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Abstract. Control of Autonomous Sail Vehicles involves a precise measurement of amplitude and direction of incoming wind. Ultrasound anemometers are widely used for this purpose. In previous research activities authors have successfully developed, calibrated, and integrated in existing autonomous sailboats a planar ultrasound anemometer. In this work authors propose a further development of this device in which a tridimensional array is proposed. Significant Innovations respect to existing systems have been introduced to increase its portability on autonomous mobile systems without losing desirable precision features that are currently granted by more encumbering solutions current employed in static applications.
1 Introduction

Sail propulsion is encountering an increasing interest in literature both for marine[1] and ground applications[2] as stated by the increasing number of publications that are dedicated to this kind of applications. 
Most of the applications proposed in literature are related to autonomous systems or at least to manned systems in which the action of the human driver is strongly assisted by automation systems.
A fundamental feedback needed to properly control a sail vehicle is the measurement of wind direction and intensity.

In previous research activities authors have developed a planar ultrasound anemometer which have been successfully designed [3] assembled and tested, first in a controlled environment represented by the wind tunnel of Florence University [4] and then on an autonomous Sail Vehicle [5] that has been really employed for research activities in a real marine environment.

Performed activities help authors to investigate and better understand some known limits of the proposed planar layout through the adoption of more complex three-dimensional layout of ultrasonic sensors.
Looking at advanced ultrasound anemometers current proposed on the market[6] it’s possible to understand main differences between planar and three-dimensional layout visible in figure 1: 
· Planar Anemometer: it’s composed by four transducers aligned on two perpendicular planar directions in order to measure corresponding cartesian components of the wind that is traveling between transducers.

· Three-Dimensional Anemometer: transducers able to evaluate wind speed respect to three different independent directions are employed. In commonly adopted configurations sensors are installed as the direction of the three edge of two regular tetrahedrons
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Fig. 1. Comparison between planar (a) and three-dimensional anemometers(b), images are elaborated from commercial examples [6] 
Both solutions displayed in figure 1 have not been designed for vehicular applications, so weight and encumbrances are largely sub-optimal for this kind of applications.
In this work, authors focused their attention on the optimization of the frame of the three-dimensional solution to properly optimize encumbrances.

Proposed solution is represented in figure 2: proposed sensor must have a diameter which is at least a half respect to a corresponding static solution and a lighter weight. These specifications are constrained by the typical condition of installation a sail drone. Anemometer is installed at the top of the main mast in a position in which weight and encumbrances are quite critical for flexible behavior and static equilibrium of the system justifying the performed optimization.
Positioning on the drone visible in figure 2 also explain the reason of the work performed in this paper: anemometer is subjected to important three-dimensional motions since it is constrained to boat mast. Therefore, a three-dimensional anemometer is a better solution to properly evaluate the real wind direction and intensity. Due to proposed compact structure, distance between transducers and aerodynamic interactions between sensor frame and incoming wind represented a critical aspect that must be carefully evaluated even in much less demanding static applications where these kinds of disturbances are the object of complex calibration procedures aiming to improve quality of performed measurement [7-8]. Also, another aspect that is investigated is the comparison between expected behavior of proposed sensor respect to the previous planar version which is currently installed in the drone. The reason of this comparison is to understand how proposed solution should represent an improvement despite to drawbacks deriving from its very compact construction. This comparison described in the following section is performed using finite element models.
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Fig. 2. Reduced encumbrances of proposed solution respect to a commercial one and typical positioning of an anemometer sensor on a sail drone(example is the UNIFI sail drone [5])
2   Finite Element Modelling and Obtained Results

Finite element Modelling is Performed usin OPEN FOAM an open tool[9] a widely diffused and adopted among various research communities.
For both geometries (planar and 3D anemometer) is simulated the speed velocity field around the sector considering different speed directions and magnitudes of incoming wind.

Speed measurement performed by the anemometer is substantially related to mean speed in the channel between each couple of transducers[1-2]. Complex fluodynamic interactions arising between sensor frame and incoming fluid produce a distortion of the flow field as visible in the examples of figures 3 and 4 that are respectively related to planar and 3D layout. This fluid-structure interaction negatively affect the quality of the measurement especially at very low speed where the wake produced by the frame in the fluid is typically more extended.
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Fig. 3. Example of Simulation Results for the planar anemometer at low Speed (1.6 m/s) considering different directions of incoming wind speed
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Fig. 4. Example of Simulation Results for the three-dimensional anemometer at low Speed (1.6 m/s) considering different directions of incoming wind speed
Aim of performed analysis was to evaluate expected errors in term of estimated magnitude and direction of the wind considering different amplitude and direction of the incoming wind.

In figure 5 some results of performed simulations considering direction and magnitude of an incoming planar wind are shown: a planar flow condition is chosen since in this condition both planar and 3D anemometers should be substantially equivalent in terms of expected measurement performances.

Looking at results of figure 5 it is interesting to notice that both sensors exhibit a relatively big error in terms of estimated wind speed magnitude. This error is typically compensated using tabulated relations aiming to correct expected errors that are evaluated as functions of magnitude and orientation of wind speed. However, it’s clearly noticeable that magnitude errors of the 3D anemometer are better than the ones of the planar one.
Most interesting results regard expected errors on estimated wind estimations where performances of the 3D anemometer are much better. This is a very interesting feature since for a correct guidance of a sailboat estimation of wind direction is a fundamental information for a proper alignment of the sail respect to desired maneuver.
In figure 6 some further results are shown: estimated wind speed components are compared with real ones: 3D anemometer is able to measure properly almost every component avoiding  
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Fig. 5. Polar representation of magnitude and direction errors on performed meausurements respect to intensity and direction of incoming wind
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Fig. 6. Comparison wind component and estimated ones for a tridimensional flow

5   Conclusions and Future Developments
Performed Simulations, clearly demonstrates, at least at a preliminary level, advantages arising from the adoption of the proposed layout, justifying the development of the new sensors. Currently authors are working to design, assembly and testing of a prototype of the proposed sensor. This activity will be the object of a more extended research publication.
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