energy-efficient way [7].

This work presents the design, implementation, and field
evaluation of an accurate and cost-effective aerodynamic and
acoustic wireless measurement system for the next generation
of wind turbine monitoring devices, which are thin, non-intru-
sive, easy to install, low power, and self-sustaining, having the
potential to guarantee years of wind turbine operation with
minimal maintenance. The proposed system, named Aerosense
(Fig. 1), features multiple sensor nodes, comprising pressure
and acoustic MEMS sensors, an inertial measurement unit
(IMU), and edge computing solutions powered by photovoltaic
energy harvesting, combined with a base station and a digital
twin system. Aerosense uses Bluetooth Low Energy 5.1 (BLE)
for wireless communication, automatically transmitting the
data to a digital twin server on the cloud, where itis aggregated,
stored and analyzed together with external incoming informa-
tion, such as weather conditions, and measurements from other
acquisition systems. After an extensive lab characterization,
Aerosense has been demonstrated through experimental eval-
uation in the field to be suitable for installation on wind turbine
blades ranging in size from a few to hundreds of meters, with a
modular sensor unit that includes up to 40 barometers, 10 mi-
crophones, and five differential pressure sensors (Fig. 2).
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Fig. 1. Aerosense system overview. The sensor nodes can be installed in different configurations, i.e., on a wind farm on multiple turbines, or on a single blade to
gather synchronized data from a large blade chord up to several meters.
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Fig. 2. Block diagram of the Aerosense sensor node. The hardware is composed of five parts, one main board made of a rigid board, three flexible 0.2 mm thin
boards to support MEMS sensors, and a flexible energy harvesting circuit composed by a solar panel.

The digital twin exploits this data to infer critical per-
formance quantities in operation, such as the local angle of
attack, local airflow condition over airfoil sections, blade sur-
face damage and structural deformation. Critical phenomena,
such as wear and performance under extreme loads, can be
monitored and deciphered for improving future design and
operation. Aerosense enables continuous automatic diagnos-
tics, providing early detection and classification of local blade
surface damage or structural deterioration, reducing operat-
ing costs and increasing revenue by supporting decisions on
operation and maintenance. Finally, acoustic measurements
can help improve design and operation to reduce acoustic dis-
turbances. Aerosense advocates the adoption of advanced
sensors and electronics for blade monitoring, coupled with a
digital twin platform, in support of sustainable and reliable
wind energy solutions.

Aerodynamic and Acoustic Field
Measurements

The increased demand in energy production requires an in-
crease in the power produced per wind turbine for these
solutions to remain attractive and efficient [8]. The power pro-
duced is computed as:

P= %pCPﬁRZV3
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where P is the instantaneous power produced, p is the air den-
sity, Cp is the power coefficient (the efficiency of the power
conversion), R is the radius of the wind turbine rotor, and V' is
the free-stream air velocity. For the same size, offshore wind
turbines can produce more power than onshore wind turbines,
as wind speed (V) is more constant and higher at sea. Longer
blades also contribute to more energy production. A wind tur-
bine with 100 m long blades produces the same power as two
wind turbines with the same efficiency but with 70 m long
blades (the R? term). For the same amount of power, one larger
wind turbine would therefore use less material, fewer moving
parts (hence more reliability), and fewer turbine installations
than two smaller wind turbines, thereby reducing the con-
struction and operational cost. Finally, better wind turbine
performance (the Cp term) further requires optimized blade
designs with complex airfoil sections along the blade and in-
creased structural flexibility.

Engineering such long and flexible blades requires ex-
perimental validation of their performance in the field.
Aerodynamic field measurements are used during the de-
sign and prototyping phases but are also helpful during
operation for monitoring purposes. The increased structural
flexibility of the blades has reignited concerns related to aero-
elastic instabilities. The techniques traditionally used for wind
turbine monitoring are vibration-based or strain-based mea-
surements installed on the tower or at the root of the blades.
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However, they do not directly capture the aerodynamic per-
formance essential for aeroelastic instabilities, whereas local
measurements on the blade measuring the aerodynamic forces
can further enable tracking of deterioration and furnish di-
agnostics to prevent failures and long repairs. Monitoring
through novel sensing solutions can facilitate decisions to sup-
port shorter downtime and optimized maintenance schemes,
which eventually lower the cost of energy, especially for wind
turbines installed in remote and offshore locations. Moreover,
extracting information from several wind turbines within a
farm can support the design and operation to increase effi-
ciency at the farm level.

The extraction of aerodynamic data is further informative
on the condition of blade components. The state-of-the-art
aerodynamic measurement systems installed on rotor blades
in real conditions employ high-quality and costly sensors,
with pressure taps and long tubes, and/or optical fibers run-
ning inside the blade [9]. These measurement campaigns have
demonstrated the potential value of local aerodynamic mea-
surements on the rotor blade but are limited by the complexity
and the cost of such embedded sensor systems, which are not
viable for cost-effective prototyping and monitoring system
in the industry. If aerodynamic measurements are to be useful
and viable in the industry, they can only be accomplished via
robust and cost-effective measurement systems that are easily
installed on the blades.

Aerosense System Architecture and
Low-power SCADA Sensor Node

In this work we focus on a sensing system for addressing the
needs for cost-effective wind turbine monitoring and data
analysis solutions, which can offer insights into the complex
aerodynamic and acoustic behavior of large, flexible blades.
The incoming flow transports turbulent structures of different
scales spatially and temporally, resulting in complex aero-
dynamic load fluctuations that are difficult to simulate and
therefore require validation in the field.

The Aerosense system (Fig. 1) is designed to collect aero-
dynamic and acoustic data directly on operating wind
turbine blades. The system includes three main compo-
nents: a versatile, self-sustaining, and scalable sensor node;
a local BLE gateway connected with the internet; and a re-
mote digital twin application running on a cloud server.
These three main blocks are specifically designed to ful-
fil the Aerosense project scope, enabling high precision
measurements and automated data analysis and system
modeling using advanced machine learning techniques,
such as graph neural networks (GNN). Moreover, all com-
ponents are optimized to be cost-effective, ultra-low power
and robust, to enable long-term and continuous monitor-
ing in harsh environments, such as in the presence of ice or
strong solar irradiation.
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The digital twin is a crucial component of the project, as it
enables the utilization of measurement data to provide added
value to the system users. As depicted in Fig. 1, the digital
twin encompasses the following elements: a data pre-pro-
cessor responsible for collecting, timestamping, cleaning,
correcting, calibrating and storing measurement data as well
as external information (such as SCADA acquisition and meta-
data) in a database; inverse problem solvers utilized to infer
quantities such as the angle of attack, full flow field recon-
struction, and leading edge erosion class, through the use of
trained machine learning models; and forward problem solv-
ers employed to predict non-measured quantities such as
structural deformation of the blade through the application
of fluid-structure-interaction simulations; data analysis algo-
rithms, including a post-processor, which computes derived
quantities such as lift and drag coefficients; and dashboards
employed to display and provide access to the results with an
user-friendly interface.

To gather data from low-power devices, working as a lo-
cal computing support and as a protocol bridge, a custom
base station was designed. It supports the local BLE wire-
less link and the time synchronization among devices and
provides a local storage buffer in case of internet connection
drops. Moreover, the base station is the local coordinator of the
measurement system, and triggers the sensor node working
modalities based on a device-specific configuration file that is
automatically downloaded from the server (digital twin) once
a stable internet connection is available. The acquisition inter-
val can be programmed, while it is further possible to decide
on the set of devices and specific sensors to be activated and
modified in runtime, between measurement sequences. As
shown in Fig. 1, three sensors installed on a single blade can
be synchronously activated, with a timestamp accuracy down
to 100 us, independently from other turbines, allowing for
user-activation upon request for the entirety or a subset of in-
stalled sensors; for example, barometers, differential pressure
sensors, and microphones can be controlled and activated / de-
activated individually on each sensor node. On the other side,
asingle sensor node can be mounted on a wind turbine, or con-
sidering another possible installation setting, the Aerosense
system can cover all the blades of a turbine tower.

The sensor node hardware schematic is presented in
Fig. 2. It comprises five blocks, one main rigid board (gray
background), three flexible 0.2 mm thin printed circuit boards
(PCB) to support a heterogeneous set of MEMS sensors, and a
flexible energy harvesting circuit composed by a solar panel.
The core of the system relies on a System on Chip (SoC) from
Texas Instruments including three microprocessors, one ARM
Cortex MO fully dedicated to the BLE protocol, one 8-bit core
to support digital sensors, and a Cortex M4 as main coordina-
tor and to support on board processing. The CC2553P SoC is
coupled with a non-volatile memory of 512 MB, used as a data
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buffer to temporarily store samples and as internal pool for lo-
cal processing and data analysis. On the same 0.8 mm rigid
PCB, two analog to digital converters (ADC) (ADS131MO06)
are included to support high speed analog sensors, such as
microphones. Moreover, an internal 6-axes (3D accelerome-
ter and gyroscope) IMU sampled at 100 Hz complete the main
board together with a power optimized clustered power sup-
ply management. The energy harvesting circuit, placed on a
separate block, includes a 360 mW flexible solar panel with a
dimension of 7 x 15 cm. A Lithium battery of 1.85 Whis used as
energy buffer, capable of supplying the sensor node for a mini-
mum of 6.5 days in normal operational conditions.

The three sensor PCBs are designed to be flexible and ro-
bust to the elements, mounted on a 0.2 mm substrate, are
incapsulated on a 3D-printed waterproof enclosure, which
provide low aerodynamic impact with a maximum thickness
of 4 mm. The 40 supported barometers are the ST LPS27HHW.
This commercial and cost-effective sensor is the best-perform-
ing water-resistant MEMS on the market, and it also includes a
temperature sensor to enable custom and on-site calibrations.
The LPS27HHW is an ultra-compact piezoresistive barometer.
It can measure from 260 to 1260 hPa absolute pressure range,
with a relative/absolute accuracy of +2.5/+100 Pa, configured
with a sampling rate of 100 Hz. Aerosense further supports
five differential pressure sensors, allowing for true-differential
measurements and in-situ calibrations. The Pewatron 52-se-
ries was selected due to its good accuracy and stability, +0.5 of
the full scale. Moreover, it offers a compact solution with only
3 mm thickness and a multi-order compensation for offset
correction, sensitivity, thermal error and a non-linearity cor-
rection algorithm. The sampling rate is hard-coded at 1 kHz
with 16-bits resolution. Lastly, an array of 10 MEMS micro-
phones is realized using the Vesper VM2020, selected due to its
low power consumption, only 446 yW, and an acoustic over-
load point of 152 dBm that prevents the microphone saturation
in case of strong wind blowing directly on the sensing element.
Each microphone is sampled at 16 kHz with a resolution of 24
bit, generating a data-flow of 3.8 Mbps. Technical details re-
garding the sensor requirements, geometrical characteristics,
metrological characterizations, and calibration have been in-
vestigated in previous works [7], [10].

The power consumption at different operational settings
has been experimentally measured to estimate the Aerosense
battery lifetime [7]. We consider a 10-minute sampling inter-
val with a period of 120 minutes, for a corresponding duty
cycle of 8.3%. The system energy was measured outdoors at
various distances from the base station, ranging from 25 to
438 m. In these conditions, the power consumption during
operations can vary between 120 mW to 230 mW depending
on the distance between the base station and the sensor (vari-
able due to the intrinsic sinusoidal blade altitude oscillation).
The main contribution is given by the BLE, the barometers
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that need up to 65 mW, microphones (32 mW including the
analog to digital conversion and the non-volatile memory),
and the CC2553P SoC (18 mW). From our measurements, the
average power consumption in active mode is 142 mW, while
considering a 8.3% duty cycle and a micro-W power con-
sumption in sleep mode, and the sensor node power stands
at 12 mW in average.

Field Demonstration of the
Measurement System

The system has been evaluated on an Aventa AV-7 wind tur-
bine, which has a rated power of 6.5 kW and blade length of
6.5 m. The Aerosense system was tested and improved during
two measurement campaigns with harsh weather conditions:
a first one with microphones and absolute pressure sensors
during the summer, with storms and air temperature reaching
40 °C, and a second one with the differential pressure sensors
and the absolute pressure sensors during winter, with snow
and temperature below -5 °C (Fig. 3a). The Aerosense system
was able to acquire field data from an operating wind turbine
during a period of more than 30 days in variable and harsh
weather conditions. Following this period, the node was re-
moved for maintenance and upgrading. It was installed in
a couple of hours, including the cleaning of the blade, the
positioning of the sensors and the filming of the system to de-
termine the position of the sensors.

The quick installation was made possible thanks to the 3D-
printed enclosure which includes a robust adhesive tape that is
dedicated for wind turbine blades. After the installation of the
different parts and the protection of the cables (Fig. 3b), pho-
tos of the Aerosense sensor node were taken and were used to
reconstruct the 3D shape of the blade section with the sensor
node using photogrammetry (Fig. 3c) [11]. Based on known
distances on the enclosures and the blade, the average error
was estimated at less than 0.5 mm. With the exact positions of
the sensors, it is then possible to quantify the motions of the
blade and integrate the pressure along the blade section to
measure the aerodynamic force.

To obtain accurate results, pressure measurements were
corrected using the IMU measurements, to remove the influ-
ence of the hydrostatic pressure (due to the difference of height
during a blade rotation) and of the accelerations of the blades.
Moreover, the inertial data was subsequently used to infer the
local angular position of the blade, or to detect steady states
with absence of wind.

Fig. 4 shows the time-resolved measurements collected in
December, 2022 during an acquisition window of 10s. Itis pos-
sible to see the oscillations due to blade rotation, in this case at
a rotational speed of 54 rpm. The oscillatory part is generated
by the gravitational force, with the sensor pointing upwards
or downwards depending on the blade position. On the other
hand, the constant component is given by the centripetal
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intrinsic redundancy in
the transmitted data. This
peculiarity opens several

possibilities for future re-
search directions, such as
onboard data compression
to decrease the wireless

transmission energy or the
possibility of interpolating
measurements in case of
unstable or malfunctioning
barometers.
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Fig. 3. Real installation during winter. (a) The Aerosense prototype was installed on the blade of a 6kW wind turbine.
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(b) The sensor node was installed on the blade. The bottom sensor strip comprises an array of 40 barometers, the top one

contains the main sensor with the flexible solar panel and the battery, and the middle section encapsulates five differential
pressure sensors. (c) The sensor node was decorated with white lines to ease the photogrammetry process and retrieve the
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Fig. 4. Time resolved measurements extracted from the BigQuery database. (a) Main direction of the accelerometer
indicating the rotational speed of the wind turbine. (b) 40 pressure measurements around the blade, used to compute the

aerodynamic force.

force, thus also correlated with the rotational speed. Fig. 4 also
shows pressure data (raw format) collected during the same
period with an array of 40 barometers. Here, the visible os-
cillatory contribution is given by the rapid change in blade
altitude, while the average value is a contribution of the am-
bient air pressure and the wind flow tangentially to the blade.
Extracting the latter from the raw data provides the possibil-
ity to infer the pressure distribution along the blade surface,
thus generating precise models in real and diverse operational
conditions. Notably, the high correlation among barometers
is easily visible due to their spatial proximity, generating an
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be exploited for decision
support at the wind farm
level. Future system de-
velopment will focus on
delivering more intelligence to the sensor node, specifically re-
garding onboard lossy data compression algorithms and early
detection models to decrease the system response latency.
Moreover, transmitting only relevant features to the digital
twin server supports system scalability, where hundreds of
sensor nodes can eventually be deployed on a wind farm.
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